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Preface

The members of the Organizing Committee of SIMS 2004 are pleased to present the Proceedings
of SIMS 2004. The SIMS 2004 conference is the 45’'th annual conference of the Scandinavian
Simulation Society, SIMS.

In Denmark the conference is held for the third time in a row at the Technical University of
Denmark hosted by the Department of Mechanical Engineering. SIMS’95 and SIMS 2000 were
also hosted here. For the first time the Danish section of SIMS, Dansk Simuleringsforening, has
been involved in the organization of the conference. Dansk Simuleringsforening was formed in
2001 among others by the Department of Mechanical Engineering of the Technical University of
Denmark and by Department of Energy Engineering of Aalborg University.

This year it was decided to include Computer Animation as a topic for the conference, and the
Department of Computer Science at the University of Copenhagen was invited to take part in
the organization. We find that the extension of the conference scope has been a success, and we
conclude that the extension has strengthened the cross-disciplined nature of the conference.
The proceedings clearly show the many and different areas, where modelling and simulation are
invaluable tools for the scientists and engineers. The paper handling was performed using the
CyberChair system, and 85 abstracts were submitted in the areas of. Refrigeration Mechani-
cal/Electronic Systems, Energy Systems, Manufacturing Processes, Numerical Methods, Simu-
lation of Communication Systems, Modelling and Simulation Tools, Process Optimization and
Diagnostics, Animation (Rigid- and Soft-body Simulation), Process Industry, and Gass Distrib-
ution. From these were 52 papers included in the proceedings. Geographically the authors are
mainly from Scandinavia, but we are happy to find that a substantial amount of authors from all
of the world have contributed. It is our hope that the participants will benefit from the cross-
discipline relations that will occur at the conference.

The organizers wish to express gratitude to the large work performed by the reviewers listed
elsewhere in the proceedings by supplying the authors with valuable comments and suggestions
for improvements of their papers. In addition, we would like to thank the sponsors also listed
elsewhere in the proceedings, without whose contributions it would not have been possible to
host a conference at such a high scientific level.

We hope you enjoy the conference and the proceedings,

Brian Elmegaard, Jon Sporring, Kim Sgrensen, and Kenny Erleben
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Substituting equation (22) into (21) leads to: The numerical simulations and the experimental
curves obtained at several temperatures dutemg
_ o trial (&) . . .
Sn1(X)=spa E A el rT sile testsare shown in gure 8. It can be noticed
jsj " _ (23) that good agreement is reached for temperatures
K Dt sign(s) 250°C and for the test conducted at room tem-
perature.

which can be rearranged in the following expression:

f(sm1)=sm1(®) sf@+E A & =)
. .o
18] Dt sign(s)=10 (&4
K
From equation (23) it is evident that the stress level
at the new timet,;+1 can not be found in closed
form. A Newton-Raphson algorithm was thus im-
plemented locally in order to determine the zero of
the functionf of equation (24).
It can be noticed that the functioh very much
resembles thesffective stress functiode ned by Figure 9: Experimental data for tensile test curves
Bathe in [4]. Obviously, as suggested also by for T = 80°C
Bathe, other methods, such as the bisection tech-

nique, could be used for the evaluation of its zero. For the simulation al = 80°C andT = 18(°C, on
the contrary, it looks like the hardening paramder

could maybe be further optimized. Nevertheless for
Results T = 180°C the comparison with creep tests shows

This section is dedicated to the comparison of the that with the applied hardening parameter the simu-
numerical curves with the experimental data ob- lations well reproduce the creep curves.

tained both for tensile and creep tests. About the For the test performed af = 100°C it seems
experimental data it should be underlined that the @S0 that the stress level at steady state is under-
curves show large scattering (see gure 9), proba- estimated. However, if also other samples are con-
bly because of the dif culties that rose for measure- Sidered (see gure 9), it can be observed that a stress
ments at high temperatures. Consequently it is harglevel of 160MPa for the steady state is actually in
to compare experimental and numerical curves. Forthe range of the experimental data.

simplicity, in gure 8 for example only one experi- The computed results and the experimental values

mental curve for each temperature was shown. obtained during the simulation ofeep testat T =
18(°C and different stress levels are shown in g-

ures 10 - 11. From the comparison it is possible to
conclude that the developed program well predicts
the creep strains during high temperature exposure
of the aluminum parts for almost all the stress levels.
However, it was observed that for an imposed stress
of s = 75 MPa the simulated curves over-estimate
the strain rate during secondary creep. This result is
due to the linear tting, shown in gure 6, that was
used for the determination of the exponant~rom

the same gure it can be seen indeed that for

s = 75MPa, hencdogyp - = 0:16
Figure 8: Tensile test curves, experimental and nu-the curve tting amply over-estimates the strain rate.
merical, for different temperatures In order to eliminate this mismatch, a third creep
Proceedings of SIMS 2004 13 WWW.SCansims.org
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mecharéism could be considered, so that: temperature. In particular, it presents the uni ed
( Q) n S constitutive model used to describe the creep be-
§A1 el "t/ 3 for a . : : :
_ o K K havior of aluminum. The model is based on a sin-
en=_ A el &) ¥ ™ fora< ]S( b gle state variable, the drag stress, which represents
® A el 2) s L ]s( >b the isotropic _harden_lng of the material. It is shqwn
(25) that by applying a simple growth law, see equations

(4) and (16), not only the steady state, but also the
transient situations can be properly modelled (see
the previous section). For the simulation of all the
phases of the heat-treatment of aluminum, which
can last between 2 and 8 hours, not only the sec-
ondary, but also the primary creep needs indeed to
be accurately predicted. With respect to other mod-
els found in the literature (i.e. [11], [12], [13]), the
one presented in this paper requires fewer material
parameters B; Q; Ko; K ;A andn), hence a reduced
set of experimental tests.

In the applied model the initial drag strd§gas well

Figure 10: Comparison with a creep test conducted @S the activation enerd were considered constant
atT = 18(°C with imposed stress = 100MPa in the range of temperature under study. The rea-
sons for these assumptions are basically based on the

lack of experimental data that are needed to further
describe an evolution of these two parameters with
temperature. However, the results, both in terms of
tensile test as well as of creep test, show that even
with these simpli ed assumptions the model is ca-
pable of reproducing the experimental curves.
A further improvement could nevertheless be con-
sidered for the exponent. As mentioned in the
previous section, the tting of two linear curves in
the data shown in gure 6 might be too simplistic.
This is the reason for the over-estimation of the sec-
ondary creep rate for the simulation of creep test at
Figure 11: Comparison with a creep test conductedT = 18CPC with a stress level of 7MPa. In order
atT = 180°C with imposed stress = 110MPa to reduce the mismatch, a third linear tting could
be introduced with the purpose of modelling a third
Few words should be spent also for the results ShOWﬂCfeep mechanism, for the lower stress levels.
in gure 11. The two experimental curves with |n conclusion, the paper has described the one-
higher strain rates show the same shape and thejimensional program that, if used together with
same range of strain rates experienced for an im-the presented standard procedure, allows to deter-
posed stress of 12@Pa. Consequently it seemsrea- mine the set of material parameters need to describe
sonable to consider that the experimental curve withthe creep behavior of aluminum samples subjected
lower strain rate is the most realistic. Hence, also in at high temperatures. Once evaluated by apply-
this case the numerical simulation well reproduces jng the simpler one-dimensional code, the material
the experimental data. parameters can be used in a more complex three-
dimensional thermomechanical simulation analysis
) in order to predict the stress evolution during ther-
Conclusions mal treatments. By incorporating this "new devel-
The paper illustrates the work done for the purpose gped tool", it would be possible in the future to guar-
of predicting stress relaxation of aluminum at high

Proceedings of SIMS 2004 14 WWW.SCansims.org
Copenhagen, Denmark, September 23-24, 2004
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antee continuity in the simulation and prediction of [11] Miller A. An inelastic constitutive model for

stresss-strain evolution in complex structure during monotonic, cyclic, and creep deformation:
casting, solidi cation, heat treatments etc., until the part | - Equation development and analytical
end of the manufacturing process. procedures Paper No 75-Mat-14 in: Confer-

ence on Micromechanical Modelling of Flow
and Fracture, 1976.
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Simulation and Control of Solidi...cation of a Liquid Metal Cdumn

Furenes,B. & Lie, B.

Telemark University College
P.O. Box 203, N-3901 Porsgrunn, Norway

August 15, 2004

Abstract L heigth (length) of column [m]
A speci...c enthalpy J=kg]
In this paper, two dicerent 1D mechanistic models q heat ux [W=m?]
for the liquid-solid phase transition are presented. Q heat [W]
The ...rst model is based on the two-domain approach, t time [s]
and results in 2 partial dicerential equations (PDES) T temperature [ K]
and one ordinary dicerential equation (ODE) with Vi solid/liquid interface velocity [m=s]
2 boundary conditions, 2 interface conditions and z space variable[ m]
one initial condition, namely the Stefan problem. heat diausion coe¢ cient m?=s]
The PDEs are discretized by use of the collocation B  heat of fusion[J=kg]

method, and here the resulting model consists of 3
nonlinear ODEs.

In the second model, the metal column is consid-
ered as one-domain, and one PDE is valid for the

density [kg=m3]

Dimensionless variables and parameters:

whole domain. The result is one PDE with two ¢ coe¢ cient in trial solution
boundary conditions. The PDE is discretized by the e controller deviation
method of lines. N number of discretization elements
The models are implemented in MATLAB and g fgsnitcirﬁgtle;orﬁrria;rgﬁ;tion
ode23s is used for solving the systems of equations. o
. : S position
The models are developed in order to simulate and U temperature
control the dynamic response of the solid/liquid in- u manFi) ulated variable
terface velocity. The control scheme is based on a P
: Y velocity
linear PI controller.
. : . . . X state
Keywords: Dynamic modeling, simulation, dis- f heat of fusion
cretization, control, Stefan problem, phase transition heat dicusion coe¢ cient
space variable
time
Nomenclature z heat

Dimensional variables and parameters:
A cross sectional ared m?]

Sub-/Superscripts:

- trial solution
(o heat capacity [ J=K kg] liquid phase
h solid/liquid interface position [m] L top of mold
k thermal conductivity [W=mK] s solid phase
location in space
Corresponding author:Bernt.Lie@hit.no 0 bottom of mold
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scribe phenomena at meso- or microscale levels. Such
phenomena may be morphology development, den-
dritic growth pattern, or mushy zone ergects. It is
beyond the scope of this paper to develop a model
which includes the behaviour at lower levels. Model-
ing for control purposes involves simplifying complex
processes and yet maintain a realistic behaviour of
the system. The model presented in this paper is in-
tended to be used in real-time control, and thus a fast
and simple model will be pursued. According to [3],
little research has been carried out on modeling for
real time control purposes of directional solidi...cation
processes.

Two main approaches are distinguished in the
1 Introduction modeling of phase transitions: the two-domain ap-
proach (also called the sharp interface approach), and

Solidi...cation processing involves a complex interac-the the one-domain approach (also referred to as the
tion between many physical mechanisms. To address entalphy method). The most common method is the
modeling within solidi...cation processing, a multidis- tWo-domain approach [4], in which a discontinuity of
ciplinary approach must be followed. Subjects in- the system variables at a sharp interface is assumed.
cluded in solidi...cation processing may be material The two-domain approach results in the Stefan prob-
processing, transport phenomena, phase transition, lem which has been studied for more than 100 years.

control and optimization theory, numerical mathe- The moving boundary between the solid and lig-
matics, and computer science. uid phase makes the Stefan problem non-trivial from

both a mathematical and a numerical viewpoint [4].
Analytical solutions are only available for a limited
number of cases [5], and thus in most cases numeri-
cal solutions must be considered. Reported work on
the sharp interface approach is e.g. found in [6]. For

Figure 1. Example of morphology of the solid/liquid
interface at direrent growth velocities in a transpar-
ent organic system. Taken from [2].

It is desireable to control some of the physical
mechanisms during the solidi...cation process, i.e in-
terfacial thermodynamics, convection, electromag-
netic ecects, dinusion etc. Dizerent physcial ef-
fects injuence the properties of the resulting solidi- . -
...ed metal. Two important properties that determine thorough information about the Stefan problem, the
the quality of the ...nished material are the growth books [7], [8] and [9] are recommended.
velocity and the local thermal conditions at the so-  In the one-domain approach, it is assumed that
lidi...cation front. As an example, the concentration all the termodynamical parameters vary continuously
of impurities in the solidi...ed metal may be depen- between the two phases. One of the advantages of the
dent of the solidi...cation velocity. At low solidi...ca- one-domain approach is that the mathematically dif-
tion rates, the solutes (impurities) have time to dif- ...cult problem of having a boundary at the interface
fuse away from the solid/liquid interface into the bulk ~ (which is part of the unknown solution), is avoided.
liquid. At high solidi...cation rates, the liquid phase The position of the interface is determined a poste-
may become undercooled, resulting in a formation of riori, from the numerical solution carried out in the
crystals in the bulk liquid. These may develop to ..xed domain. However, one disadvantage is that an
become dendritic, resulting in segregation of impuri- accurate location of the position may be di¢ cult to
ties between the dendrite arms [1]. Thus it may be obtain [9].
desirable to control the rate of solidi...cation to a pre-  Control of solidi...cation processes is reported in
de...ned rate to achieve a solidi...ed metal as pure ag0] and [11]. In these works, the control problem
possible. Figure 1 shows an example of the morphol-is adressed as an inverse problem. In several other
ogy of the interface as a function of growth velocity. publications, the term “inverse problems”is used to

Solidi...cation modeling is reported in numerous pa- describe the design solidi...cation problem. In this pa-
pers and books. Most of the models, however, areper, the objective is to control the cooling and heating
used for oe-line simulations of complex phenomena. conditions at the ...xed boundaries in order to achieve
Many studies have been carried out in order to de- desired growth velocities and freezing interface heat
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juxes. Often in an inverse problem, a perfect model 17 ‘QL
is assumed, and no corrections are made due to model  z=1L |-
error and disturbances. The presence of model and Yok
parameter uncertainties are taken into account in [12] /T
where strategies to minimize a deviation error is cal-
culated online, and action is taken by the furnace Tet, zP
control system. Inverse Stefan problems are reported
in several papers and books. [13] includes detailed
information about this subject. Other works treat- thI AHve = G5, 2 S
ing the inverse Stefan problem are [14], [15], [16], and ~ z=h-| - Te=hb=Ty — "0
[17]. Iq;h

This paper is organized as follows: In section 2 the
solidi...cation process is described and some assump- I[Ts _ 5 17Ts
tions are given. In section 3 the models are presented
and discretized. Possible parameter values are shown z=0 |
in 4, and also some simulations are carried out. Con- ; LQO ;
trol of the solidi...cation velocity is treated in section : :
5, and ...nally some conclusions are presented in sec-
tion 6. \ A

/%Ts
12

lon

=Js

~|
—

- Fi 2: Sketch of solidifyi tal col .
2 Process Description igure 2: Sketch of solidifying metal column

We consider a metal column of heightL, originally
in liquid form. We want to study the solidi...cation damental physics laws can be applied to the bulk mat-
of the column into a solid metal rod. The system is ter. In a microscopic model, however, the mechanical
sketched in ...gure 2. For simplicity, we assume that or chemical phenomenon is studied at an atomic or
the heat fow is one-dimensional. For a casting that molecular level, and would not reveal the gross be-
has a cross-sectional area much smaller than its sur-haviour of the system. The order of this scale isl0 ©
face area, this approximation seems to be reasonableto 10 > m. At the mesoscopic level there is not a
[1]. sharp interface dividing the liquid and the solid, but
The metal column is assumed to be fully insulated @ region between the phases. This region is called
on the vertical surface. A heat source is placed at the the mushy zone. The order of the mesoscopic scale
top of the column, whereas a heat sink is placed at the is approximately one tenth of the macroscopic order.
bottom of the column. The constraint for maximum The smallest length-scale is at the nano-level at which
growth velocity is the cooling rate, and the maximum growth kinetics and nucleation is described by the

growth velocity is achieved when there is no heating transfer of individual atoms from the liquid to the
at the top of the column. solid. The scale is of orderl0 ®m. One of the lim-

itations to the development of nano-scale models is
the hardware limitations which does not allow com-

3 Model putation of properties of the atomic scale in applied
casting engineering.
3.1 Levels of description The model developed in this paper is described at

the macroscopic level. At smaller levels, the compu-
In solidi...cation modeling, dicerent levels of descrip- tation time will be too high for the model to be used
tion exist [2], see ..gure 3. The dicerent levels ofin real-time control [18].
modeling involve dicerent length-scales. In a macro-
scopic model, the system is visible with a microscope
using ordinary light and is of the order of mm. The
advantage of a macroscopic model is that the grossThe model is based on the heat diousion equation,
behaviour of the system can be studied, and the fun- and there is one boundary condition and one interfa-

3.2 A two-domain approach
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Length scale 108 10?1 107 2 10% 10%°m . . 3
Table 1: Non-dimensional variables and parameters.
Modeling Macro Meso Micro Nano N-on- . N.On- .
fevel dimensional dimensional
variables parameters
- Z - A
L f = T
— _kst - Ks=ks =1
q GL> 2 6%
NP cz KEKs ke
Us> = 7, &=6 ~ ks
Liquid — h
z ST L
o| & |g z - Qo L
g 58 OL ~ KATq
Solid ®
where:
Figure 3: Dicerent levels of description in solidi...ca- @
tion modeling. After [2]. G-y, = Ks @1
= @z
z=h
G = k2
=h - N~ .
cial condition for both solid and liquid phases. The @z,

independent variables are timet and position z, and
the resulting model is a system of two PDEs and one
ODE.

The spatial domain is split into two subdomains by
the interface, one for each phase. We then have:

It is common to present the Stefan problem in
dimension-less variables. The proposed transforma-
tion in [9] is adopted in this work, see table 1.

The heat disusion equations then become:

; @7 _ @Ts @y _ @Us _ @Us
Solid phase @t ol for z <h(t) @ S @2 @’
o @7 an @y a@u
Liquid phase -—= = forz h == = ==
quid p ot @37 (101) @ a?
where L .
= Ks and - = LC assuming¢, = ;. At the interface we get
s ““p
Y d
There are two boundary conditions (one for the .. xed S%Sj % = d—s
boundary and one for the moving boundary) for each =s() =s()
phase. For solid phase, the boundary conditions are "
a1 where ; = &+ is dimensionless latent heat.
p m
CI§=0 A = Ak @ = Qo 2
Z 2=0 The boundary conditions at the interface are
Ts(th) = Tn.

Usj - = Uj_ =1:
Corresponding, for liquid phase we have sl =s() F=s0)

. @7 . A
0= A Ak — = QL A3) 3.2.1 Discretization
@ZZ=L

We choose to discretize the model using the colloca-
tion method. To do so, we postulate the following

At the interphase between the solid and liquid phases, trial solutions of Us and U-:
the following energy balance is valid [19]:

dh U (i) = @)+ 6() +a() % <s()
Ry a:q;:h G-n, 4 U (;) = c()+c() +c() 3 s( ).
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Rephrased trial solution It is desireable to have the boundary conditions. Thus, the only unknowns
time varying coe¢ cients with a physical interpreta- areU _ and U .. This means that we can only choose
tion instead of cj We thus introduce the require- one collocation point for each phase.

ments as follows: The chosen collocation points for the liquid and

] solid phases are
Solid phase: We let

= s
1 = Ug(;s)=c+cs+ c3s? s
@slj ) C?) 1 Cg R - s+ (l S)
z = =S =(c+2c) ., =¢C.
0 @ (i %)= ' where and are positive quantities such that
In addition, we choose to denote the temperature <1
ofthe solidat = by U :
and
Us:Us(;s):CS'l'C?.s"'C;g 1:

where  can be a constant or a function of time. The collocation points move as the solid/liquid in-
Using these relationships, we can rewrite the re- terface evolves, and thusU _ and U . describe the

quirements for the solid phase as follows: temperature in the solid and the liquid phase, respec-
0 , 10 1 0 1 tively, close to the interface.
@ é i SO A@G A=-@ L A (5 We now get the equation for the dimension-less
1 > 17 LZJO - 6 temperature for the solid phase in the vicinity of the
s s G s interface:
Calculating the coe¢ cients by solving (5), we can du s(1 )zo+ 1 U
write the trial solution as =2 5 ! (6)
d s?2 1
Ss(s s)ZO+ 5 SZUS . . .
Us = 2 g2 The dimension-less temperature for the liquid
s phase in the vicinity of the interface is given by:
+ + (S s) Zot u s 1 2
Zo 2 2 du (s 1) z.+ 1 U,
s =2 - > (7)
o - d (s 1% (2 )
Liquid phase: Similarly, we ...nd:
For the dimension-less position we get:
U = s(- s)zp+s(s 2U.
T (s+ - 2)(s ) ds 1 s(1 )220+2 1 U,
+ . (2 ) d f s 1 2 |
s fzri+2 U 1 s D2 ) )
(s+ - 2)(s )
Losze+ 1 UL, 3.2.2 Total model
(s+ - (s ) o
The total model is given by (6), (7) and (8), where the
where non-dimensional variables and parameters are given
I =z —: in table 1.
Ks

Residuals In the collocation method, we force the 32.3  Numerical issues

residuals to be zero at a number of so-calledolloca- The model is singular when eithers = 0 or s = 1;
tion points. with pure liquid or pure solid. It is assumed that

In our rephrasing of the trial solution, we have initially we will most likely have liquid phase, only.
made sure that the the trial solution complies with Thus, until solidi...cation starts, U _ and U . are not
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well de...ned ands = 0. In this work a one-phase fsY'E
(liquid) model discretized by the method of lines is 4
used initially, and when the temperature at position
U =0 in the liquid reaches 1 (the melting tempera-
ture), the solidi...cation model is started. Sinces =0
at start, the position is set to max (s; sm) wheres,, =
10 5. Similarly, the solidi...cation model can switch
to a one-phase (solid) model whers = = 0:97 in
order to avoid the singularity at s =1 in the model.

Slope :?A%
f
3.3 A one-domain approach
The enthalpy method in [20] is used as a basis for
the one-domain model. The idea is to reformulate
the heat diausion equations for each phase in terms  © T >
of the enthalpy, the sum of speci...c and latent heats. ! u
Then the equations (1) and (4) reduce to the single Q"
equation '
@ = k@; (9) Figure 4: The fraction of solid as a function of speci...c
@t @ enthalpy, ¥, assuming a constant solidi...cation rate

where H is speci...c enthalpy, and it is assumed that during the latent heat release.
k and are independent of the temperature. The
temperature and enthalpy are related by the function

4 6T T T of solid and the enthalpy is introduced, see ...gure 4:
(M) = P " 8
GTm + M + (T Tm) T> 1;;10) > 1 #H A
— 1 .
and inversely, we ...nd the temperature as fs(R) = > HAr RO +L Ri<r< A,
8 . ' 0; "> A,
2 5 R B o online estimate of the posit be calculated
Tl = T B << f, bnonmeesmaeo e position can be calculate
A e y
Tm + ('4 ﬁé‘ %l ); |4 > |qu X
P hit)= fs Hi(t) z (11)
where i=1

where N is the number of discretization elements.

Iih = /CSTm
Ry = BT+ A 4 Model Analysis

The method of lines is used to discretize (9) in the
spatial domain, leading to a model that consists of
ODEs describing the enthalpy as a function of time Possible parameter values are indicated in table 2.
at dicerent positions. The ...xed boundary conditions
speci...ed in (2) ar_1d (3) are applied at the_ _bou_ndarles.4_2 Simulations

In several publications, the front position is cal-
culated a posteriori (o=-line). In a position control The developed models were simulated with constant
problem, however, an online estimat of the front must values forz, and z o. Figure 5 shows the response
be available. A way to estimate the front is to assume of the interface position for the two models. The ...g-
a constant rate at which the liquid soldi...es during the ure shows that for the two-domain model the front
latent heat release. A function relating the fraction moves with a constant velocity whenz | and z ¢ are

4.1 Parameter values
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Table 2: Possible parameters for the solidi...cation

model.

Parameter Value

o - 2:34 10°kg=m3
e e, 10° J=(Kkg)

s 314 W=(mK)
k- 66:9W=(mK)
Tm 1685K

Hy 1:79 10° J=kg
T(t=0;z) 1710K

Table 3: Computation times for the models.

Two-domain One-domain
37s N =20: 34s
N =30: 89s
N =40: 193s
N =300: 1800s

constant. For the one-domain model, the velocity
is higher at the start, and then decreases gradually.
The model order of the one-domain model is much
higher than for the two-domain model, and hence it is
probably the most accurate model. The two-domain

model, however, is the fastest model. The computa-
tion times for the simulation of 5000 s on a 1:59 GHz

Pentium M computer with 1Gbyte RAM are shown

in table 3.

5 Control

In order to control the concentration of impurities in
the solidi...ed metal, the solidi...cation velocity must

be controlled. The models developed above give the

position at the interface. If we want to control the

velocity, the position must track a ramp. We then

need an integrator in the controller to achieve zero
error at steady state.

5.1 Control of the two-domain model

We now write the model as

x = f(x;u) (12)
y = h(x;u)
where
x= s U_ U. T = X1 Xz Xs3
23
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Figure 5: Simulation of the interface position for the
two dicerent models at constant heating and cooling.
The number of discretization elements,N = 40, for
the one-domain method.

and
T

T .

u-= Zo Z_ = u; Uz

f1, fo and f3 are given by substituting x and u into
the expressions in (6), (7) and (8). We also have

Yy = Xi:

Augmenting the state equation with the integrator

_= €= Sref X1, we obtain
x = f(x;u)
_ = Xa=Sef () x1=fa(x;u)

where sier () = Vit is the reference position.
The linear PI controller is given by

u, = Kpe+ K,

The closed loop model is simulated with the linear
controller with Kp =20 and K, = 2. The results are

shown in ...gure 6 (...rst subplot) and 7 (solid line).
According to the ...gures, the system tracks the refer-
ence well in this particular case.

5.2 Control of the one-domain model

The controller for the one-domain model is imple-
mented in a similar way as for the two-domain model.
The controller parameters areKp = 15 10°W=m

WWW.SCansims.org
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Figure 6: Controlled interface position for the two Figure 7: Manipulated variable (heating at the top

models when the dimensionless velocity reference iSof the column) for the simulated cases above. Solid
0:8. The dashed lines are reference velocities, and the|jne is for the two-domain model. and dashed line is

solid lines are estimated interface position. for the one-domain model.

and K, = 4000W=ms. (The one-domain model is domain model due to the singular behaviour of the
not dimensionless). discretized system. By introducing dimensionless
The manipulated variable in ...gure 7 (dashed line) variables, the numerical performance of the model
shows a jagged behaviour. This is a discretiza- is improved. The one-domain model shows no nu-
tion problem. When the number of discretization merical di¢ culties. It will probably be easier to im-
elements is increased, the manipulated variable is plement for 2D and 3D models since the collocation
smoothed. method gets very complicated for higher dimensions.
A disadvantage of the one-domain model is if the
. enthalpy-temperature relation is more complicated,
6 Conclusions e.g. the speci...c heat capacities are temperature de-
pendent. Then it may be a problem to solve the in-
verse of the function in (10) to get the temperature-
enthalpy relation.
In conclusion, the main contributions of this paper

The intention of this paper is to develop two fast
and simple mechanistic models for the position of the
solidi...cation interface. The models are simpli...ed to
make it suitable for control purposes, and are used to

develop a linear Pl-controller in order to control the are.

solidi.. cation velocity. _ The development of two fast and simple models
_The two-domain approach results in a model con- for an on-line tracking of the solidi...cation inter-

sisting of two PDEs and one ODE. The PDEs are dis- face.

cretized by the collocation method. The one-domain

approach results in a model withN (number of dis- A linear control strategy to control the solidi.. -

cretizing elements) ODEs when discretized by the cation velocity.

method of lines.

The discretized systems are implemented in  Further research will include validating with plant
M ATLAB A linear Pl-controller is implemented on data. Also, the models should be expanded to in-
the systems in order to control the dynamics of the clude 2 or 3 spatial dimensions. Incorporation of the
solidi...cation front. For the cases simulated above, dynamics at the top and bottom of the column will
the position tracks the reference well. probably enhance the model further. Other model-

Numerical di¢ culties are present in the two- ing methods (e.g. the level set method) may also
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improve the computation speed and accuracy of the
front position.
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Abstract
Urea is an important product of petrochemical fdawhich is mainly used as fertilizer. In this
study, a model is developed based on the s¢i@l@modular simulation of chemical processes.
In the proposed model the urea reactor is divided into several continuously stirred tank reactors

(CSTR).

In order to model the performance of these reactors the hydrodynamic and reaction

submodels should be integrated together. Therbgeneous reaction fifrmation of ammonium

carbamate was considered in this model.

Taection was considered to occur in the liquid

phase in the previous works presented in literature. Also formation of biuret in the reactor is
considered which has not been considered inipuswvorks. The validity of the proposed model
was demonstrated using the industrial data. agreement between the results of the model and

the industrial data was found to be satisfactory.

Keywords Reactor modelling, Urea reactor, Heterogeneous reaction, Sequential modular

approach

Nomenclature

Pc
PCOZ
I:)NHS

Qac

moles of water added per mole of
ammonium carbamate

initial concentration of A [kmol.r]

initial concentration of urea [mol.fi
enthalpy of inlet stream [kJ:Hr

enthalpy of outlet stream [kJ:Hr

rate constant of urea productionhr

rate constant of biuret production
[lit.mol™.hr]

equilibrium constant of
carbamate production [afin
initial moles of carbon dioxide [mol]

initial moles of ammonia [mol]

total number of moles [mol]

nitrogen to carbon mass ratio

total pressure [atm]

critical pressure [kPa]

partial pressure of carbon dioxide [atm]
partial pressure of ammonia [atm]

heat produced by ammonium carbamate
formation [kJ.ht']

ammonium
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21 6957784, E-mail: sotudeh@ut.ac.ir
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Qo

heat consumed by biuret formation
[kd.hr]

heat consumed by urea formation
[kd.hr]

reaction rate [mol.mhr’]

time[hr]

temperatur¢K]

critical temperature [°C]

final temperature of reactor [°C]
normal boiling point temperature [°C]
reactor volume [r

volume flow of feed [Mhr?]

moles of ammonium carbamate [mol]
partial conversion of A
partial  conversion  of
carbamate to urea

partial conversion of urea to biuret
concentration of urea in the reactor liquid
outlet stream [Wt%)]

moles of urea per volume that reactd in
interval [mol.lit"]

density[kg.m?|

ammonium
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Introduction instead of the homogeneous reaction (2).
. _ _ Moreover, in the studies reported in the literature,

Urea (NHCONH;) is produced at industrial scale pjyret (NHLCONHCONH,) formation, which is

by the reaction between ammonia and carbonthe main undesired by-product in the urea

dioxide at high pressur€l3-30 MPa) and high  production process, is neglected. As biuret is toxic

temperature (170-200 °C). The overall reaction istg plants, its content in fertilizers has to be kept as

as follows: low as possible. The reaction of biuret formation
2NH, CO, eNH,CONH, H,O Q) s

The process of urea formation consists of two 2NH,CONH, ce NH,CONHCONH, NH3 (5)

sequential steps. In the first step, ammonium This is a slow, endothermic reaction. Biuret

carbamate is formed by the following reaction in formation takes place when there is a high urea

the liquid phase: concentration, low ammonia concentration and

2NH,(1) CO,(1) ce NH,CO,NH (1) ) high temperature. It has been tried in this work to
model and validate the industrial urea reactor

This reaction is very exbermic and fast in both  considering the above mentioned reactions.

directions so that it could be considered at

equilibrium at the conditins found in industrial

reactors where the residence time is rather high.\Model Development

In the next step, ammonium carbamate is _ _
dehydrated to form urea: In this section, thehypotheses and necessary

equations for developing the steady state model of
NH,CO,NH,(1) e NH,CONH,(I) H, (1)  (3)  the urea reactor are described in detail. A
: : . . complete list of the components involved in the
This reaction is endbermic and slow as . . .
, , .. process of urea synthesis as well as their physical
compared to the previous reaction. Therefore it

needs a long time to reach the equilibrium. properties are shown in Table 1.

There are different types of processes to produce,

; . . Hypotheses
urea in the commercial units. These processes are
typically called once through, partial recycle and Modelling the urea reactor in this work is based on
total recycle [1, 2]. In the total recycle process, the following assumptions:
whlc_h is employed_ W|dely, a_II the ammonia x Only CO, H,0, NHs and inert gases (ONy)
leaving the synthesis section is recycled to the 2

. : exist in the gas phase.

reactor and the overall conversion of ammonia to
urea is reaches 99%. Stamicarbon and x Formation of urea takes place only in the
Snomprogetti processes [3] are the most common  liquid phase.

examples of such process [4]. . . . o :
P P 4] x Dissolution of inert gases in liquid phase is

Since urea has became almost the most widely neglected.
used fertilizer and its pduction is important in
the petrochemical industry, there has been many*
attempts to model and simulate the reactor of urea
production as the heart of the process [1-4].
Although all these researchers have considered th
presence of two phases (i.e., gas and liquid) inWilson and ideal gas equations were used as
their model, none of them have considered theequations of state for liquid and gas phases,
existence of the following heterogeneous reactionrespectively. Although, the equations based on the
between carbon dioxide and ammonia in the activity were examined to predict the behavior of
ammonium carbamate formation step: liquid phase the nearest results to the real data
were found with using the Wilson equation. The
2NH;(9) CO,(g) 2 NH,CONH(1) @) binary interaction coefficients of Wilson equation
It is worth noting that in the present work, this were modified to fit the actual data. Although
heterogeneous reactioncaurs in the reactor several equations of state were examined for the

Biuret is produced in the reactor.

él'hermodynamics
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scrubbing plant where the enriched water from the
H,S washing unit is freed from sour components.
In addition the ammonia-rich water is siphoned off

Online Experiments
In order to perform online experiments including

online model validation and online optimization, . ) .
) ! .ot the unit to enhance J8 absorption in the %
the simulation model and the optimization program : . . .
: washing unit. To adjust the needed ammonia
were connected with the process control system to . ; . .
oncentration, ammonia eahied steam is used for

enable the exchange of measurement data anéesorption. In addition the deacidifier was run in

control variables between the process control : : -
L reflux mode. At the same time purity specifications
system and the optimization program. Therefore a

VBA (Visual Basic for Applications) interface was at thp? b_ottom ha\_/e o be satisfied. The feed
. . specifications are given in Table.2.
developed which organizes the data transfer

together with the DDE Server (Figure 3). The DDE c c c c -
(Dynamik Data Exchange) is a standard process NH; | CO, | H,S | NaOH | V o
communication protocol for WindoWshat allows [0/ [ [9/ | [/ | [aM [*Cl
the cyclic exchange of data with WinddWws | vapor 45| 0 0 0 15
programs. feed | ™ kgh| =
liquid 118
2 \z feed 10 | 72| 2 2 /h 80
Optimization of Excel Freelance Table2: Feed specifications used in online experiments

control variables 2000

A steady-state operating point was first established

and the measurement data were collected online

using the interface described. The first steady-state

Data set-point is shown in Table 3. Based on the

storage . . .
measured data an optimization computation was

made. The objective was to minimize the heat duty

needed for the desorption operation. Three

The described parameter estimation with dataoptimization variables were chosen:

reconciliation was performed based on

measurement data from various experiments from Heat dUtyMgean

the past including absorption experiments. For the Liquid feed temperaturail{fjed

recorded data sets a significant improvement in  Reflyx ratior

model accuracy has been achieved. To use the

estimated model in an online optimization According to the real process operation, following

structure, it has to be able to reproduce the actuafestrictions were included:

state of the process and be'able to predi_ct the NHs; concentration at h=856mme 20 gl

process behavior given certain control variables H,S concentration at bottorh0.5 g/l

without further adjustment. Therefore we

performed online model validation on the pilot Thus the following optimization problem had to be

plant, and simultaneously took the values of thesolved:

input variables for simulation directly from the

measurement
data data

measurement
data

0

Figure 3: Schematic data interface

plant. In addition, set-point optimization was also m”;f Msteam
carried out based on the measured data. The st

computed control variables were passed through
the process control system to the plant. At the same
time the measurements taken at the new steady-
state point were compared with the prediction from
the optimization result.

h, c%¢ 20t0 (18)
1 NHg

h, cie™ 0510

A sequential optimization approach was used to

solve this optimization problem, where only the

Set-point Optimization

objective function and the inequality constraints

The desorption operation with the pilot plant was are handled by the optimization algorithm (a
considered. It was made according to thestandard SQP routine from the IMSL FORTRAN

specifications of the deacidifier unit in the real library). The state variables are calculated in a

Proceedings of SIMS 2004 100
Copenhagen, Denmark, September 23-24, 2004

WWW.SCansims.org



SIMS 45

simulation layer which provides the objective have been observed for ,$ mass transfer
function and the gradient information.

prediction. This problem was noticed and a bypass
model has been developed to account for
maldistribution effects inside the column [7].

T”fged ! RT |\;|(steam
Firstset | g oc 0 15 kg/h
point
Table3: Control variables used for first stationary set
point
Results

At first, the quality of the fitted model was checked
with the data sets used for offline parameter
estimation. Figure 4 shows the liquid concentration
profiles for one data set used

that the quality of the model was significantly
improved with the estimated parameters (solid

in parameter
estimation for NH3, CO2 and H2S. It can be seen

Neglecting the K5 concentrations the mean model
deviations are 10.4%.

3000

2500

2000

1500 -

1000

column height [mm]

500

& NH3_Mess |
W CO2_Mess
A H2S_Mess

= 7
/]
0 H—od .

——NH3_Sim |
—O- CO2_Sim
-/ -H2S_Sim

0

4 6
concentration [g/l]

10

lines). Considering all 16 data sets the mean model
deviations could be reduced from 30.70% to Figure 5: Liquid concentration profiles at first stationary

14.77% in the desorption case and from 28.09% to

15.36% in the absorption case.

3000

2500 A
gzooo ,s/f @{:gfu
= 1500 if b= =
§ 1000 ;i B o

500

N @
0 am ‘ ‘ :
0 5 10 20
concentration [g/l]
-B3- NH3 -0-C02 -A- H2S
B NH3 meas ® CO2 meas A H2S meas
—=- NH3 opt —©-CO2 opt ——H2S opt

Figure 4: Liquid concentration profiles for one data set
with and without parameter estimation

To validate the model online, an online

point

After the first steady-state had been established,
the measurement data from the plant were used to
perform the online optimization. The evaluated
values for the optimization variables are given in
Table 4. According to the optimized results, the
liquid feed temperature should be increased to its
upper bound to increase the mass transfer and to
reduce condensation in the upper part of the
column. This helps meeting the process restriction
at the bottom of the column. The heat duty was
reduced to minimize the operation cost without
violating the process restrictions for the
concentration of Nglat h=856mm. In contrast, the
reflux ratio was increased in order to increase the
concentration of Nkl without violating the purity
specification at the bottom.

feed T
Tliq

RT

X
M steam

optimization experiment described in the previous

First set

section was carried out. At the steady-state showr]

! point

96°C

3,8

10,32kg/h

in Table 3, the measured values for the liquid Table 4: Control variables after process optimization

Proceedings of SIMS 2004
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concentrations are compared with the result from
the simulation based on the measurement values i
between measured and simulated data can b
received. Only for the }$ concentrations a

Figure 5. It can be seen that a good consistencﬁ

he computed new control values were passed
rough the process control system to the plant.
hus the new steady-state was established. The
lquid concentration measurements are compared

deviation of more than 20% can be observed. ThisVith the results from the optimization in Figure 6.

may be caused by measurement inaccuracies
small concentrations or model deficiencies which

" manipulated variable

* objective value

101

fop can be seen that a good consistency between the

measured values and the optimization exists.
Especially the process restrictions were met quite

well with 3.7% deviation for the restriction on NH
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at h=856mm and 6.8% deviation for the restriction
on H,S at the bottom.

3000
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A rigorous rate-based process model was used to
describe the mass ftransfer for th@mmonia [4
hydrogen sulfide circulation scrubbingrocess.
Several model parametersiere selected and
adjusted with a three-stage sequential parameter
estimation routine based on 16 measurement data
sets. The parameter estimation approach is able to
handle large-scale nonlinear process models wit 5]
an arbitrary number of data sets. Due to the
reduction of the degree of freedom standard
optimization software can be wused. Data
reconciliation based on simple component balances
was performed to obta model consistent (g
measurement data and to identify measurement
biases. With the parameter estimation based on the
reconciled data, the awae model deviations
could be reduced significantly. For online model
validation the process control system was [7)
connected with the simulation program via a user
friendly interface to exchange measurement data
and control variables. To test the online
applicability of the model, process optimization
was carried out with a sequential optimization 8
approach based on measurement data taken online
from the plant. The obgtive was to reduce
operation cost by minimizing the reboiler heat
duty. Process restrictions were included according
to the real scrubbing process. The results show that
a good agreement between the measured values
and the results of the optimization can be achieved
and that the process model can be used to build a
complete online optimization structure for the
ammonia hydrogen sulfide circulation scrubbing
process.
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ABSTRACT
In this paper we present a combioatof the usage of a model for the whole millore

simulation and more advanced models for specific process sections for control systems and online
diagnosticsDifferent solution methods are described together with where the different

approaches areft suited.

BACKGROUND

The trend today is to optimize the whole
mill not only towards production and
quality, but also towards for example
minimization of energy and chemical
consumption, and effluents. Most of the
models are first principles process retd
which is physical models. These are used to
simulate the process as part of the
optimization. With a good process model it
is possible to implement a more advanced
control system like model predicted control
(MPC) and 2D or 3D dynamic online
models for diagnostic purpose. E.g. hang
ups and channeling are of interest to identify
in a continuous digester.

For the online simulation of the whole mill
ABB has developed a Pulp and Paper On
line Production Optimizer and this optimizer
works like an “overallmill management
system” giving set points to each process
section. The models will be on the same
software platformas the more advanced
models, for example the digester model
presented in this paper.

PROCESS OPTIMIZATION
CONTROL

In this paper we willdcus on the use of
adaptive physical models for both -bne
control and production planning the next 24
hours. In reality the boarders between
statistical models and physical models may
not be that clear. If we introduce a humber
of parameters into a phgal model and
these have to be tuned by plant data, it is in

AND
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reality a combined physical and statistical
model. The advantage is that we get the
robustness of the physical model, but can
make use of the statistics really relating to
the actual process.

On the overall mill level we want to
optimize and control the chemical balance in
a complex pulp mill. The first application is
the control of Sulfur in an integrated Kraft
and NSSC (Neutral Sulfite) pulp mill. It is
important to adjust the dosage of sultor
adjust the sulfidity, so that there is enough
but not too much, and to keep the balance
between different parts of the plamhis has
been done by simplified physical models
that have been combined to form a model.
This model is then used to make a
production plan for keeping the sulfur
balance at it's optimum. Implementation is
being done right now at a mill in Sweden (
Billerud at Grums).

The next level of optimization is to look
inside each process section, in our case a
continuous digester. For digier operations
we have been working with physical
modeling of the digester in bothland 2

D.

The physical model of the digester is built
on the same principle as the so called Purdue
model ( Wisnewskiet al1997. The model
contains two volumes, theolume occupied

by the chips with the entrapped liquor, and
the volume occupied by the free liquor. The
model also contains similar chemical
reaction and energy balances as the Purdue
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model. What is new with our model is that
we also taking into consideranh the
pressure drop inside the digester due to the
channels between the wood chips. When
there are mostly large chips, the channels
between the chips are large, with low
pressure drop for fluid flowing between.
When there are a major amount of fine pins
etc, the channels between the chips will
decrease, and the pressure drop increase.
This is what happens in reality if we have
different chip size distribution or different
packing in the digester. One reason for this
may be that the chip size distributida
inhomogeneous or the chip screw in the
stack may not feed in a constant way. When
we have a lot of flakes these may adhere to
the screens and cause hang ups. Aside of
causing an increased pressure drop in the
screens, also the chips will get different
residence times and contact with liquors of
different concentration of both chemicals
and dissolved organics. This may cause a
significant variation in the kappa number of
the final fibers.The kappa number is a direct
measure of the remaining lignin at tfileer
surface. By identifying pressure drops,
residual concentration of chemicals in the
liquors, temperatures and flows and compare
actual results to those predicted by the
model, we can tune the model to match
reality. This is under the assumption tinad
first have achieved a good process
performanceof the actual digesterThe
model can then be used both to optimize the
performance by adjusting e.g. temperature
and chemicals dosage, as well as back
flushing screens to avoid hang ups before
the problemsecome severe. There is also a
potential for finding channeling to have a
chance to go in and adjust, although this
demands regularly measurements as well.

The modeling can be used in several
different ways. The first approach was to
principally use a segential approach, where
the fibers and water is supposed to flow
from the top to the bottom, with chemical

reactions taken place in each volume
element each time step of calculation. The
pressure flow calculations then are

calculated as well for each tingep for a
identified pressure flow network, with given
boundary conditionsThere is theniteration
between the pressure flow calculation for the
whole network and what is happening in
each volume element at each time step. The
advantage with this apprdacis that we
always get stable solutions, and the
calculation time is more or less the same
each time step, independent of agmic
changes. The draw back tisat the accuracy
may be a bit less good than if the other
approach is wused, that is wusing a
simultaneous solver.

In this approach with a simultaneous

solution of both chemical reaction
calculations andpressure flow network
calculations, we principally get a better
solution, and normally the time step is
depending on if a step change in the process
is taking place or not. When there is a fast
event taking place, the time step becomes
very short, to get accurate solutions. The
good thing with this isobvious, but the draw
back is that you have no idea in advance
how long the calculation will take. When
running a simulation in parallel with a real
process this may give big problems, as the
calculation time can be many times longer
than “normal”, and the real process “passes”
the simulator!

DIFFERENT MODELING
APPROACHES

We have tested a number of difisre

approaches for the simulation of the
digester. They are presented shortly in the
following:

1. Sequential solverusing Fortran code,
with an iteration between presstl@v
calculations and chemical reactiens
tank level calculations-D.
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Figure 1 Use of a sequential solver

First the calculations of pressure is
performed by looking at pressure lift by
pumps, levels and pressure head in tanks,
pressure drops in valves and entrainments.
This gives the actual flows in eadhgie
pressure point, as we know the
characteristics of the pumps, valves, valves
openings etc.

In the second step the flow rates are used to
calculate flows into a volume element and
out of it, giving new levels in the
tanks/vessels.

In the third step weuse the actual
temperatures and concentrations in each
volume element to calculate chemical
reactions, diffusion, transfer between phasei
etc. These are then used to calculate the new
concentrations of all the flows in and out, as
well as the new conceations in the
different phases in each volume elemént.

the figure to the right we have real or
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“faked” valve between all the arrows, giving
the pressure at all points separating the
arrows. Real valve data are used for the
dimensions, but tuning has toe done to
give correlations between the actual flows as
a function of chip size distribution, viscosity
of the mixtures, temperature etc.

This approach is well suited for operator
training of a system, and to be combined
with a DCS system, with full coruts.

A variant of this approach was used by
Bhartia and Doyle ( 2004) to model

plugging in the digester, and laso other types
of engineering use is common, to study
specific design or operational problems.

Simultaneous solver but without pressure
flow calculations. The flows are assumed

controlled by the real DCS systerrD1
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Figure 2. Use of a simultaneous solver but with fixed flow directions

In this case we assume all flows being
controlled by the DCS system, and the
direction of the flows are always fixedip

or down. This makes it easier to calculate
the concentrations, as we know what3:
concentration is going what direction. If you
have alternating flow directions as the
pressure drop is changing in a section, it
takes moe calculation power to find a
stable solution with  both  correct
concentrations and correct flows, otherwise.
In this approach with simultaneous
concentration and flow calculations we get
more correct concentrations, specially
during transients, but more predictable
calculation times.The advantage with not
including pressure flow calculations is that
it is easier to use this model for MPC
calculations, where you want to find an
optimal setting of the different variables like

Copenhagen, Denmark, September 23-24, 2004
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temperature, concentrationsdaflows, than
if you included also pressure flow
calculations.

2-D calculations with a simultaneous
solver for both pressure flow calculations
and chemical reactions

In this approach with-B we have a “fake
valve” between each volume element,
giving a omplex net inside the digester, but
also including real valves in and out of the
digester. With this approach we calculate
the flow between the volume elements, and
can simulate hang ups, channeling, different
packing etc. The model is used together
with measurements of real flows, chip size
distributions, chemical additions,
concentrations in black liquor in extractions,
temperatures, final kappa number of the
chips etc.
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Figure 3 Use of aD model with a full pressuriow network

This model can easily be extended 40, 3
although the computation time goes up
significantly with 3D compared to-D.

This gives the opportunity to use the model
for different type of diagnostics as well as
for testing of different designand
opeaationaloptions.

The digester model will also be used for
sensor validation for the measuring
apparatus around the digester. If the
calculated value will start to differ to much
from the measured value, that will indicate
in an early stage that there asmme
problems with that measure point. An early
indication that there are some problems will
save production, quality and moneylhis
type of sensor validation is important as a
prestep to the actual optimization.

The advancedbhysical model can among
others be used to control the process in a
MPC (model predicted controller). MPC is a
multivariable model predictive control
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technology. The main advantage with MPC
is its abilty to handle multivariable
processes with strong interaction between
process vaables and with constraints
involving both process and state variables.
The potential of this control method is
dependent on the quality of the process
model and of the measured variables. With a
good mass balance simulation of the whole
mill the MPC is les dependent of the
measured variables.All three models
described above can be used, although the

number two model is the one we have been
testing as the first choicés the MPC is
giving set points to the different control
loops, the pressure flow netlcalations are
normally of less interest.

So far we have tested this in a simulation
environment with good results. Next step is
to make real application tesitsa mill.

When it comes to production planning an
scheduling, including “tankarming”, we
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hawe to model not only the digester, but also
all other equipment surrounding this. There
are several approaches for the modeling
here. We can use the approach with models
for tanks and some other features directly in
the formulation of the Objective function
and the constraints, and solve tiiynamic
optimization problem directly. Another
alternative is to use a dynamic simulation
model, and use this to calculate the result for
the whole time horizon using a “branch and
bound” type of solver. Then communiazti

is intense between the optimizer and the
simulator, but on the other hand we know
we get a feasible solution. A third approach
is to use the optimization using the first
alternative, and then test this solution
towards the more detailed simulator, to
awid running into possible problems
implementing the optimal schedule.

All these approaches has been implemented,
but for different applications. In the EU
DOTS project Bell et al, 2004 and Dhalket

al 2009, we tested all these approaches, but
for papermill applications. At Gruvo pulp
mill, the approach was the first alternative.
Here the problem was very large and
complex, where a large number of tanks and
processes had to be included. To avoid
problems with unreliable sensor
measurements the signalwere filtered
through a “moving window” approach,
which turned out to be quite successful. This
was done by ABB ( Persson efabD3.

RESULTS

The first approach gives dynamics for the
complete mill, and interactions between all
equipments. lItis very us@ul as atraining
simulator andteaches you how the DCS
functions like interlockings, PID controls etc
respond. An example of a response to a
change in a flow rate is shown in the figure
below. Here we get the process values
directly at a process displajyst like in the
real plant. Trends can be shown of variables,
PID control response etc.

Figure 4 A process display from a training
simulator, where a DCS system is
interacting with a dynamic process simulator
on-line.

Thesecond approachwith a simultaneous
solver for all digester equations is suitable to
use for MPC (Model Predictive control)
control. An example of how the optimized
values for all important control variables
looks like compared to the “normal recipe”
is stown in the table 1 belowThe third
approach with a 2D modelis best to use
for diagnostics purpose as to determine
channeling in the digester, or hang ups.
Channeling will mean that liquid is not
getting into the chips, but passing in
cahnnels betweendtchips. This means that
we will get less reaction between chemicals
and lignin, resulting in less dissolved lignin
(DL) in the extraction liquor, as well as
more residual alkali (NaOH), as not all got
the chance to react. An example of how this
can look s seen in the simulation in figuse
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Table 1Optimized values using an MPC
compared to what values should have been
used with the normal practice recipe.

Base Optimized Description
Decision Variables:
SI103A 22,421 22,421 |Chip Screw Rate, rpm
FI107A 2,499 2,370 |White Liquor to High Pressure Feeder, lit/s
FI104B 4,463 4,240 JWhite Liquor to Digester, lit/s
FI217B 2,701 2,836 |White Liquor to Wash Circulation, lit/s
FI216B 6,578 6,907 JWhite Liquor to Lower Cook Heater Circulation, lit/s
TI216A 147,387 136,874 JLower Cook Heater Outlet Temperature, degC
TI217A 153,017 160,274 |Wash Circulation Heater Outlet Temperature, degC
TC102A 94,000 99,000 |Chip Bin Temperature, degC
FI216C 6,467 6,790 |Wash Liquor to Lower Cook Heater Circulation, lit/s
FI217C 6,363 6,048 |Wash Liquor to Wash Circulation, lit/s
FI212H 42,237 42,238 |Dilute Filtrate, lit's
F1104C 0,108 0,102 Jwash Liguor to Chip Tube, lit/s
FI102A 1,220 1,354 |Reboiler Steam, kg/s
Dependent Variables:
Pulp Produced 6,56 6,62 |ka/s
Chip Utilization 26,067 25,976 |kg/s
Dissolved Lignin 5,680 5,495 |kals
NaOH Consumption 0,713 0,698 |kg/s
Na2S Consumption 0,406 0,405 |kg/s
LP Steam Utilization (0,069) 0,001 Jka/s
MP Steam Utilization 1,653 1,499 |ka/s
Steam Condensate (0,130) 0,003 |kg/s (negative value indicates net production)
Total White Liquor Utilization 16,241 16,353 |lit's
Total Wash Liquor Utilization 55,175 55,178 |li's
Black Liguor 51,521 51,545 |lit's
Kappa Number 89,56 89,56
Pulp Yield 57,45 58,22 |%
Objective Function 0,047839 0,074172 JUS$/s

In figure 6 below we can see what this
means for the temperature profikom the
top to the bottom of the reactor. The dark
(blue) line is how the sgdoints would aim
at if we were operating according to the
normal strategy for this type of wood. The
brighter (red) line shows how the MPC
proposes to operate, to get lower myyeand
chemical consumption, but with the same
kappa number ( remaining surface lignin)
out of the reactor.

Temperature Profile
180.0
170.0
AR

160.0
150.0 7 A\
140.0 / /) \\\\ ——Base Case
130.0 ——Optimized
120.0 / \\
110.0 ’/
100.0
90.0

Figure 6. Temperature profile in the

digester from top to bottom according to
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“normal operation” (dark blue) respectively
as proposetty the MPC ( brighter red)

CONCLUSIONS
In the presentation we have discussed

different means for modeling digesters to
use for MPC and optimized scheduling. The
first approach with a dynamic simulation
model with iteration between pressti@wv
net calclations and reactions in each
volume element is suitable for dynamic
simulation, were also control actions
through the DCS system has to be
encountered. This method is suitable for
detection of different fatg, testing of “what

if scenarios” and can beeatsin optimization
interactively with an optimization algorithm.
The second approach without a pressure

flow net work solver, but with a
simultaneous solver for calculation of all
reactions taking place inside the digester is
well suited to use for MPC apgations,
where set points are to be given to the
control loops. The third approach with more
detailed models in-B ( or even D) is best
suitable for detection of hang ups,
channeling and other type of failin the
process. In the futurewhen compute
capacity is significantly higher, it should
also be possible to usthis instead of the
two other typs of models
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METHODS FOR HANDLING U NCERTAINTIES IN DYNAMIC
SIMULATION AND OPTIMIZATION:
CASE TMP PLANT

Petteri Pulkkinen?, Risto Ritala

Institute of Measurement and Information Technology,
Tampere University of Technology, P.O. Box 692, FIN-33101 Tampere

Abstract

The optimization problems for industrial processage three characterisficoperties which make

them difficult to solve. Firstly, the decision variables often have to be integer, for example: the
number of refiners running. Secondly, most of the measurements are stochastic. Ignoring the effect
of variability, for instance in process times, wabldrgely limit the practical use of the outcome of

a simulation. Thirdly, the analysis of the problem can be computationally expensive, especially for
more complicated models. Seeking help in designomgplex industrial systems, we need a design
optimization strategy that can deal with all thidfethese characteristics. In this paper we take
steps to include stochastic elements to the simulation and optimization.

KEY WORDS: stochastic, simulation, optimization
Nomenclature up the wood structures followed by mechanical

refining to produce pulp. TMP plants use electri-
cally operated refiners; the demand for the energy

< F(t)> average (of white noise) ) - ) .
f, deterministic flow is huge. Electricity consumption comprises a large
fou outflow amount of the.va.\riat_)Ie production cqsts and offers
fonit production speed of one refiner an area of optimization and cost savings.
P probability The optimization case is actually a continuous
Xn random variable decision support for running a plant of identical
N(t) refinerschedule on/off processes under time-variant production
M sequence of random variables costs, time-variant needs of the product and lim-
V(t) volume of the tank ited intermediate storage capacifthe objective
F() white noise function, required by the optimization, is evalu-
Y discretestatespace ated through running a dynamic simulation. The
1 standardieviation simulation model is based on the TMP pulp pro-
2 t-to duction and flows, predictions of the TMP de-
mand and time variant electricity costs. The ob-
Introduction jective of the deterministic case is to minimize

overall electricity costs while taking into account

The process to be optimized is the production of 4 o iited tank volumes between TMP
. : plants and
thermo-mechanical pulp (TMP). TMP is produced paper machines.

by steaming wood chips under pressure to break
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As the simulation requires predictions about the
future, we must decide how to deal with the un-
certainty. It is possible to proceed to optimize the
TMP production assuming the predictions to be
accurate. This assumpti@well motivated if

a) the probability distribution of predicted
properties is narrow around mean

b) the width of the distribution is similar for
all TMP production scenarios

When the assumptions are not well motivated the
optimization must deal with other aspects of pre-
dictions than predicted mean.

In this paper we discuss how the uncertainty en-
ters to the objective through e.g. risk premium.
Then we present methods for handling uncertain-
ties in dynamic simulation and optimization. In-
stead of mean or fixed (guessed) values, the full
probability distributions are used. Stochastic fac-
tors in the model are eith white noise type of
uncertainty caused by thgrocess fluctuation, or
the probability for the line break in the paper ma-
chine. Added stochasticitypnakes the simulation
and optimization results more realistic. The opti-
mization tool actually supports the decision mak-
ing by giving not only the hard results but also the
figures for evaluating the probability of the good
decision. This leads to the fact that the process is
optimized also psychologically, through improved
user acceptance.

Description of the case

Paper consists of a mix dibers, mineral fillers
and chemicals. In partitar, in printing paper
mechanically disintegrated fibers are the main
ingredient. Thermo-mechanical pulping is one of
the two most common mechanical fiber disinte-
gration technologies.

TMP is produced by disintegrating fibers through
a mechanical action on wood chips in a high tem-
perature and pressure environment generated by
steam addition. TMP plants consist of electrically
operated refiners. TMP plant contains typically of
3-8 parallel production units, each having in series
a primary refiner for disintegrating the fibers and
a secondary refiner to trim their properties for the
end product. In what follows we shall consider the
pair of primary and secondary refiners as a single
production unit and call it a “refiner line”, or
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where obvious, simply afiaer. Furthermore, due

to quality and cost reasons, it is sensible to oper-
ate a refiner only at full production capacity and
therefore a refiner’s state can be referred to as a
binary variable, or as either “on” or “off”.

To ensure the quality prepties of TMP, the pulp

is screened and further improved with reject refin-
ers. We shall assume the operation of screening
and reject refiners as constant but with capacity
limitations. The production of refiner lines is col-
lected to one or several intermediate tanks, out of
which they are distributed to one or several paper
machines.

The process requires a large amount of energy,
2.0-3.5 MWh/ton pulp and a TMP plant produces
between 500-1500 tons a day. Much of the energy
is transferred into steamnd is recovered for the
drying area of the paper machines. Electricity
consumption comprises a large amount of the
variable production costs and offers an area of
optimization and cost savings, since the electricity
cost varies strongly during one day.

The plants are designed to produce enough pulp
while running below full capacity to allow for
plate changing, process fluctuations, unscheduled
maintenance and other operational constraints.
This overcapacity opens up possibilities to opti-
mize electricity costs based on the margin pro-
vided by daily fluctuations of the free market
electricity price. A TMP production schedule
must meet the demands of the paper machines
while not exceeding the storage capacity between
the TMP plants and PMs. The storage capacity is
large enough to allow electricity cost optimization
of schedules.

In order to minimize the operating costs, the TMP
production schedule will be optimized around the
market energy price and constraints of the mill.
The model to predict TMP plant behaviour is ex-
tremely simple: the plant consists of maximum 5
identical refiners each producing TMP at a known
rate when on. The flow from each refiner goes to
a storage tank from which a time variant demand
of TMP is taken. The demand is predicted on the
basis of production schedule. The prediction of
electricity cost is available, and the time-invariant
costs of refiner startup and shutdown are known.
Figure 1 illustrates the model.
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ime-variant
consumption

»

Finite sto rage
volume

5 identical
refiner units;
only off or on

Figure 1. A simple model for TMP plant, to be used in
refiner scheduling optimization.

The main information of the example case is
listed here:

X Optimization target is to minimizhe
electricity cost
X Variables which can be manipulated are
startups / shut downs of the refiner lines
o Changes are step changes
X Optimization horizon is 48 hours
o TMP demand (based on paper
machine’s production schedule)
for the optimization horizon is
known
o Electricity price for the optimiza-
tion horizon is known
o Decision interval is 15 minutes
X The number of running refiner lines can
vary between 0 and 5
X Maximum number of the changes during
the simulation horizon is 5
x Power of each refiner line is MW
TMP production speed is 3.5 t/h/refiner
X The volume of the intermediate tank is
500 n?

x

Stochastic elements of the case

Essentially all production decision support sys-
tems neglect the stochasticity. This is the most
limiting factor of their applicability. In this paper
stochasticity is present in our simplified TMP
production model in two ways: as a white noise
type process fluctuatioand as uncertainty caused
by the random breaks of the paper machine.
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White noise type fluctuation

The volume of the modelled intermediate tank is
controlled by the incoming and outgoing flows.
Incflow is defined by the refiner schedule and the
production speed of the refiners. The outgoing
flow is defined by the demand of the paper ma-
chine that is predicted on the basis of production
schedule. The outfloviy, is a sum of determinis-
tic part and white noise and can be expressed as

f.t f,t Ft. 1)

out
The properties of white noise are defined with
following equations:

Fte O 2

1 2 1 (2)
CtFLt 2 Vt @
The volume of the interméate tank as a function
of time can be expressed with

dv

N t funit
dt

whereN(t) is the refiner schedule arigh; is the
production speed of one refiner.

f.ot, 3)

out

Starting from equation (3) and using equations (1)
and (2), an equation for the probability distribu-
tion of the volume of the tank can be analytically
derived. The equation is defined as

" §
P 3Nt f,"f,t d Vi \
t ©

a t, W 20

«yVvy 3Nt f, f,t df ™

« © »

2S¥ \K?exp « i »

« 2 v W »

« »

(4)

where 1is the standard deviation arftis (t-to).

In order to illustrate the meaning of previous
equations we can select an optimization scenario
and have a look at the graphs. Figure 2 presents
three time series needed by the optimization. In-
flow is defined by the refiner schedule, determi-
nistic part of the outflow is predefined and the
expected value of the volume is calculated based
on flows.
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Figure 2. An example of the optimization scenario.

When stochasticity is added to the model, the
value of the volume can no longer be predicted
accurately. Figure 3 reveals the dramatic change
in the shape of the probability distribution towards

the end of the time horizon.

Figure 3. Probability distribution of the volume.

Adding stochasticity to the model increases the
amount of information but also raises new ques-
tions: “How to deal with it?”

Random breaks on the paper machine

There are several reasons for the breaks on the
paper machine and numerous ways to predict

them. Yet, none of the predictions is above the

others. In this paper we concentrate on the process
where the TMP plant feeds one single grade paper
machine. As the break occurs, there is no demand
for the TMP. This kind of ongoing on / off situa-
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tion can be defined with the Markov chain.
Mathematically the definition goes as follows.

o
Suppose thatM ‘Xp n o is a sequence of

correlated random variables, where eAgltomes
from some setY, called the state space. We as-
sume that stated in can be labeled by the inte-
gers, i.e., Y is discrete. The process is a Markov
chain if it satisfies the Markov condition

P Xy JIX, X0 XXy X
PX,, JIX, i.

)
Fixing an initial distribution P{o =1i) for X, and
the transition probability foX,.; givenX,,
P(Xn+1 = jIX, = i) determines a Markov chain.

In this case a simple two-state Markov process is
sufficient. Figure 4 illustrates the process. The
process has to states, on (1) and off (0). The prob-
ability for break during next interval, if the ma-
chine is currently running is;Pand the probabil-

ity for recovering from break, if the web is cur-
rently broken is P

Py
Seojos

P>

Figure 4. A two-state Markov chain.

Figures 5 and 6 show how the uncertainty affects
the volume flown out. Pis assumed to be 0.05
and B 0.5. The initial state is on, the paper ma-
chine is running.

Figure 5. The evolvement of the probability distribution
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Figure 6. The average drifts away from the predicted

Stochastic objective functions and
constraints

All production systems have an element of unpre-
dictability, or stochasticity. Therefore, we cannot
predict the value of our objective as a result of a
set of actions precisely, but it will have a prob-
ability distribution. As far as the variance of the
distributions resulting from two set of actions is
roughly the same, it is sufficient to compare the
mean values of objectivdHowever, rather often
the variances will be different. This is illustrated
in Figure 7 where the probability distributions of
grade change time (objective to be minimized) are
shown for two operational practices. One distribu-
tion has a lower mean (16 minutes) but nonvan-
ishing probability for over 20 minutes grade
change time and the other has higher mean (18
minutes) but is quite predictable below 20 min-
utes.

Figure 7. Two grade change options with uncertainty in
the outcome.
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Should the operator / engineer choose option 1
with lower average grade change time but higher
risk for high grade change time, or the one with

higher average, but quite predictable grade change
time?

This decision is entirely subjective and expresses
the decision maker’s (or organization’s) attitude

towards risk. Quite often a systematic attitude

towards risk can be expressed as a “cost of risk”
or as a risk premium added to the objective.

The objective of the example case is to minimize
overall electricity costs while taking into account
the limited tank volumes between TMP plants and
paper machines. Stochasticity can be present in
two ways, as presented in the previous chapter. In
the both cases the stochasticity is in the con-
straints.

In the deterministic case, the feasibility of a solu-
tion can easily be determined. In the TMP case
the volume of the intermediate tank has upper and
lower limits. If these constraints are violated, the
solution is infeasible. However, this approach is
not applicable, if the cotraints are stochastic. In
the stochastic case the solution has several differ-
ent constraint values varying around some mean
value. If the mean constraint value is close to the
constraint boundary, the constraint values will be
both bigger and smaller than the constraint
boundary. Therefore, the same solution can be
considered infeasible or feasible.

For stochastic systems, the end user must decide
whether the constraints are absolute (the probabil-
ity of violation a constraint is zero) or soft (the
probability of violation is less than user specified
probability p > 0). Equipment and safety con-
straints in the early part of decision horizon must
be absolute, but at a later part soft: this will leave
time to react if the evolution of the system is un-
desirable. Constraints based on operational poli-
cies are soft for stochastic systems.
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Conclusions

Essentially all production decision support sys-
tems neglect the stochasticity. This is the most
limiting factor of their applicability. We believe
that decision support for stochastic systems with
applications to production management is an in-
teresting and highly relevant field, but yet at a
research phase. One reason for practical imple-
mentations not having attacked large problems is
the rising of computational costs as the number of
decision variables increases.

In this paper we have taken steps to include sto-
chastic elements to the simulation and optimiza-
tion. The presented stochastic elements and the
ways to deal with them are ingredients of meth-
odology needed in designing practical implemen-
tations. Future work includes further development
of methods and more complex simulation studies.
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CONTROL VOLUME BASED MODELLING OF COMPRESSIBLE FLOW
IN RECIPROCATING MACHINES

Stig Kildegard Andersen” and Henrik Carlsen
Department of Mechanical Engineering
Per Grove Thomsen
Informatics and Mathematical Modelling
Technical University of Denmark
DK-2800 Lyngby, Denmark

Abstract

An approach to modelling unsteady compressible flow that is primarily one dimensional is
presented. The approach was developed for creating distributed models of machines with
reciprocating pistons but it is not limited to this application. The approach is based on the integral
form of the unsteady conservation laws for mass, energy, and momentum applied to a staggered
mesh consisting of two overlapping strings of control volumes. Loss mechanisms can be included
directly in the governing equations of models by including them as terms in the conservation
laws. Heat transfer, flow friction, and multidimensional effects must be calculated using
empirical correlations; correlations for steady state flow can be used as an approximation. A
transformation that assumes ideal gas is presented for transforming equations for masses and
energies in control volumes into the corresponding pressures and temperatures to improve the
scaling of variables and to simplify initial conditions. Artificial dissipation for dissipating
unwanted acoustic phenomena is discussed, and an asymmetric interpolation method with
filtering properties for minimising numerical diffusion without introducing non physical
oscillations is presented. The capabilities of the modelling approach are illustrated with a solution
to a Stirling engine model that provides results in good agreement with experimental data.
Keywords: Simulation, compressible flow, one dimensional, control volume.

Nomenclature L Length of vol. i [m ]
A,;  Cross section at centre of vol. i [m”] M Molar mass of gas [ kg /mol ]
A, Reference cross section in vol. i [m’] I Artificial dissipation coefficient [s/m |
A,,;, Heat transfer area of surface segment & in iz Artificial dissipation coefficient [ s /m ]
vol.i [m’] n, Number of moles in vol. i [ mol ]
¢ Spec. heat at const. vol. [J/(mol . K)] n, Molar rate of flow at centre of vol. i

relative to volume i [ mol / s ]

Ap i Frictional pressure loss in vol. i [ Pa | . Pressurc at centre of vol. i [ Pa |

Average convective heat transfer

conv.i-k DPrean  Mean pressure in computational domain
coefficient between gas and surface [Pa]
segment k in vol. i [V/ (m2 K ) ] D, Interpolated pressure at area change in
h,,; Enthalpy at centre of vol. i [J/mol ] vol.i[Pa ]
E, Total energy in control vol. i [ J ] R Universal gas constant [ J / (mol K )]
F,,; Artificial dissipation force in vol. i [ N ] Gas density at centre of vol. i [ kg / m’]

SRR

F,.; Wall friction force in vol. i [ N ] Internal energy in vol. i [J]
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Vi Molar spec. vol. at centre of vol. i
[m’/mol ]

Vi Size of vol. i [m’ ]

v Velocity at centre of vol. i relative to x -
coordinate system [m/s]

I7CS Velocity of x -coordinate system relative

to inertial coordinate system [m2/ s |

1, Temperature at centre of volume i [ K ]
T, Wall temperature of surface segment £ in
vol. i [ K]
by Axial space coordinate [ 1 |
Introduction

Simulation and optimisation of many machines
with reciprocating pistons, such as compressors,
engines and heat pumps, are at a threshold. Many
machines in use today have already been optimised
using analytical models or classical numerical
models. In these models significant simplifying
assumptions are made about the fluid dynamics
and thermodynamics of the working fluid in the
machines in order to reduce the complexities of the
models and the efforts required to obtain solutions.
But the simplifying assumptions often limit the
ability of the models to correctly predict machine
performance and hence reduce the likelihood that
the optimum design parameters for the machines
can be found using the models. New modelling
approaches with a more accurate prediction of
machine performance are thus needed to further
optimise the machines. The new modelling
approaches have to remain practical with respect to
the computer power required to perform design
optimisation. In this paper we present a control
volume based formulation suitable for making
distributed models of unsteady compressible flow
that is primarily one dimensional. The method was
developed for use in Stirling engine models where
it has been successfully applied [1].

We work with Stirling engines, and hence we
present the modelling approach with Stirling
engine simulation as background. However, the
approach is not Stirling specific, and we believe it
is applicable in other fields of engineering.

Related methods

The choice of modelling approach for
compressible flow in a reciprocating machine
depends on the type and geometry of the machine

Proceedings of SIMS 2004
Copenhagen, Denmark, September 23-24, 2004

120

to be modelled and on the phenomena that need to
be resolved. It is also important to remember that
steady state solutions, that are periodic in nature
due to the reciprocating piston movements in the
machines, are usually needed to optimise the
steady state performance of the machines. Steady
state periodic solutions can be found either by
successively simulating a sufficient number of
revolutions or by using specialised numerical
methods, such as shooting or collocation, for
solving boundary value problems. The number of
revolutions that must be simulated to find a
periodic steady state solution depends on the
model, numerical method, and initial guess;
including the heat capacity of the structural
material of the machines in models is likely to
cause slow convergence towards periodic steady
state.

If multidimensional phenomena must be resolved
then two- or three dimensional models are needed.
Significant efforts have been put into applying
software developed for computational fluid
dynamics (CFD) to model reciprocating machines.
CFD can be a powerful tool but, as explained in
the Best Practice Guidelines of ERCOFTAC [2], it
is very computationally intensive if accurate
prediction of heat transfer and friction is needed
and if the accuracy of solutions must be verified. In
a recent study by Mahkamov & Djumanov [3] the
commercial CFD code Fluent was applied to
model the internal gas circuit of a Stirling engine.
The gas in the engine was modelled using a
relatively coarse mesh. Constant surface
temperatures were prescribed in tubular- and
porous matrix heat exchangers where empirical
correlations were used to model heat transfer. The
remaining internal surfaces of the engine were
assumed adiabatic. Computations were performed
on a cluster of three 2.8 GHz Dual CPU PCs and
the simulations lasted approximately a day pr.
revolution. The thermal inertia of the steel in the
engine was not included and only a handful of
revolutions were needed to approach periodic
steady state conditions to the accuracy desired in
the study.

Before multidimensional CFD is chosen for design
optimisation it should be carefully considered if
the time required for such computations is
acceptable and if CFD will actually deliver any
needed information that cannot be obtained with
faster methods. When it is possible to use one
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dimensional representations of the working
volumes of, for example, reciprocating machines
then models can be formulated that can be solved
for steady state solutions in minutes or even
seconds.

One dimensional models provide little information
about transverse gradients and hence they must
rely on  empirical  correlations  and/or
approximating temperature- and velocity profiles
for calculating heat transfer and flow friction.
Many Stirling machines can be modelled using one
dimensional models because the governing
phenomena in such machines, i.e. heat transfer and
pressure losses, occur in flow channels that are
long compared to their diameters. A traditional
approach, described by Uriele & Berchowitz [4],
where the effects of different loss mechanisms are
added as correction terms to the calculated
performance of idealised machines, is still in use in
many Stirling engine models. This approach
requires that the losses are decoupled from each
other and they do not have significant impact on
the thermodynamic cycle of the machines; these
assumptions can be hard to justify and hence it is
desirable to use model formulations where loss
mechanisms are included directly in the governing
equations,

There appears to be two main approaches for
formulating one dimensional models: Either to
discretise the differential forms of the one
dimensional governing equations for fluid flow or
to apply the integral form of the equations to a
string of control volumes. The first approach has
been employed, for instance, in the work of
Gedeon [5][6] where the discretisation in space is
combined with a temporal discretisation so that the
resulting finite difference equations can be solved
directly for a periodic steady state solution.
Applying the integral form of the equations, i.e.
applying the balance equations for mass, energy,
and momentum, has the advantage that the
resulting equations are meaningful regardless of
the shapes of the control volumes and how the
volumes are connected; when discretisation of the
differential forms of the equations is performed
mathematical attention must be paid to flow area
discontinuities in order to maintain a meaningful
formulation, as discussed by Bauwens [7].
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The method presented here

The modelling approach presented here is based on
the integral form of the conservation laws for
mass, energy, and momentum applied to a
staggered mesh consisting of two overlapping
strings of control volumes. Conservation of mass
and energy is applied to one string and
conservation of momentum is applied to the
second string. The control volumes to which
conservation of momentum is applied are located
so that their centres coincide with the boundaries
of the control volumes where conservation of mass
and energy is applied. This is the common
approach of the finite volume method of CFD, and
it assures direct coupling between pressure and
velocity and hence yields stable and bounded
solutions. The resulting formulation is conservative
with respect to mass, energy and momentum. Loss
mechanisms are included directly in the governing
equations by including them in the balance
equations. A transformation is presented that uses
the ideal gas equation of state to obtain a well
scaled system of first order ordinary differential
equations (ODEs) to which realistic initial values
can easily be provided. Empirical correlations and
correction factors for steady state flow, that are
readily available in the literature, can be used for
estimation of heat transfer, flow friction and multi
dimensional effects. Asymmetric interpolation
methods with filtering properties are used for
interpolating temperatures at control volume
boundaries in order to minimise the numerical
diffusion, that can accompany advective energy
transport, without introducing non-physical
oscillations in solutions. Because the approach
results in models that describe fully compressible
flow, solutions to the models may include acoustic
phenomena. If acoustic phenomena are of little
interest they may represent a large and unwanted
computational overhead if they oscillate at
significantly higher frequencies than the rotational
frequencies of the reciprocating machine. For this
reason artificial dissipation can be included in the
momentum balance to quickly dissipate such
acoustic waves.

This paper contains an overview of the modelling
approach and shows an example solution to a
Stirling engine model created wusing the
formulation as illustration.
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Method

Discretisation

The gas filled domain is discretised into a one
dimensional staggered mesh of control volumes as
shown in Figure 1. In the following ODEs for the

pressure p, and temperature 7; at the centre of a
solid line control volume and an ODE for the
velocity V; at the centre of a dashed line control

volume are derived.

Figure 1: A staggered mesh of control volumes

The mass and energy balances

The mass balance, on molar basis, for volume i is
written as follows:

dn, . Vi A, ViAo )
a0
Vm,j Vm,j+1
Advection

In writing the energy balance for control volume i
it is assumed that the kinetic and gravitational
potential energies in the control volume are of

negligible magnitudes so that the total energy £,

in control volume i equals the internal energy U, .

dE, dU, . M
Advection
. M -,
nj+1 ' (hgas,j-#l + ? ' Vj+] J + (2)
Advection
av,

thonv,i,k : Aht,i,k : (T;v,i,k - T; ) - pi :

. dt

Convective heat transfer from walls Volume change
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Here only changes in U, due to advection,

convective heat transfer, and volume change are
included; Additional mechanisms, such as axial
heat conduction or internal heat production, that
affect the energies in the control volumes may be
included as additional terms if needed. Note that
the gas in volume / may exchange heat with more
than one surface.

Transformation of mass and energy balances

Models can be formulated directly using the mass
and energy balances in (1) and (2) but doing so
may not be optimal. If the computational domain
contains control volumes of different sizes then the
masses and energies in the volumes will also differ
even if the pressure and temperature are constant
throughout the domain. If the sizes of the control
volumes differ by orders of magnitudes then the
corresponding differences in the sizes of the
masses and energies can make it more difficult to
accurately solve the ODEs for the masses and
energies due to bad scaling of the variables. A
transformation of the ODEs for masses and
energies into ODEs for pressures and temperatures
is desirable because it can improve the scaling of
the variables and at the same time make it easier
for an engineer to provide realistic initial values to
a model. For an ideal gas, using p-V=n-R-T,

U=n-u,and du:cv(T)dT,gives:

dT, 1 dU. U, dn,
i [ i i, 1] (3)

t onc(T) \ dt _n_lz

dp, _, [Lodn 1 dL_ L AV
dt nodt T dt V, dt

The transformation defined by (3) and (4) can be
used with the derivatives calculated in (1) and (2)
as input. The transformation can be enhanced by
scaling the units of the pressures and temperatures
between the model and the numerical method. (3)
and (4) require unscaled units but the numerical
method may integrate the pressures and
temperatures in units of, say, MPa and hK (hekto-
Kelvin) if this helps to achieve better scaling of the
variables.
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The momentum balance

The momentum balance for the dashed line control
volume j is written as (5).

d(M'nj I7j)
dt
Py A —piA,+ ﬁj '(Ac,i - Ac,i—l)

Pressure forces

+M .(171'—12 : Ac,i—l _ I71'2 ’ Ac,i ]

vm,z’—] vm,i
Advection
N
‘17 ‘Eva//,j‘ + FAD,j
Y Artificial dissipation

Wall friction

dv,
— M- n, - cs
dt
Acceleration of coordinate system (5)

By expanding the accumulation term on the left
hand side in (5) the time derivative of the velocity
in volume j becomes:

ar, 1

dt M-n '

J

Pi 'Ac,i—l - P Ac,i + f’,- '(Ac,i - Ac,i—l)

Pressure forces
171'7 A (= 74
+M(#(Vl_l _V])
Vi-d, - -
—;%“(K—%ﬂ

Advection and accumulation

4
T "Fwa//,j“" FAD,j
VA —
J Artificial dissipation
Wall friction
7 (6)
B dV
dt

g
Acceleration of coordinate system
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In the following the term Ap, ; is used to

represent the absolute value of the pressure
loss caused by flow friction between the inlet

and outlet of volume j. Ap,, can be

approximated by using empirical correlations
for the friction factor and loss coefficients
developed for steady state flow. The term
F in (6) can then be approximated by

wall, j
multiplying the pressure loss with a cross
sectional reference area 4

eref,j °

Emll,j = Apf,j 'Ac,ref,j (7)

It appears appropriate to choose 4

.ror.; 10 be equal

to either A A or some mean value in

,i—12 i

between these two cross sectional areas.

To determine the pressure p ; 1n (6) acting on the

area difference between the inlet and outlet of
volume j, we impose the condition that (6) must
match the energy equation for steady state
incompressible flow in a stationary tube, i.c. the

extended Bernoulli equation, between X, ;| and X,

when  gravitational
neglected:

72 72 '
Pt P = Pt e | == Ap,, (8)
2 2 \ \

It can be verified by insertion that this is achieved

potential  energies are

‘w

<

~

if the pressure p ; 1s calculated using either (9) or
(10) and the artificial dissipation force is zero.
Note that the last terms in (9) and (10) simplify

greatly if 4 is chosen equal to either 4, | or

c,ref,j
Acﬂl
2 Ar,i
p,=p+ pj'Vi ’ I_T
c,i—1
A, .
c,ref _1 _ (9)
+ AC’FI L A
1 ‘—‘ Ly,
C,i _1 j
A o
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(10)

(9) and (10) give [?]. as the pressure in a solid line

control volume plus two correction terms. At flow
area discontinuities, such as the location where a
tube connects to a large chamber, the correction
terms containing the square of the velocity can
cause instability. To avoid instability the choice
between (9) and (10) should be made so that the
squared velocity is as small as possible, i.e. so that
the extrapolation from the pressure in the solid line
control volume is as small as possible. In practice

this can be done by using (9) where 4, > 4, |

and using (10) elsewhere.

Artificial dissipation

The artificial dissipation force £, ; is included to

quickly dissipate acoustic waves. This has been
useful when simulating Stirling engines where
there are no valve movements or internal
explosions that generate acoustic waves that are
important to engine performance. The acoustic
waves generated by, for instance, poor initial
values represent an unwanted computational
overhead. We use (11) for calculating the artificial
dissipation force.

N ov ov
Fup, = _M'lj'(Ac,il'a_x - c,i'a_x ]
i—1 1 (1
oV oV
+i 1A = L B
/le j [ c,i—l1 ax3 L C,i a 3 iJ pmmn

The terms in (11) proportional to the first
derivative of the velocity can be considered similar
to a viscous normal stress [8]. The terms
proportional to the third derivatives of the velocity
cannot easily be linked to physical effects. The
terms proportional to the third spatial derivatives
of the wvelocity inhibit oscillations between
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neighbouring pairs of control volumes, and hence
dampen oscillations with a short wavelength
compared to the length of the computational
domain. The terms proportional to the first spatial
derivatives of the velocity penalize curved velocity
profiles and hence dampen oscillations with longer
wavelengths. The artificial dissipation force is
scaled by a mean pressure that should be
representative for the region where the artificial
dissipation is applied. In our simulations of Stirling
engines we have used the time varying average
pressure in the engine for the scaling.

Care must be taken not to apply the artificial
dissipation forces so that they interfere
significantly with the mean solution. Therefore the
artificial dissipation coefficients should not be too
large and (11) should not be used where flow arca
discontinuities, localised pressure losses, or similar
affect the velocity derivatives in (11). We have not
observed problems from simply switching the
artificial dissipation terms off, when any of the
dashed line control volumes containing the
velocities used for calculating the derivatives in
(11) contain flow area changes or are prescribed
localised pressure losses to model inlets, tube
bends, or similar.

The magnitudes of the artificial
coefficients 4 and £, must be large enough to

dissipation

yield the desired smoothing effect and yet small
enough to not significantly affect the mean
solution. We test for the first by visual inspection
of solutions and for the latter by inspecting the

ratio FAD’j/F

wall.j |- In our simulations of Stirling

machines with Helium, Nitrogen, or air at
pressures in the range of 1-10 MPa we use the

values 4 =1.0-10"s/m
i, =2.0-10°s/m.

and

Interpolation of state variables and velocities

The pressures p; and temperatures 7, at the
centres of the dashed line control volumes and the
velocities 171 at the centres of the solid line control

volumes are used both explicitly and implicitly,
through gas property calculations, in equations (1)
through (10). Since the formulation does not yield
these values directly they must be approximated
from known values. We use interpolation for the
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approximations to increase the accuracy, i.c. the
order, of the spatial discretisation, to reduce the
number of control volumes needed to obtain
accurate solutions.

p, and I7l are interpolated using interpolating

polynomials through known values distributed
symmetrically around the point of interpolation;
we use linear interpolation next to the boundaries
of the computational domain and next to flow area
discontinuities and cubic interpolation elsewhere.

T, however, is interpolated using asymmetric

interpolation methods with filtering properties in
order to avoid the well known problem of non-
physical oscillations in solutions due to the
discretisation. Kiihl and Schultz [9] presented an
interpolation method based on a blend between
symmetric linear interpolation and linear
extrapolation through two upstream points. In our
experience the oscillations are better reduced by an
interpolation method based on a cubic polynomial
that goes through one upstream point and two
downstream points and whose first derivative at
the upstream point equals the slope of the tangent
through two upstream points, as illustrated in
Figure 2. If the four solid line control volumes

closest to x; are of equal length then 7, can be

interpolated in this way with the stencil (12). We
do not use this interpolation method across flow
area discontinuities or at the ends of the
computational domain. Here we resort to either the
interpolation method by Kiihl and Schultz or to
symmetric linear interpolation depending on how
many neighbouring values are available for the
interpolations.

Figure 2: Asymmetric cubic interpolation
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Tj:

1 —
5'(_6 T72+27 T71+12'T;_7—;+1),I/J20(12)
é (-I,,+12-T,,+27-T,-6-T,,),V, <0

Example: A Stirling engine model

To illustrate the capabilities of the modelling
approach we present a solution to a one
dimensional Stirling engine model created using
the formulation. For illustration purposes engine
specific details have little relevance as do many
details specific to the model; the following
introduction is thus a short one. A more detailed
description of the model and engine along with an
experimental validation of the model can be found
in [1].

The working volume of a Stirling engine consists
primarily of a cold and a hot cylinder volume and a
serial connection of heat exchangers, viz. a cooler,
a regenerator, and a heater, that connect the
cylinder volumes. The cooler and heater are
tubular heat exchangers and the regenerator is a
void filled with a porous matrix with a large heat
transfer area. During operation the sizes of the
cylinder volumes vary in a periodic fashion so that
that the gas is alternately compressed, pushed
towards the hot cylinder volume so that the gas is
heated, expanded, and pushed towards the cold
cylinder volume so that the gas is cooled. The
heating and cooling of the gas influences the
pressure in the engine and when the expansion
occurs at a higher average pressure than the
compression then work can be extracted from the
engine cycle. During operation a large temperature
difference builds up across the regenerator and the
regenerator matrix then acts as a thermal heat
storage. When gas is flowing towards the cooler
the matrix absorbs energy from the gas and when
the gas flow is reversed the gas absorbs the
deposited energy from the matrix. In this way the
regenerator minimises the amount of energy that is
carried from the heater to the cooler by the
working gas.

A distributed model of a Stirling engine is
desirable because of the large spatial and temporal
variations in the properties and velocities of the
working gas internally in the components of the
engine. The discretisation of the working volume
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used in the Stirling engine model, ie. the

computational domain, is illustrated in Figure 3.

Symmetry
axis

Piston clearance gap

T
[NNRRARERINN

} Hot cylinder volume
Manifold

Heater

Manifold

Regenerator
Manifold

== Cooler

I Manifold
| Cold cylinder volume

Figure 3: Discretisation in Stirling engine model

The domain contains the major components of a
Stirling engine along with some manifold volumes
and a long thin gap that exits in the clearing
between the piston and cylinder wall in the hot
cylinder volume. The model is made so that the
cylinder volumes and manifold volumes are
lumped into single volumes whereas the cooler,
regenerator, heater, and piston clearance gap are
represented by strings of control volumes so that
the effects of axial variations in gas properties and
velocities in these components are included in
solutions to the model. The discretisation can be
locally refined where large gradients exist in the
solutions. Where parallel flow paths exist, as in the
tubular heat exchangers, they are lumped together
into single flow paths in the discretisation; the
exact geometry is only taken into account when
calculating heat transfer and flow friction. The
control volumes in the piston clearance gap follow
the motion of the piston and all other control
volumes are stationary in space. The steel in the
engine is also discretised and modelled so that wall
temperatures and heat conduction in the walls can
be determined. The model thus deals with
reversing flow and large pressure and temperature
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oscillations in a computational domain with both
stationary and moving control volumes, and with
the coupled thermodynamics of the gas and the
steel in the engine. The pressure in the engine goes
as high as 10 MPa, but the temperatures are such
that the inaccuracy introduced by the ideal gas
assumption in (3) and (4) is just acceptable when
compared to other inaccuracies in the model. The
example solution presented below was computed
using the in house software MusSim (Multi
Purpose Software for Simulation).

Results and discussion

To illustrate the capabilities of the modelling
approach presented above Figure 4 shows how the
pressures, pressure losses, temperatures, and
velocities vary in time in a solution to a Stirling
engine model created using the modelling
approach.

In Figure 4 the topmost plots shows the variations
in time of the pressure and the shape of the
computational domain, but it is difficult to see any
spatial pressure variations. The second plot shows
the difference between the pressure in different
areas of the domain and the pressure in the cold
cylinder volume. The pressure difference changed
sign twice in the cycle because the flow direction
of the gas in the serial connection of heat
exchangers changed direction twice. It can be seen
that the pressure gradients became larger in the
porous matrix of the regenerator than anywhere
else in the engine.

The effects of inlet pressure losses are also visible
in the plot of the pressure differences in Figure 4.
The clearest example is at the inlet from the hot
cylinder volume to the heater at approximately 90
degrees crank angle; here a pressure drop was
caused by the acceleration of the gas from almost
stationary in the hot cylinder volume to the flow
speed in the heater and by an inlet pressure loss
coefficient that was applied at the inlet. Wave
phenomena are most visible in the plot near the hot
cylinder volume in the last quarter of the
revolution. They were induced when flow reversal
caused a momentary dip in the powerful heat
exchange predicted by the empirical correlations
used in the model. Note that the visible waves are
in the time wise direction; no waves can be seen
travelling along the domain.
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Figure 4: Variations in space and time (plotted as

crank angle) of pressures, pressure losses,
temperatures, and velocities in a solution to a
Stirling engine model
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The third plot from the top in Figure 4 shows the
large variations in temperature in the domain
caused by the volume changes of the domain and
by heat exchange. Steep temperature gradients can
be seen in the regenerator and in the hot piston gap
where numerical diffusion was minimised by the
interpolation methods used in the model. The
temperature variations in the regenerator are small
due to the powerful heat exchange and the large
heat capacity of the regenerator matrix.

The bottom plot in Figure 4 shows the flow
velocities in the domain. The velocities are plotted
as positive when the flow was towards the hot
cylinder volume. Abrupt changes in velocity are
clearly visible at the area discontinuities between
the components. The largest velocities can be seen
in the heater of the engine where it is just visible
that velocity changes travelled along the domain;
they did not occur simultancously throughout the
domain.

Conclusion

A modelling approach for making one dimensional
models of compressible flows has been presented.
The capabilities of the approach have been
illustrated with an example solution to a distributed
Stirling engine model created using the approach.
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NODAL MODELLING OF BIOMASS THERMOCHEMICAL
DECOMPOSITION
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Abstract

The pyrolysis model presented in this paper ctsmgisa coupling between a heat transfer model,

a chemical model for the thermal decompositiothef pyrolysed material and a simplified mass
transfer model for the resulting gaseous phaserder to avoid the use of complicated partial
differential equations systems for the description of the heat and mass transfer phenomenons a
nodal method is employed. The chemistry beingatly linked to the heat transfer the model
allows very simple use of different types ofeatical mechanisms suitable for various types of
biomasses. A simplified approach for the masssfexrmodel is currently under construction thus

only some preliminary results are presented.

Keywords:biomass, pyrolysis, modelling

Nomenclature s solid
T tar
Co specificheat[J/kg/K] W wood
k reaction constants'fk )
K permeability{m?] Introduction
m masgkg]
m mass flow [kg/n¥s] As a result of the present environmental context
p pressur¢Pal more and more attentiois given to the biomass
S surfacdm?] conversion technologies as green energy sources.
t time[s] This fact accents the need for accurate models that
T temperaturéK] can predict thermal decomposition behaviour and
u velocity[m/s] that can assist the scale up of new types of
Ve controlvolume[m?] installations.
X distancgm] This work aims to investigate the opportunity of
implementing a new type of model that can
Greek letters provide fast but accurate information regarding the
U apparent density [kg/h thermal decomposition of biomass. The model
H bed void fraction combines a nodal numerical method, usually
) heat flux [W] employe_d for heat transferases, with a chemical_
=) fluid viscosity [kg/m/s] mechanism for the thermal decomposition and with
a simplified mass transfer model. The result is an
Subscripts unsteady state model that can predict, depending
C char on the material properties and the chosen chemical
9, G gaz sub-model, the parameters of the pyrolysis process.

The model also allows the study of the influence of
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different reactor geometries on the global process nodes usually varies from a few millimeters to a

and, as a result, it offers the scale up possibility. few centimeters. The filled points correspond to
the reaction volume wile the unfilled points

Reactor geometry represent the boundaries. The interactions between
a boundary point and a reaction point are defined

As stated earlier, the model should be able to study Separately due to the particularity of various
the influence of the reactor geometry on the overall Phénomenons in their vicinity.

pyrolysis process. However, it is generally
admitted that the geometry of the reactor can only
significantly influence its heat transfer capabilities,
such the surface to volume ratio for example. Since
the non oxidative pyrolysis is a mainly
endothermic process it is highly dependent on the
temperature, thus dependent of the amount of heat .
introduced into the reactor through the walls. From
this point of view the advantage lies with the
geometries that provide a bigger heat exchanging
surface for a constant volume.

Regarding the numerical the symmetrical
geometries are preferred since they are more
representative for the actual industrial installations.

The numerical method

The nodal method is widely used for the heat
transfer modelling of non homogenous media in
steady or unsteady state. It allows the construction
of simple heat transfer models by linking
interacting elements and is more adequate for this
type of problems comparing to the finite volumes
or finite elements methods. The principles of this
numerical method are discussed in [1], [2] and [3].
For better understanding all the concepts of the
nodal method will be exemplified on the reaction ™ ° ° o}
volume presented in figure 1. It is filled with
spherical biomass particles with the same diameter
forming a porous bed. If the bed is considered
homogenous and isotropic an  annular
discretization like the one shown in figure 1 can be [ ° o o
applied. The result is a two dimensional nodal grid.
However, if the zoneis not homogenous and
isotropic, a more complex discretization pattern
has to be employed, hgserting several separation !
planes passing through the axis of the cylinder. Figure 2: The nodal grid

The nodal numerical method implies that the entire

control volume is concentrate in a single point in The algorithm of the nodal method implies that the
the centre of the volume and the temperature is value of a certain parameter at the current time step
assumed uniform within a control volume. is calculated using the available data from the
For the annular shaped volumes the resulting nodal previous time step. This explicit technique allows
grid is presented in figure 2. It represents a half analytical solving of differential equations
axial cross section of the cylinder as it is considering that certain parameters remain
discretized in figure 1. The distance between the constant during the imposed time period. This

Figure 1: The reaction volume and the
discretization

O ©) ©)
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simplification eliminates the need of iterating or

geometry. The) flux represents the source term

solving complex systems of equations and provides for the nodei and it is a function of the heat of

a fast calculation method with minimal precision

loss. However, the method requires a low time step

for some of the occurring phenomenons. An
analysis of the time step is latter presented.

The heat transfer sub model

The heat transfer modelling of the porous bed
during pyrolysis is based on the previous work
presented in [4]. A number of assumptions are
made in order to simplify the model. First,

depending of the heatingfiguration and the gas

flow in the reactor, a choice has to be made
regarding the temperature field of the solid and
fluid phases. The thermal equilibrium between the
two phases is best suitable if the cylinder in figure
1 is heated only on the lateral side for example,
with the gases escaping through the top side.

However, if the same cylinder is also heated on the

bottom side, the hot gas formed in the lower layers
must pass through the colder superior layers. In
this case the thermal equilibrium is no longer
suitable and two temperature fields need to be
employed for a better description of the heat

transfer phenomenons. In this work, the latter case

is retained.

The heat transfer within the fluid can also be
simplified by assuming that the fluid phase
exchanges heat only by convection with the solid
phase, thus neglecting its own conduction and
radiation. The solid phase radiation and conduction
can be quantified together in a parallel mechanism,
following the heat transfenechanism proposed by
the authors in [4].

reaction in table 1 and tHenetic constants of the
chemical process. If two temperature profiles are to
be taken into account, the equation (1) can be
applied for each phase and the heat flux resulted
form the convection between the two phases can be
included as heat source terms.

The chemical sub model

One of the advantages of this method is its
versatility in the use of various chemical
mechanisms. The kinetic models are best suitable
for the nodal method but combinations between
such models and equilibrium models are possible.
Different kinetic models are presented in [6], [7],
[8] and [9]. The model presented by Mousques in
[9] and shown in figure 3 is chosen to exemplify
the use of kinetic mechanisms.

Figure 3: Chemical model

The wood is decomposed by three simultaneous
primary reactions producing a solid carbonaceous
residue (the char), a pseudo species of condensable
gases (the tar) and a pseudo species of non

model is given by [1] for a nodesurrounded by
other nodes:

dT.
mC : I )i : ) ki

e B 1
“dt | ! )

decomposition of the tar produces more gas and
char. The reaction constants obey the Arrhenius
formalism and the kinetic data is presented in table
1.

The term) j; represents the flux exchange between
the nodes andj and is expressed by equation 2.

)iy G T T) (2)

Reaction| A(s") |Ea. (J/mol) | AH; (3/kg)
1 1.4310" |8.86 14 4.18 10
2 4.131¢° [1.12716 [4.1816
3 7.3810° [1.06516 [4.18 10
4 4.2810° [1.08 16 -4.2 1d
5 10 1.08 10 -4.2 10

The G; factor is the conductance between the two
nodes and it is calculated in function of the
material properties and ifunction of the reactor
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Table 1: Kinetic data for the chemical model [8]

This chemical model supposes that all the reactions
are first order decompositions. The parameters
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used for the expressions of the kinetic laws are the imposed time step. The fluid velocities can be
give by equations 3 and 4. obtained knowing the pressures in each node and
using Darcy'’s law for porous media:

my
U 3)
V. u K © @)
m P &
Y T @
c Patankar in [3] recommends defining a secondary

grid. This new grid will have as nodes the
The two parameters represent the apparentinterfaces between the adjacent cells and the
densities of the solid or gaseous pseudo species. Invelocities will be disposed as in figure 4. Since the
the case of the solids, the density is relative to a pressure data is available in discrete positions, the
control volumeV,. while for the gases it is relative  equation (9) has to be slightly modified. Equation
to the void volume avkible in the same control  (10) represents a more suitable form of the Darcy
volume. law.
The mass balance for the four pseudo species

involved in the pyrolysis process is given by K 'p
equations (4) to (7). u iy (10)
d{, .
—  (k k, ky) { (5) The term 'p represents the pressure difference
ddlt between two neighbor nodes ahxl represents the
dtc k, "l k " (6) distance between the nodes.
d ¢ ~ ~
o kY kY (7)
e . . oN
dt kz (\76 (k4 ks) (1/ (8) /I\UIN
The heat of different reactions in table 1 provide Uiw | Ue E
means of calculation for thg,; terms in equation We < o < [
(2). TUIS
The versatility of this approach lies in the fact that :
for a different material, characterized by different
reaction mechanism, the equations (5) to (8) are S
easily replaceable with those resulted from the new o

mechanism. However, the mass balance for the
fluid phase for each control volume must include
the terms describing the flow of the gasses in the
reactor.

Figure 4: The velocities grid

The mass transfer between two nodes can be
evaluated using the calculated velocity and the

common surface of the two nodes.
The mass transfer sub model

. . X S
If the heat transfer and the chemistry are easily M, UV— Y (11)
integrated with the nodal method concepts, the c

fluid flow component represents the difficulty of

this method, mainly due to the transitory nature of Besides the convective mass transfer, a diffusional
the global process. mass transfer component can also be defined using
The first approximation to bmade is to consider @ mass transfer coefficient. In this model however,

all the gasses as ideal. This allows the evaluation there is no need to account for this kind of mass

of the pressure build up in each grid node during transfer.

Proceedings of SIMS 2004 132 WWW.SCansims.org
Copenhagen, Denmark, September 23-24, 2004



SIMS 45

Coupling of the occurring
phenomenons and results

As stated before, the method used to build the
pyrolysis model links three sub models describing
three different phenomenons. Some difficulties can
arise in deciding the order in which the sub models
are to be applied. The logical chain of events is:
1. the heat transfer that determines the
advancement of the chemical reactions; Lo
2. the chemical reactions caused by the 400 50 100 150 200
transferred heat, causing a rise of the pressure
in the affected nodes; Figure 5: Solid temperature field (t=1000s)
3. the flow of the gas produced by the chemical .
reactions, causing a redistribution of the Wi (kgfm'y
gaseous reactants and determining a new
convective heat transfer component between
the gas and the solid.
The first step of the calculation chain can be one of
the three, but their calculation order should be
respected since it represents the causal chain of the
process. 250
Another major difficulty of this method is the
effective use of the mass transfer sub model as it is
presented in the previous section. The problem 350
consists in the fact that the gas flow phenomenon
has a very small time constant compared to the
heat transfer and the chemistry time constants. This Figyre 6: Wood apparent density field (t=1000s)
problem causes unacceptable simulation delays
and for this reason the mass transfer mechanism
should be implemented by separating the mass
flow phenomenon of the rest of the processes.
The following results are preliminary and they are
calculated neglecting the occurrence of the gas
flow in the reactor. While this situation is indeed
far from the reality the presented results are only
shown in order to illustrate the capabilities of the
nodal method.
Figure 5 presents a type of result obtained for the
temperature field within a reactor similar to the one
in figure 1, heated on the side surface with 800K
and on the bottom surface with 1000K. The main
grid has 400 vertical nodes and 200 horizontal
nodes, for a length of the cylinder of 40cm and a
radius of 20cm. The simulation time is 1000
seconds with a time step of 0.5 seconds. Figure 6
presents the biomass apparent density figld(
from equation 5) in the same reactor and in the
same conditions.

250

200

150

300

400 —0

50 100 150 200

Preliminary sensibility tests

Even if the results obtained so far are not
guantitatively accurate they allow a study of
sensibility of the method to different parameters
such as the grid discretisation or the time step.

The time step sensibility

The time step influence is very important,

especially when solving analytically the equation

(1). The most important differences appear on the
reaction advancement front, visible in figure 6. The
tests made in the same conditions and shown in
figures 7 and 8 sustain this observation.

Furthermore, it seems that larger the distance
between the nodes produces an increased
sensibility to the time step (results not shown

here).

Figure 7 represents three temperature profiles
calculated for a time step between 0.1 and 1
seconds, at 390mm from the top of the reactor.
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This zone is the most sensible due to the fact that

here the gradient of the apparent wood density is

highest. The profiles in figure 8 at 200mm confirm
the previous conclusion, this time the differences

appearing on the vertical reaction front.
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Figure 7: Solid temperature profiles at 390mm
from the top (t=1000s) (400x200 nodes)
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Figure 8: Solid temperature profiles at 200mm

from the top (t=1000s) (400x200 nodes)
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Figure 9: Wood apparent density profiles at
390mm from the top (t=1000s) (400x200 nodes)
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Figure 10: Wood apparent density profiles at
380mm from the top (t=1000s) (400x200 nodes)

The meshing sensibility

The test for the grid spacing sensibility are made
for the same conditions as previous tests, for a time
step of 0.1s. The retained data is presented in
figures 11, 12 and 13.

Figures 11 and 12 compare the temperature

The same effect can be observed for the chemical profiles obtained for the first layers of the bed at
data. In this case however, the differences are 20mm, 10mm, 8mm and 5mm grid spacing with
bigger due to a high sensibility of the kinetic
constants to the temperature variations. Figure 9 and 5mm from the bottom of the reactor,
presents the profiles for the wood apparent density calculated with a 1mm grid spacing. The results
on the reaction front at 390mm from the top of the
reactor for the three considered time steps. In
figure 10 at 380mm from the top, where the
temperature is lower and the radial reaction front
has not reached yet, the more noticeable
differences are on the axial reaction front, close to

the wall.
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the corresponding profiles at 20mm, 10mm, 8mm

show that for a discretisation of less than 10mm,
the temperature profiles are acceptable.

The chemical data seems to be more sensible at the
grid spacing. As the detail in figure 13 shows, the
wood apparent density profiles at 200mm from the
top of the reactor has a pronounced sensibility zone
on the vicinity of the axial reaction front, close to
the wall. The resolutions obtained for 20mm,
10mm and 5mm grid spacing are far from the
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values obtained for a 1mm discretisation, thus,

from a chemical point of view, a grid spacing
above the 1mm limit is highly inaccurate and
inacceptable.
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Figure 11: Temperature profile comparison at

10mm and 20mm from the bottom (t=1000s,
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Conclusion

This work presents a nodal model of the pyrolysis
process, as a link between a heat transfer model, a
chemical model and a mass transfer model. The
concepts of the method are shown and preliminary
results are used to des@ilthe sensibilities of the
method to the spatial discretisation and to the
imposed time step.

As a perspective, the mass transfer model can be
implemented with the global model to allow the
guantification of gas flow effects on the overall
pyrolysis process.
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Abstract

The two-stage downdraft gasifier process is humerically analysets ipaper. The developed CFD model
is divided into two parts, the oxidation and reduction zones, whereas the pyrolpsis saken from
literature. Chemical reactions are treated either by the “EDC” model (homogeraotisns) and either by
the Multiple Surface Reactions model (heterogeneous reactions). The solid phsissulated by a
Lagrangian particles tracking.

Although validation remains not completed, the model is in relatively good agméerith the trends taken
from the literature.

Nomenclature

A: Surface area (m?2) Y: Mass fraction,Y, M

C: Concentration (kmol. /) Mota

C,: Inertial resistance factor (Hn

Cp: Heat capacity at constant pressure (3. Kg) Greek Letters

d: Diameter (m) _ o

Do: Molar diffusion coefficient (kmol. ) .. Absorption coefficient (i)

E. Activation energy (J. kmd) - R: Permeability (1#).

h: Heat transfer coefficient (W."mK™) , AV
h’: Standard state enthalpy (W nK™) kHPorosity, A 1 o vad
H: Heat of reaction (J. kg o ta total
I: Radiative intensity (W) R: Emissivity

k: Thermal conductivity (W. i K™% K. Effectiveness factor

ks: Frequency factor (3 OThermal diffusivity (mz2. 3

k. : Arrhenius kinetic rate QKinematic viscosity (m2."9

km: Mass diffusion coefficient (kg.fs?) U Density (kg. 1)

m: Mass (kg) \4: Scattering coefficient (i)

M: Molar weight (kg. kmat) \/ Boltzman constant (5,67.20.m?%K™)
n: Index of refraction I;: Thiele modulus

p: Relative pressure (Pa) \: Stream function

R: Ideal gas constant (8 314 J. kol

Ri,: Homogeneous reaction rate (kg>.st) Subscript

R,: Rate of particle surface species depletion per

unit area (kg. M.s% eff: effective

R;, : Rate of particle surface species depletiond- 9aS

K C p: particle

(kg. s) r: reaction

T: Temperature (K) s: solid
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1 Introduction

With the increasing concern for the environmental and the geometry pattern make difficult to model
problems linked to the power production systems, accurately the heat transfer. That is why detailed
the use of biomass as an alternative power sourcenodelling is required to determine the internal
to the fossil fuels has become more attractive forprocesses of oxidation and reduction.

the investors. In the perspectives of the Kyoto In these perspectives, the objective of this study is
agreements, the reduction of £@missions gives to build a CFD model of the combustion-reduction
to the energy production from biomass a zone. This tool will then be used to improve the
considerable advantage. knowledge of the physical phenomenon and to
Furthermore, if so far furnaces were the preferredimprove downdraft gasifiers design. Installation
way of energy production, the gasification with gas scale-up and tar level reduction are the two main
engine-generator technology is beginning to attractaimed applications.

the interest not only of the scientific community, This model is coupled to a heterogeneous
but also the attention of the industry due to its equilibrium based pyrolysis sub-model previously
efficiency, its environment respect and the developed by Vijeu and Tazerout [4]. As described
opportunity of producing both thermal and in Figure 2 they form a global downdraft gasifier
electrical energy [1]. model. This tool can thus be used to design the
Biomass gasification is a thermal conversion whole reactor.

technology where a solid fuel is converted into a This paper describes the gasifier modelling. Firstly
fuel gas. A partial combustion by a limited supply general equations and simulations tools are
of oxidant, usually air, releases the heat necessargxplained. The specificities of each submodel are
to the endothermic reactions of pyrolysis and then developed. Finally results of simulation are
reduction. The low LHV product gas is mainly discussed.

composed by carbon monoxide, carbon dioxide,

hydrogen, methane, water, nitrogen and various2 Overall modelling principles

contaminants, such as small char particles, ash and

tars. _ _ _ o Gasifiers are complex reactors in which two-phase
Biomass is a particular kind of fuel. It is indeed (eactive turbulent flow occurs. CFD tool is used in

often consi_dered as a waste and_ its price is fixed by qer to simulate itFigure 2 shows the geometry
the collecting expenses. That is why small-scaleq the simulated gasifier.

installations are well adapted to this market. They o segregated solver solves sequentially the
allow valorising wastes directly on their production continuity, momentum (Navier-Stokes equations),

location. _ B energy, radiation and species equations (N-1
In this context biomass downdraft gasifiers presemequations for N species).

indisputable advantages [1]. A traditional example
is presented irFigure 1 [2]. In further models
called two-stage, pyrolysis and
combustion/reduction zones are physically
separated. This low tar level technology only
requires a small gas cleaning unit to prevent engine
fouling problems [3]. Furthermore it is well
adapted to turnover and biomass diversity. Finally
its utilisation is relatively easy and can be highly
automated.

The technology is experimentally well known as
such gasifiers have been used for several decades.
However available kinetics data and the theoretical
comprehension of the physical phenomena remain
still insufficient to build a general accurate model.
Indeed complex chemical reactions occur in the
reactor. They are moreover significantly dependent
of temperature. But the turbulent two-phase flow Figure 1: Traditional downdraft gasifier
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I Final gas
Biomass Pyrolysis Gas temperatar Oxidation temperature ah
Humidity factor sub- —»| and composition|g{  -reduction composition
Heating rate model Char quantity sub- Temperature
modd field

Figure 2: Global model desaiion

Governing equations are converted to algebraicFigure 3 The input of the oxidation part is taken
equations that can be solved numerically by afrom the pyrolysis model.

control-volume-based technique through a power-

law scheme. SIMPLE algorithm couples velocity 3  Oxidation zone

and pressure.

The 2D axisymmetric unstructured grid is
composed of 10,000 cells. Meshing tests have bee
performed from 5,000 to 24,000 cells to insure
independence of results.

Simulation is considered as converged w
residuals remain constant at a value beloW 10
(10% for momentum). The calculation time is
approximately fifty hours on a biprocessor 1.2
GHz computer, when both oxidation and reduction =
submodels are running in parallel. between accuracy and efficiency. _

The model is indeed split into two submodels, one TUrbulence is also taken into account in the

for the oxidation zone, the other for the fixed bed chémical ~reaction model, *Eddy Dissipation
where reduction reactions occur, as shown inConcept” model [5] that calculates Arrhenius rate

Pvrolvsis broduch at_the_ turbulence_ time scale. It seems to suit well to
YTOSIS procucts this kind of reactive flow [6].
As temperature exceeds 1000°C in the reactor core,
l heat transfer by radiation is predominant. They are
simulated by Discrete Ordinates model [7], a four-
Airinlet —p < Airinlet flux method. The gas emissivity is computed by
Oxidation the cell-based Weighted-Sum-of-Gray-Gases
model that takes into account the concentration of
CO, and HO.
Model equations are listed frable 1
Wall boundary conditions are simulated by a low
Reynolds number approach [8].
The chemical mechanism consists in three
oxidation reactions (R1-3), the water-gas shift
reaction (R4) and the methane reformation (R5).

Il]:zeynolds number is around 5,000 at the inlet
where turbulence rate is 1%. The flow is thus
turbulent because of the reactor geometry.
henMoreover velocity pattern is complex as

recirculation may occur. A detailed turbulence

model is thus required to simulate these
phenomenon. After a sensitivity study, the RNG k-
Hmodel was chosen as the best compromise

Zone

CO 050, =0 CO, (R1)

CH, 150, «e0 CO 2H,0 (R2)

H, 050, <¢0 H,O(0) (R3)

CO H,O 0 CO, H, (R4)

CH, H,O0 =0 CO 3H, (R5)

Final gas Arrhenius rate is calculated from equation (1).

Figure 3: Gasifier model geometry k. ke %[A]a[B]b @
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Constants for are taken from literature. They are §p 1 .
listed inTable 2 . —V, C,= lulv, . ®3)
Solid phase is simulated by a Lagrangian particles ©Dp 2 1

tracking. It is observed that particles residence timeyith D= 3*10° m? and G= 3.4*10 m™,
is relatively short (<1s) in a two-stage downdraft

gasifier. As a consequence heterogeneous reaction$.3  Surfacereactions

are negligible, as oxygen reacts far quicker with

gas phase Only two surface reactions (R6) and (R7) are

. . . considered. Indeed oxygen has been totally
Heat transfer from fluid to solid phase is calculated . < \med in the oxidation zone whereas C-H
by equatlo_n (2). . reaction is far slower than C-G@nd C-HO and
Final particles temperature is then used to Sethus is negligible [9]

initial conditions in the bed. j

dT, m, C H,O 0 CO H, (R6)
P MTe T —H ) ¢ co, =0 2c0 (R7)
4 4 Arrhenius rate constants are deduced from
A, ] T T ) Groeneveld and Van Swaaij [10] (sEzble 2.
Reaction rate are calculated by the Multiple
4  Reduction zone: the fixed bed Surface Reactions model, based on the works of
Smith [11].

gFrom mass-balance considerations the particle
epletion rate can be expressed as:
= DyCy- G = ke (C" (@)
Implemented for each reaction r and each species |,
it gives a set of two equations:

The gasifier is considered working on a stable an
steady state, that is that the mass of char deplete
by reduction reactions is equal to the mass of cha
coming from the oxidation zone.

Particle mass flowrate is assumed to be uniform

over the surface and constant. The bed of averagdRi, A KYR, (5)
density 250 kg/rhconsists in 90 colons of ten- N,
millimetre-diameter particles. They are injected at R 8 Rj,r : 5
the bed top and put off the calculation at the "‘%ir Ronem P D (6)
bottom (ash losses). © of

§I_ T 0,75
4.1 Particlesmodel : p2 f ;
Even if particles velocities are almost null, with D, C, © :

- . . Vr
particles are modelled as a discrete phase in a dp

Lagrangian frame of reference by the DiscreteC,, is a constant calculated from molar and
Phase model. The trajectory calculation takes onlyknudsen diffusion rate coefficient for the mean

into account interactions with walls, as the gratetemperature of the bed topy G= 4.968*10™ for
compensate gravity and drag forces. As a resultcQ, and 7.769*13° for H,O; '

particles velocity gradient is almost null. 3§ 1 1.

Initial velocity is determined by the char mass and = = . (7)
flowrate from pyrolysis model. Their temperature L @ganhl /[ 1

is calculated by equation (2). Convection, radiation This set of equations is solved by iteration except
and heat of reactions are included. Howeverjf N, is equal to 0 or 1. For the last case the
particles are considered isolated, as conduction an@nalytical solution is:

collisions are neglected, being smaller by an order RD
of 20 compared to radiative heat transfer. R, AKY, pnﬁ 8)
o,r
4.2  Pressurarop The particles diameter remains constant by

A source term of friction from Ergun equation (9) Simplification while their density is allowed to

due to the porosity of the bed is included in the change. Moreover inhibition and degree of
momentum equation. conversion are not taken into account.

Oxidation reactions are neglected in the bed as
oxygen concentration is closed to zero.
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Table 1: Governing equations

Mass 2 s, 6
Momenm (&} () p (W @ F(E-D
& 6]
w ) ) T
Energy ) E p) ke T (0T (ngﬁi; S!€E-3)
J 4
with keff Oe@p
.. 4
Radiative transfer (| (#sjs (o wyitsf mr A Ls (%H) ($Ha: 0 €-9)
Turbulence W%Mik ) N Q§M| Wi Wi e
I I % M 1%
WY . H 8 W -
© i W= 5o WH UlQLM' 7‘>Mi C cﬁ R (E-6)
% Mo il M %1 2 "k
2
8 C k 8 o 2
withQ, 0.1 L —. o1 /
! © ~V H © Qi
Cp=0,0845: G = 1,42 and G = 1,68. Q and Djare the inverse of turbulent Prandtl numberdf@nd H
8§ : :
Species transport—W( o) M%(i) b $UDOi at Y. RO (E-T7)
w © © ' Sc, 1 1
2
Homogeneous reaction rak | ([,)/'/F(Yi Y,) (E-8)
Wwith C/§L2H-% W ng(% ; t __ ;C;=21377; G 0,4082.
ek 1 OH1 1 (/)]
Table 2: Reference value for kinetic constants
Reaction k(s E. (J. kmot?) A B Reference
(R1) 2.2*102 1.67*10 1 0.5 Bettahaf12]
(R2) 5.012*10" 2*10° 0.7 0.8 Fluenf13]
(R3) 4.462*16° 4.2*10' 1 1 Di Blasi [9]
(R4) 124.03 1.26*10 1 1 Di Blasi [9]
(R5) 312 2.07*1d 1 0 Liu[14]
(R6) 26.25 2.171*10 n=0.7 Groeneveld [10]
(R7) 26.25 2.171*10 n=0.7 Groeneveld [10]
5 Results

The model has been applied to a representativdPyrolysis is supposed to occur at 870 K. Pyrolysis
downdraft gasifier of diameter 0.9 m. It is feed products calculated from the model of Vijeu and
with 15%-humidity beech wood at a mass flowrate Tazerout [4] are char, 30%, and gas, 70%. lts mass
of 20 kg/h and a mass fuel — air ratio of 1:1 for a composition is approximately 50% G025 %
power of approximately 100 kW thermal. Air is water, 25% Chland traces of CO andH

preheated up to 670K before injection.
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The temperature profile in the oxidation zone, depends of the temperature and of the residence
shown inFigure 4 is conform to the expectations. time.

A hot point is localised just at the exit of the air In this case the zone of temperature hotter than
injection nozzle, where combustion occurs. 1,100°C is very restricted, that supposes thus a
Elsewhere temperature is relatively uniform in the relatively low tar cracking.

radial direction, with moderate axial gradient.

Uyx (m/s)
T(K) — 0.391
— 1640
0.257
1446
0.123
1252
-0.112
1058
-0.145
864
L 1-0.279
L1670

. L I Figure 6: Axial velocity field
Figure 4: Temperature profile in the oxidation zone 9 y

A recirculation occurs in the back of the throat (see©Oxygen evolution enlightens the zone where
Figure 5. Velocity field show that 1D combustlon occursl.:lgu_re 7_shows that.oxygen is
approximation is not correct for the gasifier type. duickly consumed as kinetic rate are high.

Indeed radial velocity may not be neglected. It is

noticeable that the flow is strongly influenced by O, (mass%)

biomass and air feed rate.

— 0.23

<)

336 0.138

252 0.092

168 0.046

0.84 — ¢ . .

Figure 7. Oxygen mass concentration

L 10

Carbon dioxide is main species of the mixture. It is
Figure 5: Velocity stream line produced during combustion and also at a lower
magnitude by the water-gas (R4) reaction. Its
concentration decreases because of a the dilution
by nitrogen as shown frigure 8
Final gas composition, givehable 3 corresponds
to classical values for downdraft gasifiers [3, 16].

The conjugation of temperature and axial velocity
(seeFigure 6 knowledge is particularly interesting
for gasifier design. It is indeed commonly
admitted in the literature [15] that tar cracking
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0 [2] Tchouate Heteu, P. MEeasibility of biomass
CO, (mass%) gasification for @centralised rural elecification

— 0.53 and industry in remote areas in African:

Proceedings of the First international Conference

and Exhibition on Biomass for energy and

0.42 industry, Seville, 1999.

0.31 [3] Henriksen, U., Ahrenfeldt, J., Ggbel, B.,
Hindsgaul, C. and Jensen, T..,KThe Viking
gasifier, In: Proceedings of the IEA-meeting,
0.210 London, 2003.

0.105 [4] Vijeu, R. and Tazerout, M.Modélisation et
dimensionnement d'une zone de pyrolyse d'un
gazogéne co-courant In: Proceedings of

—0 COFRET’04, Nancy, 2004.
Figure 8: Carbon dioxide mass

[5] Magnussen, B. F.,On the structure of
Methane and carbon monoxide concentrations ardurbulence and a generalised eddy dissipation
however over-predicted. Tars are indeed notconcept for chemical reaction in turbulent flok:
simulated and they are also assimilated mainly inProceedings of the Nineteenth AIAA Meeting, St

these two species. Louis, 1981.
Table 3: Final gas composition [6] Bellettre, J. and Tazerout M.Numerical
CO | CO, H, CH, N, simulation of reactive flows in a wood gasifié:

Volume % | 225 | 14.6| 247 56/ 326 Proceedings of the Third Mediterranean
(dry basis) Combustion Congress, Marrakech, 2003.

[7] Chui, E. H. and Raithby, G. DGomputation of
radiant heat transfer on a non-orthogonal mesh

using the finite-volume methodumerical Heat
A downdraft gasifier CFD 2D model has been Transfer 1993:23:269-288.

built. Although its validation is only partial,

particularly in the packed bed, this tool predicts [8] Lopez-Matencio J. L., Bellettre J. and
detailed process comportment. It takes into accouni allemand A.,Numerical prediction of turbulent
turbulence, surface reactions, heat transfer withheat and mass transfer above a porous wall
radiation included. subjected to vaporisation coolind. J. Transport
Results show that the model can be a useful toolPhenomena, 2003;5(3);185-201.

for designing gasifier. It must however be still

fully validated to guarantee the accuracy of data.[9] Di Blasi, C., Dynamic behaviour of stratified

Besides the reduction zone model needs to b&jowndraft gasifiers Chemical Engineering
improved so that catalyst effect of ashes, hydrogerScience 2000:55:2931-2944.
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Gasification of char particles with CO2 and H20
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DYNAMIC SIMULATION OF A SOLAR COLLECTOR FIELD WITH
INTELLIGENT DISTRIBUTED PARAMETER MODELS

Esko K. Juuso
Control Engineering Laboratory
Department of Process and Environmental Engineering
FIN-90014 University of Oulu, Finland

Abstract

The dynamic models of the solar collector eld provide a sthoand accurate overall behaviour

achieved with linguistic equations combined special sittmahandling with fuzzy systems. The

new adaptive control technique tuned with this simulatos heduced considerably temperature
differences between collector loops. Ef cient energy ectlon was achieved even in variable oper-
ating condition. The new distributed parameter model ie aimed for control design. It extends

the operability of the simulator to evaluating the con&plperformance for drastic changes, e.g.
startup and large load disturbances, and local disturlsaaeeé malfunctioning.

Keywords:Solar power plant, dynamic modelling, distributed paramsystems, nonlinear models,

linguistic equations, fuzzy set systems

Introduction possible despite the disturbances and uncertainties
Solar power varies independently and cannot be ad-n solar radiation and energy demand [1, 3, 4]. An
justed to suit the desired demand. The aim of solaroverview of possible control strategies presented in
thermal power plants is to provide thermal energy [5] include basic feedforward and PID schemes,
for use in an industrial process such as seawater deadaptive control, model-based predictive control,
salination or electricity generation. To provide a vi- frequency domain and robust optimal control and
able, cost effective alternative for power production, fuzzy logic control. A comparison of different in-
they must achieve this task despite uctuations in telligent controllers is presented in [6]. A linguistic
their primary energy source, the sunlight. In addi- equation (LE) controller was rst implemented on a
tion to seasonal and daily cyclic variations, the in- solar collectors eld [1, 2]. Later adaptive set point
tensity depends also on atmospheric conditions suchprocedure and feed forward features have been in-
as cloud cover, humidity, and air transparency. cluded for avoiding overheating. The present con-
Any available thermal energy is collected in a usable troller takes also care of the actual set points of the
form, i.e. at the desired temperature range, whichtemperature [7].

improves the overall system ef ciency and reduces
the demands placed on auxiliary equipment as the
storage tank. In cloudy conditions, the solar eld is
maintained in a state of readiness for the resumption
of full-scale operation when the intensity of the sun-
light rises once again. Unnecessary shutdowns an
start-ups of the collector eld are both wasteful and

time consuming [1, 2]. L )
glL 2] diation and inlet temperature [8]. A feedforward
The control scheme should regulate the outlet tem- . : .
controller has been combined with different feed-

perature in order to supply energy as constant asback controllers, even PID controllers operate for

Trial and error type controller tuning does not work

since the operating conditions cannot be reproduced
since the dynamics depends on the operating condi-
tions. Models have been integrated to various con-
Otrol schemes. Feedforward approaches based di-
rectly on the steady state energy balance relation-

ships can be based on measurements of solar ra-

Corresponding  author. Phone: +358-8-5532463, this purpose [9]. A model-based predictive control
Fax: +358-8-5532304, E-maitsko.juuso@oulu.fi is another possibility to take into account nonlineari-
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ties [10]. The classical internal model control (IMC) tomatically intervenes, warning the operator and de-
can operate ef ciently in varying time delay condi- focusing the collector eld. As the control is fast
tions [11]. The adaptation scheme of LE controllers and well damped, the plant can be operated close to
is extended by a model-based handling of the oper-the design limits thereby improving the productivity
ating conditions [7]. of the plant.

Dynamic simulators are needed in controller design The energy balance of the collector eld can be rep-
and tuning. Also process optimisation could be im- resented by expression [9]

proved by modelling and simulation. Lumped pa-

rameter models taking into account the sun position, letiPers 1 hp FrcTygg 1)

the eld geometry, the mirror re ectivity, the so- ) o o 5
lar radiation and the inlet oil temperature have been Wherelg; is effective irradiationWm <, A, ef-
developed for a solar collector eld [5]. Dynamic fective collector arean? , hp a general loss fac-
simulators based on linguistic equations are contin-tor, Fow rate of the oil m’s !, r oil density
uously used in development of multilayer linguistic Kgm %, ¢ speci ¢ heat of oil Jkg 'K * andTy;

equation controllers. The robust dynamic simulator {€mperature difference between the inletand the out-

ne—tuning of these controllers [12, 13]. ation modi ed by taking into account the solar time,

In this paper, the data-driven LE modelling approach declination and azimuth. By combining the oil char-
is combined with a dynamic energy balance and ex- acteristics and geometrical parameters into a term
tended to developing distributed parameter models A

based on process measurements obtained in several a T horec 2
test campaigns at a solar plant. P

a simple feedforward controller is obtained:

Solar power plant F aTle% 3)
All the experiments were carried out in tAeurex outTin

Solar Collectors Field of the Plataforma Solar de The temperature increase in the eld may rise upto
Almerialocated in the desert of Tabernas (Almeria), 110 degrees which means that the gain of the system
in the south of Spain. Thacurex eldsupply ther- s affected strongly by the variations of density, vis-
mal energy (1 MW) in form of hot oil to an elec- cosity, and speci ¢ heat with the temperature (Fig-
tricity generation system or a Multi-Effect Desali- ure 3). The daily operation is started with minimum
nation Plant. The solar eld consists of twenty rows ow, and the ow increase must be quite moderate
of east-west oriented, one-axis elevation-tracking, during the whole startup phase since the high viscos-
parabolic-trough collectors (Figure 1) in ten paral- ity does not allow very high ow. In the beginning of

lel loops (Figure 2). There are 480 modules in the daily operation, the oil is circulated in the eld,
the eld. The total re ective aperture area of the and the valve to storage system is open when an ap-
ACUREX collector eld is 2,674m?. The hot oil  propriate outlet temperature is achieved.

goes to a MW h thermal storage system consist- An extensive number of daily data sets is available
ing of a 140m® thermocline oil tank with automatic ~ from various test campaigns as the process must be
re-extinguishing and volatile-condensing systems. controlled all the time. Test campaigns include step
Quick cooling can be done with a water-cooled oil changes and load disturbances but they cannot be
cooler. A desalination plant is is connected to this planned in detail because of changing weather con-
storage system. ditions. Weather conditions take care of radiation
Control is achieved by means of varying the ow disturbances.

pumped through the pipes during the plant opera- Modelling is based on process data from controlled
tion. In addition to this, the collector eld status process characterised by time varying transport de-
must be monitored to prevent potentially hazards sit- lays, oscillations and fast disturbances of solar irra-
uations, e.g. oil temperatures greater than 300  diation. The model described in this paper have been
When a dangerous condition is detected software au-developed from the data of the test campaigns of the
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Figure 1: A receiver at the Acurex solar collector

eld.

Figure 2: Layout of the Acurex solar collector eld.
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nigues are necessary at least on the tuning phase.
250" 1 Adaptation to various nonlinear multivariable phe-
nomena requires a highly robust technique for the
modelling and simulation.

Linguistic equation models consist of two parits:
teractions are handled with linear equations, and
nonlinearities are taken into accountmgmbership

de nitions [6]. The basic element is a compact equa-
tion

N
o
S}

Temperature (C)
.
&
o

=
o
S

— UA036 ||
— UA037
— UA038

m
é.Aijxj B 0 (4)
i1

50

= Tin

1 5 where X is a linguistic level for the variablg,

j 1 m. The direction of the interaction is repre-
sented by interaction coef cient§;. The bias term

B; was introduced for fault diagnosis systems. Lin-
guistic equations can be used to any direction. The
membership de nition is a nonlinear mapping of the
LE controllers [7]. Figures 4 and 5 present temper- variable values inside its range to a certain linguistic
atures in a test with falrly Smoothly changing irra- range, usually 2 2. The mapping is represented
diation. In the end of the period, there is a slow in- with two monotonous, increasing functions, which
crease of the inlet temperature followed with a very must overlap in the center at the linguistic value 0. In
large load disturbance. The changes of the temperathe present system, these functions are second order
ture difference are results of the setpoint tracking. polynomials. Coef cients are extracted from data or
The outlet oil goes to the top of the thermocline, de ned from expert knowledge. [14]

and the temperatures in the lower levels of the tank pynamic intelligent models can be constructed on
increase gradually when the oil of the lower levels the pasis of state—space models, input-output mod-
goes back to the eld. On cloudy conditions, the els or semi-mechanistic models. In the state—space
control is much more dif cult [7]. Figures 6 and 7 models, fuzzy antecedent propositions are combined
present temperatures on a cloudy day with uctuat- with a deterministic mathematical presentation of
ing irradiation. the consequent. The structure of the input—output
The collector loops do not operate identically: the model establishes a relation between the collection
difference between the highest and the lowest l00pof past input-output data and the predicted output.
temperaturedT Loop increases when the ow of  Multiple input, multiple output (MIMO) systems
the oil is changed rapidly. This happens in the can be built as a set of coupled multiple input, single
startup phase and when load disturbances are introputput MISO models. Delays are taken into account

I I
10 11 12 13
Time (h)

Figure 7. Temperatures on different levels of the
thermocline in cloudy conditions (June 12, 2002).

duced. by moving the values of input variables correspond-
ingly.
The basic form of th& E model also is a static map-
Dynamic modelling ping, and therefore dynamicE models could in-

For nonlinear multivariable modelling on the ba- clude several inputs and outputs originating from a
sis of data with understanding of the process theresingle variable [6]. However, rather simple input-
are two alternatives: fuzzy set systems and linguis- output models, e.g. the old value of the simulated
tic equations. In intelligent control design, hybrid variable and the current value of the control variable
techniques combining different modelling methods as inputs and the new value of the simulated variable
in a smooth and consistent way are essential for suc-as an output, can be used since nonlinearities are
cessful comparison of alternative control methods. taken into account by membership de nitions. Com-
Switching between different submodels in multiple parisons with different parametric models, e.g. au-
model approaches should be as smooth as possibleoregressive moving averagdaRMAX), autoregres-
For slow processes, predictive model-based tech-sive with exogeneous inputdRX), Box-Jenkinand
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[0.20493 0.50176 -0.77147 0.33328]

Output-Error QE), show that the performance im-
provement with additional values is negligible. [14].

Collector eld models
Distributed parameter model can be based on the en-g ©
ergy balance: energy stored = Irradiance - Energy uw
transferred - Heat loss. For a unit volume this can be ~ °

represented by o
T T
r CAZZ_t lesfWhy 1 CF% hDT T, (5

Ambient Temperature 2r 400 Irradiation

whereA is cross section of the pipe line? , ¢ spe-
cic heat of oil Jkg 'K !, D pipe diameterm,

¢ irradiation Wm 2, h heat transfer coef cient
Wm 2K 1, T oil temperature °C , T,,,,, ambient
temperature °C , x length coordinatem , F ow

rate m®s 1, W width of the mirror m , h, optical

ef ciency, r oil densitykgm 3, t time s .
Conventional mechanistic models do not work:
there are problems with oscillations and irradia-
tion disturbances. Oil properties change drastically |
with temperature, and therefore operating conditions ‘ ‘ ‘ ‘ ‘ " Toarda
change considerably during the working day, e.g. ’ o o Eoermenalcase oM
during the startup stage, the oil ow is limited by w00 ‘ ‘ ‘ ‘ ‘ ‘
the high viscosity. S ST 1= 1535 =
Equation (5) can be represented by ; , T

Figure 8: Model surface of a LE model for the work-
ing point variables [15].

Temperature Difference

Calculated
)
\
\

T t u T t -7 - Az[o,zoaes 0.50176 -0.77147)
I Dt I al I eff aZTi t a3Tamb (6) B0 - B =0.33328

i i %0 @ ) 0 20 20 % % 100
where coef cientsa,, a, anda; depend on operating

conditions, and therfore, the process is highly non-
linear.

Location of thath element depends on the ow rate:

Figure 9: Simulation results for a LE model of the
working point variables [15].

xt Db oxt  Ft
7
Dt Vot 0

whereV, is the total amount of the oil in the collec- Model of typical operation shown in Figure 8 has a
tor eld. Actually, the volume of the oil depends on duite high correlation to the real process data (Fig-
temperature. ure 9). The differences have a clear relation to op-
Coef cients a,, a, anda, depend on the operating erating conditions, e.g. oscillato_ry behavi_our_is a
conditions. As the linguistic equation models are Problem when the temperature difference is higher
based on nonlinear scaling of variables, the corre-than the normal. The startup phase needs a spe-

sponding coef cients of the LE models are constant €ial model. Separate dynamic models are needed to
on a wide operating area. capture the dynamic behaviour in different operating

conditions: the model surface of the normal model
is presented in Figure 10. The model shown in Fig-
ure 8 corresponds closely to the model presented by
The working point variables already de ne the over- Equation (6). The typical normal operation shown
all normal behaviour of the solar collector eld. The here is not always optimal.

Operating areas
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asmosey M ammosE M system intervenes to dangerous conditions or oper-
' ‘ ' ational faults. For example, a part of the collector
eld may be defocused. The oil ow can also dis-
tribute in a very uneven way. Different special sit-
uations could be further studied with distributed pa-
OiFlow 07400  imadaion OlFlow 0 100 Tomperature Diftrence rameter models.
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[0.31697 0.52315 -0.76128 0.10073]

Distributed parameter models

Oil Flow: 5.49394
Irradiation: 728.4665

Temperatre Diference: 5179399 The lumped parameter models predict the average
outlet temperature very well, and disturbances can
be detected with the fuzzy part. However, the aim of
the control system is to keep the maximum temper-

Figure 10: A dynamic LE model for temperature dif- ature of the loop outlets within desired range. The

ference [15]. controllers tuned with the lumped parameter sim-

ulators are working well but the actual testing of
local disturbances and malfunctioning can be done
only with the real system. The changes in maximum

Dynamic linguistic equation (LE) models provide a temperatures are always faster than the changes in

good overall behaviour in different operating con- the average temperature. The distributed parameter

ditions. Oscillations are well represented, and the model was developed for this purpose.

temperature is on an appropriate range in the caseDevelopment of a distributed parameter model for

of irradiation disturbances. In this model, the new such a nonlinear system is very challenging. All the

temperature difference between the inlet and outletnecessary parameters are not available in changing
is obtained from the irradiation, oil ow and pre- operating conditions. However, the previously de-
vious temperature difference. The model provides veloped lumped parameter models provide a feasi-
the driving force for the simulator, and the speed ple starting point for this new development. The key
of the change depends on the operating conditions.fact was that the dynamic linguistic equation model

The multimodel approach for combining specialised needs only the current situation to be able to pre-

submodels provides additional properties since alsodict the new outlet temperature. Introducing the LE

equations and delays can be different in different modelling ts well to the numerical solutions of dis-

submodels. In the multimodel approach, the work- tributed parameter models presented in [17].

ing area de ned by a separate working point model. The solution was to divide the collector eld model

New Temperature Difference

Irradiation 0 -100  Temperature Difference

Lumped parameter models

[13] into modules, and apply the dynamic LE models in a
distributed way. Equation (6) is modi ed by includ-
Special situations ing the oil ow F to the model:

The functional relationship between the output vari- Tt Dt Tt

able and the input variable are partly smooth and Dt algy
partly complicated nonlinear [12]. Smooth depen- (8)
dencies can be described easily by linguistic equa-The previously developed lumped parameter models
tions (LE). Complicated local structures are ef- calculate the temperature difference over the whole
ciently detected by the Fuzzy-ROSA method (FRM) collector eld. Here the temperature change in a vol-
[16]. Thus the cascaded modelling with the LE ume element is fraction de ned by the ow rate, i.e.
and FRM combines the advantages of both methodsthe result would be the same as with the lumped pa-
which can result in a considerable improvement of rameter models if the operating conditions are ex-
the quality of the resulting nal model. Feasibility of actly same throughout the collector eld.

the combined LE—FRM approach was demonstratedin cloudy conditions, the heating effect can be
by applying it to a solar power plant [12]. strongly uneven. These effects are simulated by in-
Some special situations activate when the control troducing disturbances into the irradiation. The ow

it agl,, aF

Proceedings of SIMS 2004 150 WWW.SCansims.org
Copenhagen, Denmark, September 23-24, 2004



SIMS 45
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Figure 11: Temperatures of the collector loops in
startup phase (June 21, 2002).

rate depends also on the density that is decreasing
with increasing temperature. Uneven distributions
of the oil ow are important if the oil ow changes
are rapid since some loops may be unable to follow.
The ow of the oil is changed rapidly in the startup
phase to stop the fast increase of the outlet tempera:

ture. The temperature increases slower in the loops E

which far from the storage system (Figure 11). As
the maximum temperature was controlled, the con-
troller stops the fast the fast temperature increase
with high oil ow. The highest temperature drop af-
ter the ow peak, and the differences between loop
temperatures keep quite small after this even when

rature °C)
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Figure 12: Temperatures of the collector loops dur-
ing a load disturbance (June 21, 2002).
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the ow is again much lower. Obviously, the ow  Figure 13: Temperatures of the collector loops in

of the oil is unevenly distributed if the ow is very
low, and especially if the ow is circulating only in
the eld. As the properties of the oil change very
quickly in these temperature (Figure 3), many dis-
turbances may occur.
A strong load disturbance has similar effects as the
startup: the differences between loop temperatures
increase (Figure 4), and the temperature is chang-
ing faster in the loops which are close to the storage
system (Figure 12).
Cloudy conditions seem to reduce the temperature
differences between loops both in the startup phase
(Figure 13) and in the normal operation (Figure 14).
Obviously, big differences cannot evolve as the heat-
ing effect is not so high. Another reason is that the
spots of high irradiation are continuously moving in

the eld.
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Figure 14. Temperatures of the collector loops in

The distributed parameter model was tested by com-cloudy conditions (June 12, 2002).
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paring different scenarios on the distribution of the The solar collector eld is a small test case for a
oil between the loops in smooth irradiation condi- methodological extension where nonlinear intelli-
tions. The cloudy conditions were studied by intro- gent models are distributed into volume elements.
ducing random uctuations on the local irradiation These dynamic LE models were similar to those
in the collector eld. used in dynamic lumped parameter system, and the
In the control design, the dynamic simulation mod- lumped parameter solution corresponds to the situ-
els are used instead of the real process. The meaation where the loops are operating identically, the
sured variable, the outlet temperature, is generatedow is evenly distributed between the loops, and the
by the simulator, and the controller changes the ow irradiation are distributed evenly throughout the col-
of the oil to get the outlet temperature to the set- lector eld.

point. The inlet temperature starts from the ambient

temperature, and later the temperature of the storage

tank is taken into account. Same simulated or col- Conclusions

!ected measurement_s, e.g. _solar irradiation, are usedfhe dynamic models provide a smooth and accu-

in the controlier and in the simulator. rate overall behaviour achieved with linguistic equa-
tions combined special situation handling with fuzzy
systems. The new adaptive control technique tuned

Discussion with this simulator has reduced considerably tem-

The dynamic LE simulator is a practical tool in the perature differences between collector loops. Ef-
controller design. The resulting controller combines cient energy collection was achieved even in vari-
smoothly various control strategies into a compact able operating condition. The new distributed pa-
single controller. The controller takes care of the rameter model is also aimed for control design. It
actual set points of the temperature. The operationextends the operability of the simulator to evaluat-
is very robust in dif cult conditions: startup and ing the controller performance for drastic changes,
set point tracking are fast and accurate in variable €.g. startup and large load disturbances, and local
radiation Conditions; the controller can handle ef- disturbances and malfunctioning. This extension is
ciently even multiple disturbances. Adaptive set important for controlling the maximum temperature
point procedure and feed forward features are es-of the collector eld as the previous models were
sential for avoiding overheating. The new adaptive capable only for the simulation of the average tem-
technique has reduced considerably temperature differature.

ferences between collector loops. Efcient energy

collection was achieved even in variable operating
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dled very well but this was done fairly well even volume 6, pp. 3891-3895. ACC, 1998.

with the lumped parameter models. The actual ben-

e tis achieved in modelling of the startup and load [3] Meaburn A., Modelling and Control of a Dis-
disturbances. In these cases, also the density of the  tributed Solar Collector Field. Ph.D Thesis.
oil changes considerably. UMIST, 1995.
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SYSTEMS
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Department of Mechanical Engineering
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Reykjavik, Iceland

Abstract

The obijective of this study is to develop a design system for geothermal piping systems. Designing
geothermal piping systems requires expert skills, built on designers experience. This expert knowl-
edge has to be accessible for the organization, as well as less experienced designers. By developing
a design system, it is possible to lead the designer through the design process; expert knowledge will
be available at all times and the design procedure will be more automatic, resulting in shorter design
time. In this study, a design system call@édoMindis developed. The system is tested by designing

a new piping system, at Iceland*#ellisheidi Power PlantThe results show that the design process

is more accessible and automatic, the designer is led through the design process, all which result in
a shorter design time.

Keywords:Design system, geothermal piping systems.

Introduction piping systems. The focus here is on the design of
The demand of utilizing reusable energy sources, piping systems that lead the geothermal uid from
such as geothermal power, is increasing around thethe wells to the separation station. The geothermal
world. The design of a geothermal power plant is piping system has to be exible enough to allow
a complex distributed problem, and the design of thermal expansion but also stiff enough to withstand
geothermal piping systems is an important factor in the seismic load action.

the design. It has been shown that part of the design process
Today the design is built upon the designers' experi- can be automated [1]; therefore, it is interesting to
ence and is mostly ad-hoc design for every geother-study how the designers' experience can be utilized
mal area. The design process can be time consumto make the whole design process more automatic,
ing and it is dif cult, even for the experienced de- making a computer-based design system.

signer, to have an overview of all the different de- Many computer-based design systems have been de-
sign options. Therefore, a design system for the de-veloped, especially on a single computer and now
sign of geothermal piping systems can save the detesearches are looking into distributed computer-
signer considerable time and keep track of different based design system utilizing client-server architec-
solutions. The purpose of this project is to develop ture [2]. Agent-based integrated design systems
a computer-based design system. Currently, such éave been investigated, for example, in aerospace
system, which takes into account different factors in- vehicle design, where the level of automation is pro-
volved in the design, is not available on the market vided by an expert system [3].

for geothermal piping system.

Generally, geothermal power plants are situated in
active seismic areas, and therefore, seismic design i

; . _ Structure of the design system
a major factor in the structural design of geothermal

Design of piping systems in geothermal areas is a

®Corresponding author. Phone: +354 585 9203, Fax: +354 COmplex, coupled design problem. In order to de-
585 9299, E-mailanna@marorka.com velop a design system for geothermal piping sys-
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tems, the details of the design process have to bewall thickness. Finally, the load design involves the
analyzed and the appropriate architecture for the de-stress analysis where the layout and types of sup-
sign system stated. The model for the design procesports are decided, keeping stresses below allowable
is shown in Figure 1. limits. The support arrangement in uences natural
frequencies and mode shapes of the piping system,
o« o Flow. O due to the simultaneous earthquake motion and high
Restrictions, iR oute Design| [Dimension Designl— proseure, P thermal loading, and is a large factor in load de-
Route, R Pipe diameter, D 1 cTmPerature. T sign for geothermal piping systems. Trial and error
processes have been utilized, achieving the optimum
support positions and arrangement, but studies have

K3

<
Pressure Design

Wall thickness, t . .
Kag | Properties of pipe material, shown that a genetic algorithm can been used to ar-
[ Load Design f insulation and geothermal fluid range supports automatically [1].

Limitations from standards . . .
! Standards that are used in the design system are Ansi

gength bletween sgppons, Lu < B31.1 [5] for pressure piping design, Eurocode 8 [6]

t t t, St . . . .
Thosmal oxpansion loope. Bt for seismic design and 1ST12 [7] for snow and wind
load design.

The subsystems interact with each other as shown in

Figure 1. Each subsystem, or module, is designed

The product developed is calle@eoMind The to minimize 'Fh.e programming mtergctlon with other
modules. If it is necessary to modify a module, the

name describes the purpose of the design system; . ; .
purp gn sy modi cation will not affect other moduled.oad de-
Georefers to geothermal areas altind refers to

the knowledge captured in the system. sign requires both input froniRoute SelectignDi-

) . . mension DesigandPressure Design
GeoMindcan communicate with other programs, for e
example, nite element analysis and CAD software, Route Selectionis dependent on the landscape and

using application programming interfade?l. Geo- legal issues.GeoMinddoes not have an automatic

Mind's output is an XML-document. The XML isa Process for laying the pipe route, but it offers the
text based standard for representing data in a strucUSer 10 open a CAD model and select the piping sys-

tured format, and it can be used on any platform and€M's route from the CAD modelGeoMindthen

for many applications in different languages. gengrates_a le containing thg end points and _the
There is no limitation on the applications or pro- section points of the route. This procedure requires
grams that can communicate wiGeoMind only application programming interface as described ear-

the application programming interface for each pro- lier. If the appl_|cat|on programming interface for
gram has to be tailor made according to the programCAD Programs is not availabl&eoMindcan read

in question. The application programming interface a coordination le directly.

reads the XML-document and converts the informa- Dimension Desigrrefers to the selection of pipe di-
tion into a suitable form for the program that is re- @meter and depends on the pressure drop and mass
quired. The programming language C# [4] was used OW of the uid inside the pipe. Since the focus here
to developGeoMind is on two-phase ow geothermal pipelines, the uid
The design process for geothermal piping systems oW and velocity is used to determine the pipe diam-
can be divided into four main subsystems: route se-eter, and the effect of pressure drop is ignored. Di-
lection, dimension design, pressure design and loadN€nsion Design returns minimum pipe diameter re-
design, as shown in Figure 1. The route of the pip- quired for transporting the geothermal uid at given
ing system is dependent on the environment, that is,conditions.

landscape and other structures. The pipes can eiPressure Desigrrefers to the calculation of mini-
ther be above ground or underground. The dimen-mum wall-thickness required. The pipe wall has to
sion design gives the pipe diameter which is cal- be thick enough to withstand the pressure inside the
culated for a certain mass ow of geothermal uid pipe. The required wall thickness is determined ac-
and the pressure drop in the pipe. The pressure decording to Ansi B31.1 [5].

sign gives the pressure class and hence the necessabypad Designrefers to stresses developed in the pip-

Figure 1: Model for geothermal piping system.
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ing system due to internal and external loading. The stresses given by Ansi B31.1 [5]. In order to check
Load Design gives the layout for thermal expansion the stresses in the pipeline, a stress analysis has to be
loops, location of supports and the types of supports.carried out. GeoMindis able to communicate with
The stresses are controlled with different types of stress analysis software as described earlier.
supports, that constrain the motion of the pipe. The In this study, a module for automatic support ar-
following are the most common types of supports rangement was developed. If stress analysis indi-
used in geothermal piping systems. Anchors arecates that the stresses in the pipeline are above the al-
xed supports which neither allow displacements lowable stress limits, the automatic support arrange-
nor rotation. They are used to divide large piping ment changes the types of supports, in order to re-
systems into smaller sections, and are therefore al-duce the stresses in the pipeline below allowable
ways at the end points of the piping system sections.stress limits. Then, the new support arrangement
Free supports hinder motion in vertical direction. In is then analyzed again. The usage of the automatic
order to control the transverse motion of the pip- module demonstrates that an optimization module
ing system, longitudinally guided supports are used. can be attached to the design system.

They allow axial displacement, but no transverse or GeoMinds output is an XML-document and the
vertical displacement. Sometimes, it is necessarycommunication with a stress analysis application
to restrict the longitudinal displacement of the pipe, requires application programming interface, tailor
but allow transverse displacements. In these casesmade for the nite element analysis application in
transversely guided supports are used. Finally therequestion. The application programming interface
are rotationally guided supports, which allow rota- takes the information in the XML-document and
tion but not displacements. converts it into readable form for the nite element

The pipe has to be allowed to expand because ofanalysis application.

the thermal expansion, but has to be stiff in order

to withstand the vertically and horizontally applied )

loads. The vertical loads that act on the pipeline Architecture and usage

are the self-weight of the pipe, the uid weight, the Architecture of the design systenGeoMind is
snow load and the vertical component of the seismic shown in Figure 2.
load. The horizontal loads are the wind load and the

horizontal component of the seismic load.

The distance required between supports is calculated
due to loads acting on the pipeline. Supports may \
not be located under bends, because there the pip- GeoMind
ing system has to be able to expand. Pipe bends are ‘
more exible than straight pipes and therefore the
support has to be positioned as near the bend as pos-
sible in order to support the pipe without restricting
the expansion.

The start guess for the support arrangement for the
pipeline is as follows. The location of de ection CAD Software || Finite Element Other. such as
points of the pipeline is known, and the supports be- Analysis Application | | Database
tween them are located a distathcapart, wheré. is

the required length between supports. The types of
the supports are set in the following manner: end
points are xed supports, where neither displace-
ments nor rotation is allowed, other supports hinder The design criteria involves properties of the pipe
vertical motion and are guided longitudinally. Sup- material, the geothermal uid and the insulation,
ports that support bends, only hinder vertical mo- constants regarding the geothermal area and the pipe
tion, allowing thermal expansion. route. The design system takes the input information
Stresses in the pipeline may not exceed allowableand designs the piping system. In order to complete

Design Criteria

Figure 2. Architecture of the design systebeo-
Mind.
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the designGeoMindhas to communicate with a -

nite element analysis software for the stress analy-

sis part. GeoMinds output is an XML-document,

where all the information about the piping system
is available for the application programming inter-
face, which will convert the data into a mode ac-
ceptable for the nite element analysis application.
The XML-document includes every detail of the pip-

coordinates' le is available, the designer can go to
PipPE DESIGNtO design the piping system. This pro-
cess requires an application programming interface
for the CAD software used.

PiPE DESIGN site is shown in Figure 4. Here, the
designer has to set the design criteria required and
will get the minimum pipe diameter and the mini-
mum wall thickness required for the project by click-

ing system and can be interpreted by the appropriateing Dimension and Pressure Desigithe designer
application programming interface for the program can select manufactured pipe from pipe catalogs and
connected t@&eoMind enter the standard pipe diameter and wall thickness
GeoMind enables engineers to design geothermalinto the Selected Pipe Diametend Selected Wall
piping systems in the same computer application. Thicknesgext boxes, and use those values in fol-
GeoMindcontains all the information needed for the lowing design process.

design, such as, standards and design documentsThe nal design of the piping system is generated by
GeoMindincludes knowledge formed by designers selectingStress Analysis The Stress Analysigsan
andGeoMindcan communicate with other software not be selected if th®imension and Pressure De-
needed for the design process, such as, CAD syssign has not been completed. The piping system's
tems and nite element analysis programs. route is needed foBtress Analysislf the applica-
When the designer staf@eoMind the front site ap-  tion programming interface for CAD software is not
pears; see Figure 3. available, the designer enters the location of a co-
ordination le containing the coordinations of pip-
ing system's endpoints and section points iRipe
Route Coordinates File

The nal design of the piping system is shown in
Figure 5. The output is various depending on the
application programming interfaces used. If the it-
eration process in the stress analysis is automatic,
stress analysis gures exist, if the iteration process
is made manually by the designer, the model for the
nite element analysis application is available. The
layout of the supports and types can be displayed in
the CAD drawing, and the design information can
be stored in a database. The XML-document, con-
taining information of the nal design for the piping
system, is always accessible for the designer from
FINAL DESIGN.

Figure 3: Front site oGeoMind

There it is possible to choose between different ac-

tions, ROUTE DESIGN, PIPE DESIGN and INFOR-

MATION. Case study

INFORMATION will lead the designer to a site that To test the relationship betwe&eoMindand an ex-
contains design documents and standards availabléernal program, the professional nite element anal-
for pipe design. The newest design documents andysis software AISYS [8] was used for stress analy-
standards should always be updated in the desigrsis.

system. The application programming interface developed
RouTE DESIGNIeads the designer to a site where he converts the XML-document generated®goMind
can locate a CAD drawing for the pipe route. There, into a model for AISYS. ANSYSis then automati-
the designer can generate a le containing the co- cally started where the model is analyzed and the
ordinates of the pipe from the drawing. When the results sent back to the application programming in-
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Figure 4. RPE DESIGN site inGeoMind

Figure 5: RNAL DESIGN site inGeoMind
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terface which translates the output le into XML-
document read b§geoMind GeoMindtranslates the
XML-document, reads maximum stress values and
relative supports' numbers, and then runs the auto-
matic support arrangement module, which generates
a new support arrangement, if the stresses are above
the allowable stress limits. Th&deoMindproduces

a new XML-document which is sent to tideoMind

- ANsYsapplication programming interface and the
procedure is repeated. The iteration continues until
the stresses in the piping system are below the allow-
able stress value or until the iterations have reached
a limit set by the user. The architecture@toMind
gives the opportunity to replace the automatic sup-
port arrangement module for an optimization mod-
ule in the future. The procedure described above is
shown in Figure 6.

The design task is to design a hew piping system for
theHellisheidi Power PlantThe route is not pinned
down, only a general route is known. The general
route of the piping system is shown in Figure 7.

The piping system is made of straight pipes con-
nected with 90 degrees bends. There are two ther-
mal loops in the piping system and the end points
are xed.

The design process f@imension and Pressure De-
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GeoMind

} Final Design

XML XML
APIL API
— T

ANSYS

Figure 6: Design procedure using application pro-
gramming interface with automatic connections
with ANSYS.

Total length: 908m

Leg1:343m
Leg2: 15m
Leg3: 46m
Leg4: 15m

i

Leg 5: 341 m
Leg6: 67m
Leg 7: 178 m

oL

L

X

Figure 7: Route proposal Hiellisheidi Power Plant
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sign is described earlier. The calculations [n-
mension and Pressure Desigive minimum diam-
eter 840nm and minimum wall thickness:8mm

In the following design, the manufactured standard
pipe chosen i®N900, which has a pipe diameter of
914mmand the wall thickness is 1Om

The automatic support arrangement does not give
stresses in the pipeline below allowable stress lim-
its. The result indicates that the pipe layout has to
be changed, to be able to reduce the stresses in the
piping system. One way to reduce the stresses below
allowable stress limits, is to divide the piping system
into two systems using a xed support.

New coordinates les are made, dividing the pip-
ing system into two systems, one thermal expansion
loop in each. GeoMindis used to design the two
piping systems. The stress analysis for both piping
systems give stresses in the pipelines below allow-
able stress limits. The support arrangement for the
two piping systems is shown in Figure 8.

Conclusions and further work

A design tool for piping systems in geothermal areas
has been developed in this study.

In an organization where expert knowledge is the
main asset, it is vital to be able to manage the ex-
pert knowledge and making it available and easily
accessible for the employees. That can be done by
using a design system, such@soMind

In order to develop the design system, the design
process was analyzed and divided into subsystems
or modules, which are loosely coupled. By building
the design system up in modules, opens the possi-
bility to add new modules to the system. Of special
interest is an optimization module regarding thermal
expansion loops and support arrangement. From the
design system analysis, an architecture for a knowl-
edge based design system was presentedGaad
Mind, a design system, programme@eoMindhas
three main modules,NFORMATION, ROUTE DE-
SIGN and RPE DESIGN.

INFORMATION contains all the documents related to
the design process; that is, design documents, CAD
models, standard documents, pipe manufacture cat-
alogs to mention a few. INNFORMATION the user
can nd every document related to the design. The
responsibility of update of the documents NFOR-
MATION has to be allocated to an employee in the

WWW.SCansims.org
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Figure 8: Support layout and arrangement for two the piping systehislligheidi Power Plant

organization usingseoMind [8]. The application programming interface started

RoUTE DESIGN is for designing the pipe route for ANsYsautomatically, where the glesign information
the piping system. It can be connected to a CAD Was analyzed, the stress anaIyS|s data, generated by
software, using appropriate application program- ANSYS, was t_hen converted into XML-document
ming interface. Then, it is possible to generate a "€@d byGeoMind where the support arrangement
le, containing the coordinates of the end points and Was made again, if necessary, according to the stress
section points, describing the piping system. If this @nalysis data, using the automatic support arrange-

feature is not usedzeoMindreads a le containing Ment module.

the end points and section points coordinates of theA design System for designing geotherma| p|p|ng
piping system. systems, makes the design problem more accessi-
PiPE DESIGN is the module where the pipe is de- ble. Alldocuments related to the design is accessible
signed. The input is design criteria for the geother- at one site. The designer is led through the design,
mal uid, pipe material and the insulation material, rstasked to design the piping system route, then to
as well as limitations from standards. PR De-  collect the design criteria for the piping system and
SIGN's output is twofold; Dimension and Pressure the geothermal area. The design system calculates
Designgives required pipe diameter and wall thick- minimum pipe diameter and wall thickness required
ness, andStress Analysigives the nal design of  according the to design criteria. The designer can
the piping system. Finite element analysis software select manufactured pipe, from pipe catalogs, and
has to be used for analyze the stresses in the pipthe standard pipe diameter and wall thickness will be
ing system. An application programming interface used in the remaining design process. Stress analy-
has to be made for the interaction betw&@soMind  Sis has to be made for the nal design of the piping
and the nite element analysis application, where system. Final design information is easily accessi-
the application programming interface converts the ble and can be published in various ways. It is also
XML-document generated bgeoMindinto an un- ~ Possible to store the nal design information in a
derstandable form for the nite element analysis ap- database, if required, making the design information
plication. It is up to the user how the application accessible for every designer in an organization.

programming interface is made. The use ofGeoMindwill make the design less trou-

Here, an application programming interface was de- blesome, because all the design documents and cri-
veloped using the stress analysis applicatiors&s teria are accessible in one location. The design is

Proceedings of SIMS 2004 161 WWW.SCansims.org
Copenhagen, Denmark, September 23-24, 2004



SIMS 45

more automatic and the possibility of connecting  Engineering Technical Conferences, Pittsburgh,
different modules, such as different nite element PA.

analysis applications or optimization algorithms, to _ _ _

the design system makes the design more exible, [4l Microsoft Corporation, 1987-2001Microsoft
GeoMindwill reduce the design time, resulting in "€t Framework 1.0, Visual C#.netversion
reduced design cost. 1.0.370s.

In the future, the design system should be de- [5] ANSI B31.1-2001,ASME Code Pressure Pip-
signed as a distributed system, a server-client sys- j,q American National Standard.

tem, where the several users can work with a de-

signer system interface and the applications needed6] Eurocode 8, FS ENV:1998-4:1998Design
for the design, i.e. nite element analysis software,  of Structures for Earthquake Resistance of
CAD programs and optimization packages, are sta- Structures- Part4: Silos, Tanks and Pipelines.
tioned at servers. Case studies in distributed desig
have shown that computational time is reduced sig
ni cantly; heterogenous software and platform are
integrated and designers work collaboratively [9].
Agent-based system could be applicable, where theig] Ansys, Theory Manual, v.5.7. Ansysi Inc.,
agents would control the access to the applications  canonsburg, PA 15317.

on different servers.

It is of interest to design and optimization module [9] Xiao, A., Choi, H.J., Kulkarni, R., Allen, J.,
for the equilibrium between the thermal expansion ~ Rosen, D., Mistree, F., 2003 Web-based Dis-
and load acting on the geothermal piping system. tributed Product Realization EnvironmeRtoc.
The RouTE DEsIGNmodule could offer an arti cial of the ASME Design Engineering Technical Con-
intelligence model, where the machine would rec-  ferences, Pittsburgh, PA

ognize restrictions in the landscape and know other

restrictions, such as legal issues and environmental

protection.

_r}7] ST 12, 1989,Loads for the Design of Struc-
tures 3rd edition, (in Icelandic), Icelandic Stan-
dards
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Abstract
The purpose of this paper is to explain adel that can predict the Polymer Electrolyte
membrane Fuel Cell (PEMFC) system fuel consumption, and more heat and electricity
production according to the load. Vice versa it isgilole to predict with such model the power
produced knowing the PEMFC system fuel consumption. Structure and validation of the model,
including theory, and preliminary results demoating the model’'s use with the building of a
simulation program, will be presented. Many neaiiatic models can be found in the literature
that evaluate electrochemical fuel cell performance and that seem to produce excellent results,
however, the aim here is to create a simple evaluation model for fuel cell which can be integrated
into commercial simulation modular codes.

'"Hg Enthalpy change of products formation

[kJ]
'"Her Enthalpy change of reagents formation [kJ]
Keyword '"Hq, Enthalpy change oH,O (vap) formation
PEM Fuel Cell, Simulation, Modelling [kJ]

'"Hi Enthalpy change of reforming reaction [kJ]

Nomenclature _ Iy AC/DC converter efficiency [%]
M E\Iilalss] flow rate of water into reformer I, Electrical generation efficiency [%]
g/s I - 0
m,  Mass flow rate of hydrogen [kg/s] I Fuel utilisation efficiency [%)]
D  exchange coefficient I Heatefficiency [%]
'G  Gibbs free energy change [kJ] hex ~ Heatexchangeeffectiveness [%]
‘G, Gibbs free energy change at temperature T = Combined heat and power efficiency [%]
[kJ]
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Current efficiency [%]
Maximun theoretical efficiency [%)]
I Reformerefficiency[%]
Voltage efficiency [%]

/V
A Cell area [

b Tafel slope for oxygen reduction [V]
i Current density [A/rf]

F Faraday constant [C/kmol]

H

Heating value of Kk[kJ/kg]
Operative stack current [A]
I CellcurrentgA]

K Equilibrium constant of reaction at
standard temperature and pressure

Ko Equilibrium constant of reaction at
temperature T

L LosseqW]

m mass transport coefficient [V]

Ne Number of electrons
N;  Number of cells

Py, Hydrogen partial pressure [bar]

Po, Oxygen partial pressure [bar]

Puo Water partial pressure [bar]
Q, Heat input [W]
Q.. Heat output [W]

ol Charge per unit mass
Hydrogen stoichiometric coefficient
Oxygen stoichiometric coefficient

Water stoichiometric coefficient

Y
R Perfect gas constant [kJ/kmol K]
R Ohmic resistance of the cell fn?]
S Active cell area [fi

T

Y,

TemperaturéK]

Cell voltage [V]
Vo Reversible cell voltage [V]
Vst Operative stack voltage [V]
Whax  Maximum electrical power [W]

Wk Reformemower[W]
Ws Stack power [W]

Woe  DC power[W]
Wac  AC power[W]
z Valency
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1. Introduction

A fuel cell is a device that converts chemical
energy directly into electrical one and heat without
combustion. This conversion is facilitated by an
electrode-electrolyte structure that operates on
principles similar to chemical batteries. A typical
scheme of a fuel cell can be seen in Figure 1. The
electrolyte is usually what the particular fuel cell is
named after, such as in the case of PEM the
electrolyte is a thin ion conducting membrane.
However, while a battery’s fuel and oxidant
supplies are stored within the cell, fuel cells permit
fuel and oxidants to continuously flow through the
cell. This is advantageous, because a fuel cell need
not be taken offline to be refuelled. PEMFC
systems consist also of several subsystems, these
include: the fuel cell stagckhe fuel processor, and
auxiliary systems required for operation.

Figure 1: Fuel cell scheme

The purpose of this paper is to explain a model that
can predict the PEMFC system fuel consumption,
and more heat and electricity production according
to the load. Vice versa it is possible with such
model to predict the power produced knowing the
fuel cell system fuel consumption.

While many fuels may react with oxygen to
produce electricity directly, hydrogen has the
highest electrochemical potential and yields the
highest theoretical fuel conversion. Thus, hydrogen
is typically used to fuel low temperature PEM fuel
cells. Since natural sources of hydrogen are not
available, it must be obtained from a hydrocarbon
fuel such as natural gas. In this simulation the fuel
used is methane but, as before mentioned, can be
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used also other fuels such as methanol, ethanol, selective oxidation process (prox) reduces the CO
pure hydrogen and so on. When the fuel is chosen concentration to a few ppm.
the program automaticallyalculates the results. The reforming is a fuel process that allows to

The model begins by sorting out the reforming and

water-gas shift reaction.

After Gibbs energy and enthalpy of FC reaction, it

is possible to calculate the electricity and heat

output vs. hydrogen consumption. As mentioned

above, two options are available on the program:

- calculating the heat output and fuel consumed for
a given electrical power output;

- calculating the electricity and heat output for a
given supply of fuel.

Since a single fuel cell produces a limited voltage,

usually less than 1 volt, in order to produce a

useful voltage, a number of fuel cells are

supply relatively pure hydrogen to a fuel cell,

using a fuel that is readily available or easily

transportable. For houses and stationary power
generation, fuels like natural gas or propane are
preferred. Methanol, ethanol, and natural gas can
be converted to hydrogen in a steam reformer.

In this simulation the fuel used is methane. The
model begins by sorting out the reforming and
water gas shift reactions. The methane-steam
reforming can be modelled as occurring in two

stages by two different pathways, the first one
(reforming reaction (1)) involves the methane

reacts with water steam to form carbon monoxide

connected in series. Series connected fuel cells and hydrogen gases:

form a fuel cell stack. In view of the fact that the
number of unit cells in a stack depends on the
desired voltage, a fuel stack configuration had to
be resolved. Two calculation options are available:
specify number of cells in series to determine FC
stack voltage and number of cells required in
parallel to supply power; specify desired FC stack
operating voltage to detmine numbers of cell
required in series and in parallel.

Finally, power conditioning converts the electric
power from DC into regulated DC or AC for
consumer use.

2. Reforming process

A fuel cell can be fed with pure hydrogen or
hydrogen produced on board by a fuel processor.
This system converts the primary fuel stored in a
tank to a hydrogen rich gas which is fed to the cell.
The gas produced by @hfuel processor contain

CH, H,O00CO 3H, 1)
followed by a second stagehere the water steam
splits into hydrogen gas and oxygen (water gas
shift reaction (2)), thexygen combining with the
CO to form CQ since it's important to eliminate
the carbon monoxide from the exhaust stream,
because, if the CO passes through the fuel cell, the
performance and life of the fuel cell are reduced:

CO H,00H, CO, @)

this gives the overall methane reforming reaction:
CH,

2H,0 0 CO, 4H, 3)

The overall process is endothermic and therefore
requires that external heat is supplied. Excess

carbon monoxide; CO molecules contained in the steam and heat is required to shift the water-gas
hydrogen stream cause catalyst poisoning and areaction equilibrium to the right and maximise the
significant decrease of the fuel cell performance. In hydrogen production from methane.

order to decrease the CO content to less than 10The model doesn't take into account that neither of
ppm, the fuel processor is composed of three these reactions is perfect; some natural gas and
sections; the first is an autothermal process carbon monoxide make the FC through without
involving a partial oxidation which produces a reacting. These are burned in the presence of a
hydrogen rich stream with CO contents ranging catalyst, with a little air; such a catalyst converts
from 6 to 18%. In a second step, a further most of the remaining CO to GO

conversion (shift) of residual CO to CO2 reduces The heat required by reforming process
the CO concentration to 0.8-1% with a consequent calculated from the enthalpy of reaction [2]:
decrease of CO content. In the third section, a

is
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He ! 'He Heg (4) '‘Hee | 'He 'Hig (11)
3. Gibbs energy and enthalpy of fuel cell 4. Fuel Cell characteristics and efficiency
reaction factors

At this point the next step is to sort out the FC one of the major goals in fuel cell modelling is the
reaction and ha_lf reactions at the electrodes. For aprediction of the cells voltage-current
PEM fuel cell it is: characteristics also called the polarisation curves.
1 The voltage-current characteristic is a plot of the
; measured cell voltage as function of the cells
H, 50, 0 HO overall equation ®) average current dengitye(ﬁhed as the measured
current output of the cell relative to the active cell
1 area), and therefore it shows the potential power
2H -0, 2 o H,0 cathode (6)  output at different load conditions and is a good
2 indicator of the performance of a fuel cell stack: a
high cell voltage corresponds to a high efficiency.
H, 02H 2e anode (7)  However one should remember that the
polarisation curve is a macroscopic quantity, which
These reactions provide also the stoichiometric describes the output characteristics of the cell and
coefficients and the valency. does not give detailed information about the
By establishing the fuel cell operating temperature microscopic cell performance e.g. local current
T, the partial pressurgsof products and reagents flux. Having stated this, it is also important to
and by taking into account the stoichiometric mention that it is an explicit measure of the
coefficients, the theoretical electrical molar work performance one can expect to obtain. The voltage-

of the fuel cell is calculated from the expression: current characteristic of a fuel cells system derives
principally from two factors (Fig. 2):
a Vo ~ -+ 050 X Voltage losses due to internal resistance and
W, 'G 'G, RTM FPho » (8) electrode activation potentials represented by
ax «Py, e ~pq e v, thevoltage efficiency4];
- 4

Current losses due to the effects of fluid flows

where [2]: and concentrations due inturn to the utilisation
. ratio of the fuel represented by tharrent
G, RTInK, . (9) efficiency[4].

At this point the open voltage can be calculated by

[2]:

VH,0
RT In H,0

V YV, RS Y
ZF  pa? por
(10)
_§ .
v Rk Inp;joVo ..
zF © sz poz2 1

E'Zr]le heat of fuel cell reaction is now calculated by Figure 2: Ideal and Actual Fuel Cell

Voltage/Current Characteristic
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Internal resistance losses dominate except at high
current densities or high fuel utilisation ratios,

when mass transfer effects or low concentrations
of fuel cause fall off of voltage. Other

concentration effects include humidification of the

electrodes stream and use of air in place of oxygen.
These effects are dependent upon the detailed
construction of the fuel cell and the fluid flow

channels; because they are hence difficult to model
theoretically, the electrochemical energy converter
is assumed with two planar, smooth electrodes and
the characteristic scale of the feed gas density
variation along the channel is vastly greater than
the cell thickness. This means that along the
channel fluxes of gases and current in porous

media can be neglected as compared to the fluxes

and current in the plane, perpendicular to the
channels so that the complexities of the current
versus potential with porous electrodes is avoided.
However, due to the dominance of internal
resistance the characteristic is substantially linear
over normal operating conditions and may be
derived empirically; but a more accurately fuel cell
voltage-current characteristic may be represented

by an empirical relationship such as that
introduced by Kimret al[1]:
V V, blni Ri mé" (12)

whereb is the Tafel slope for oxygen reduction,
and n are parameters thaccount for the “mass
transport overpotential” as a function of current
density.

Parametemm affects both the slope of the linear
region at theV vs i plot and the current density at
which there is a departure from linearity. The value
of n instead has major effent the mass transport
limitation region.

Let us calculate now the electrical generation
efficiency from the following [2]:

°1

» -

(13)
¥y i

& W
/E( jin ~mH2

Likewise the other efficiencies can be calculated:
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v

(14)

i m' ﬁ: = (15)
w;
o~ a7)

The previous expression represents the theoretical
maximum efficiency of conversion from chemical
to electrical energy. In fact, the theoretical
maximum amount of electrical energy that can be
obtained from the electrochemical reactions
occurring in the fuel cell is equal to the change in
the Gibbs free energy within the cell, while the
total amount of energy released in the
electrochemical reactions is equal to the enthalpy
change within the cell.

Thus, the theoretical maximum efficiency of
conversion from chemical to electrical energy,

lax» 1S ODtained as the ratio between the change

in the Gibbs free energy and the change in the
enthalpy that occur in the cell

At this point, it is assumed that a constant DC
voltage is required for conversion to a constant AC
voltage, the excess DC voltage is dropped through
a resistor. Thus, the DC conversion voltage is
equal to the fuel cell voltage at rated or maximum
required operating current and the voltage
efficiency remains constant at partial loads.

Due to the rapid drop off voltage at low
concentrations, regulation of fuel flow by voltage
could be unstable and regulation of fuel flow
proportional to current is assumed. Thus the fuel
utilisation ratio or current efficiency is also
constant. Ancillary loads such as pumps, fans, pre-

! The Second Law of Thermodynamics requires that the
theoretical maximum efficiency be achieved only when the
cell operates under reversildenditions, and these conditions
are approached when there is no electrical load on the stack.
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heaters, compressor and so on, are identified and
considered.
5. fuel

Electricity and heat VS.

consumption

output

Two options are available:

calculating the heat output and fuel consumed
for a given electrical power output;

calculating the electricity and heat output for a
given supply of fuel.

5.1 Fuel consumed for a required electrical
output
X Add ancillary loads referred to AC supply and
add converter efficiency factor to give DC
output required from fuel cell stack.
x Determine sum of currents through all cells in
stack by:
W N, W,
. L =, (18)
I \% \%
X Hence hydrogen utilised in stack from the
expression:
VT
m, —- (19)
Im
x Hence hydrogen flow from utilisation
efficiency.
x Fuel flow to reformer from fuel to hydrogen
mass ratio and reformer efficiency.
X Total fuel consumption including external

pre-heating.

5.2 Electricity output for an available fuel

supply

The output of a FC is obtained as follows:

x Total fuel available minus fuel used in
external pre-heating.

X Hydrogen flow from reformer by reformer
efficiency and hydrogen to fuel mass ratio.

X Hence hydrogen utilised in fuel cell stack

from utilisation efficiency.

168

Determine sum of currents through all cells in
stack from the following:

Vromy, G, (20)
I

w v LT (21)
NT

W, v~ i, (22)

Hence DC output and AC output from
converter efficiency.

Total AC power out less ancillary loads
referred to AC output.

6. Heat output

From SFEE [2]:

Qin W Qout Y

in

W,

out ‘H
(23)
Qout I G I H FC ?

Qin IHR

Q, includes reformer pre-heating external to

reformer or fuel cell stack.
Assuming a fraction of voltage losses within the
fuel cell stack is recovered as heat and correcting

them trough a fuel utilisation coefficient, , with
this assessment the relation (23) can be rewritten:

Que Qi

X

v

IG IHFC /f

1,,'G 'Hg (24)

When unutilised fuel is recirculated and burnt in
order to preheat the fuel internally:

Que Qn

X

\'%

IG 'HFC /f
14'G 'H,

X 4 14'G

1 4 'Hy, (25)

The total heat output andetheat gain are reduced
by heat losses from the external pre-heater and
from losses up to the heakchanger. The usable

2 G and 'Hgc are negative.
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heat output and heat gain are then further reduced8. Water flows
by the effectiveness of ¢hheat exchanger. The

heat efficiency is calculated as: Water is produced not as steam, but as liquid in a
PEMFC. A critical requirement of these cells is

Qo Qn L e maintaining a high water content in the electrolyte
I H (26) to ensure high ionic conductivity. The ionic
—Fk conductivity of the electrolyte is higher when the

H membrane is fully saturated, and this offers a low

resistance to current flow and increases overall
efficiency. Water content in the cell is determined
the denominator is consistent with the electrical by the balance of water or its transport during the

generation efficiency. reactive mode of operation.
The heat to power ratio is calculated from: Water management has a significant impact on cell
performance, because at high current densities the
Qu L mass transport issue associated with water
% W (27) formation and distribution limits cell output.
max Without adequating water management, an

imbalance will occur b®een water production
and evaporation within the cell. Adverse effects
include dilution of reactant gases by water steam,
flooding of the electrodes, and dehydration of the
solid polymer membrane. The adherence of the
fuel .ceII 'stack voltage and numbgr of cells membrane to the electrode also will be adversely
requ[red n p_araIIeI to supply power; . affected if dehydration azurs. Intimate contact
- Specify desired _fuel cell stack operatl_ng between the electrodes and the electrolyte
yoltage to de’germme numbers of cells required membrane is important because there is no free
N Sernes and n paralle_l. . liquid electrolyte to form a conducting bridge. If
When the desired operating voltage gives a non more water is exhaustedatth produced, then it is

mr;ceger ValgethOf ctellskln Tte”esf an |r(1jt_$ggr _\I{ﬁlue 'ﬁ important to humidify the incoming anode gas. If
chosen an € stack voltage Is modified. The Cell 1,010 is too much humidification, however, the

voltage IS kept to trl]lat d.c;]f'g'na”y _spemfllled N trt1.|s electrode floods causes problems with diffusing the
case, since a small difierence in Ccell operating gas to the electrode. A smaller current, larger

voltage could case a large and undesirable Changereactant flow, lower humidity, higher temperature,

{/r:/rc]:ell qpetratlggﬂc]:urrent.b t cells | el t or lower pressure will result in a water deficit. A
én Instea € number ol cells In parallel o higher current, smaller reactant flow, higher

meet the required power is non-integer., an integer humidity, lower temperature, or higher pressure
value is chosen and the cell operating current will lead to a water surplus.

adjusted to fit. The resulting operating point may The balance of water emitted from the fuel cell

then be_ c;ompared with the voltage-current reaction and that consumed by the reforming
characteristic. : reaction is calculated from the mass balances of the
Input of the cell thickness, the cell area and the reaction equations and the fuel utilisation factor.
total number of cells enables the core volume of This neglects the water flow required to the fuel
the fuel cell stack to be calculafed cell anode and cathode in order to prevent damage
of the electrodes and polymeric membrane due to

7. Fuel stack configuration

Two calculation options are available:
- specify number of cells in series to determine

dehydration.
3 Applicable only to the rectangular sandwich type
construction.
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9. Case study

Numerous PEMFC systems have been
simulated, but to test the reliability of our program,
we have simulated, in detail, the behaviour of a
stack furnished from Ballard Power System [6].
This is based on a 5kW PEMFC fuel cell stack
model MK-5E, composed of 36 cells; each cell has
an active area of 232 ém

In Table 1 are listed some data, carried out from
our program for some inpafata. The fuel used for
this simulation is hydrogen and this one has been
obtained from a natural gas with a reforming
process. We have not taken into account the
various losses due to pumps, compressors and so
on.

For the system above mentioned, the polarization — Input data
curve model of an individual cell at different TP ppal W[
temperatures, carried out from our program, can be 9|50 - 3 74
: : - Fuel Ce
seen in Figure 3. The coefficients of eq. (13),_we Trq o (bar] v Vol W (kW] S N
have used to plot the graph below, were obtained 24 3 0.99 5.0 232 36
from literature [6]. These curves are also plotted to| %I R W] b [v] m [V] n[A7]
. g . . . . 95 1.353E-03  4.790E-02 1.2E-03 3.4E-05
al_d speC|f!cat|on of a suitable operating point. _In Output data
Flgur(_e 4 is reported a system diagram including| m,, ko/sl m [kfs] VolV] OulkW]  WalkW]
electric power and mass flows. 5.45E-04  2.03E-04 1.181 14.8 4.18
k%] (%] i [%] o] G W]
83.8 27.2 21.6 66.8 -23.1
- T=24 T=31 T=39 ValV] Ta[A] (<) i[Am7 T [A]
_ _ _ 35.64 147.68 0.255 6365.3 112.98
T=48 —=—T=56 T=72 m, [kg/s] o [%6]
9.05E-04 94.3
Table 1: Data carried out from the program for
some input data
10. Conclusion
‘:," .
The program seems to be versatile and full of
o guantitative calculations that allow to study the
e behaviour of a single fuel cell or a single stack

Figure 3: Polarizatiourves for different
temperatures (T{°C)

600 -

—e—H2
——CH4

0.020 0.040 0.060

m [kg/s]

0.000

Figure 4: system diagram including main
energy and mass flows
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with a good reliability. Here has been taken into
account only a hydrocarbon fuel such as the natural
gas but the methodology can be simply applied to
other fuels such as hydrogen, methanol, ethanol
and so on. For sake of semplicity the model does
not take into account that neither of the reforming
reactions is perfect, since some natural gas and
carbon monoxide make the FC through without
reacting. By now we have not taken into account
the various losses due to pumps, compressors and
so on. Moreover the Kim et al. expression here
adopted is limited to operation at constant stack
pressure and so it does not include vital system
parameters as stack temperature and relative
humidity. However the immediate calculation of a
lot of parameters with realistic values of FC
performances can produce a good system to
evaluate many quantities involved in the FC
processes. The use of more complicated models
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should produce likely better results but the
parameters involved shoulte very numerous and
sometimes difficult to estimate.

The Authors intend to validate this model trough
laboratory experimentation on PEMFC by the
Mechanics Department of Palermo University.
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Modeling of Solar Radiation on Part Shaded Walls

M.Nikian and M. Naghashzadegan
Department of Mechanical Engineering
University of Guilan, Rasht, Iran

Abstract
The program described in this researchdpices average solar radiation on walls after
shading effects have been considerednbynerical analysis methods. After extensive
testing, it is hoped that, by integrating a wamsof this program into existing systems, a
more realistic solar heat gain may be obtained for the site. As a result of this, more
economical systems can be installed that will operate at more efficient levels benefiting
both the user (capital and running cositsyl the supplier (more competitive quotes). The
program developed appeared to successfully deal with the majbstading cases that
are liable to be met in load estimating. The program is quick and reasonably accurate (to
within about 2% of hand calculationjth as few as 100 data points.
Keywords:Solar radiation, cooling load calculation, shaded wall

Nomenclature

AZ = solar azimuth SOZ= shading wall origin point z

AL = solar altitude WAHX= horizontal shading wall length (x direction)
Dpx = x-co-ord of a point to be analyzed WAHY= horizontal shading wall length (y direction)
Dpy = y-co-ord of a point to be analyzed WAV= vertical height of a shading wall

Dpz= z-co-ord of a piot to be analyzed ITH = Total intensity on horizontal surfaces (w/sgm)

SVX= solar vector x component IDH = Direct intensity on horizontal surfaces (w/sgm)
SVY= solar vector y component Idh = Diffuse intensity on horizontal surfaces (w/sqm)
SVZ= solar vector z component IDV = Direct intensity on vertical surfaces (w/sgm)
SOX= shading wall origin point x ITV = Total intensity on vertical surfaces (w/sqm)

SOY= shading wall origin point y

Introduction
To calculate zone loads, all load components musinstance up to 50% [1]ilepending on the position
be considered separately as internal or externabf the sun and the size of the glazing. The large
loads. A typical set of loads might be: Solar gain, importance of the solar gain component is rarely
Glass transmission, Wall transmission, Roof matched by the sophistication of the calculations
transmission, Lighting, Other electrical, People andused. Thus, zone peaks and subsequent sizing may
Cooling infiltration. Each of these may be further be highly influenced byerrors generated within
sub-divided into sensibland latent to determine calculations.
the overall cooling or heating air supply required.  The estimation of heating and cooling loads on
The magnitude of the components varies and peala building prior to the installation of an air
at different times. For outside wall zones, the solarconditioning system is both complex and liable to
gain is often a very significant component (for large errors. Most systems are now sized by

! Corresponding author: Tel/Fax: (+98) 1332204 , E-Mail: naghash@guilan.ac.ir

Proceedings of SIMS 2004 173 WWW.SCansims.org
Copenhagen, Denmark, September 23-24, 2004



Proceedings of SIMS 2004
Copenhagen, Denmark, September 23-24, 2004

SIMS 45

commercial load estimating computer programs.
Large errors can be sliced from solar gain
estimations if shading is included. Load
estimating programs for determining the size of
air conditioning programs take into account
many heat gain sources. One of the most
significant external gains arises due to solar
radiation on walls and windows. The calculation
of solar radiation is often unrealistically high due
to the lack of consideration given to shading on
the external walls.

Most commercial load estimating programs were
found to be without building shading equations.
Two programs investigated, (CIBSE Heat Gains
[2] and Carrier HAP [3]) were found to identify
shading associated with external wall features.

A third program was investigated in detail is an
advanced load estimating program written in
1976 in the USA [4]. The program was devised
by the National Bureau of Standards at the
Centre for Building Technology.

Objectives:

To investigate an fiective method for the
calculation of solar radiation on a building walls
the position and orientath of other interfering
walls and building. The output should be
calculated with a view to using it as an input to
additional program modules (for instance - to
investigate dynamic heatransfer through the
building surface).

The method should be fast, accurate and
verifiable. It should also be easy to use but
flexible. The project should relate to programs
presently in use and how the new programs
might integrate into existing methods.

Solar Position Definitions

The sun position is given by two angles; the solar
azimuth and the solar altitude. Their definitions
are as follows:

a: The solar altitude (al)

The angle a direct ray from thersmakes with
the horizontal at a particular place on the surface
of the earth (Figure 1).

sina sin D usin LAT

cos D ucos LAT wcosh 1)

b: The solar azimuth (z)
This is the angle the horizontal component of a
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direct ray from the sun makes with the true
North-South axis. It is expressed as an angular
displacement through 360 degrees from true
North (in the clockwise direction) (Figure 2).

To calculate both of the above angles, it is
necessary to know the sun's position relative to
the plane of rotation of the Earth (declination)
and the position of the site on the surface of the
Earth (latitude). Also the local time must be used
for the calculation of the 'sun-time'. This
eliminates the need for thengitude of the site to
be entered. The following definitions list this
required information:

sin(h)
sin(LAT) uwcos(h) cos(LAT) utan(D)

2)
c: Declination (d)
This is the angular displacement of the sun from
the plane of rotation of the Earth's equator. The
value of the declination will vary throughout the
year between -23.5° and +23.5° because the
Earth is tilted at an angle of about 23.5° to the
axis of the plane in which it orbits the sun. Figure
3 shows the relationship.
D 2347sin 3601 284 N /365 3

WhereN is the day number (January 1st=1)

tan(z)

d: Latitude (LAT)

An angular displacement above or below the
plane of the equator measured from the centre of
the earth, gives the latitude of a site (shown in
Figure 4).

e: Sun time (T)
This is the time in hours before or after noon.

f: Hour angle (h)
The angular displacement of the sun from noon.
h 36024 \T 4)

Figure 1: Soalr altitude
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i) Selective absorption of water vapor
iv) Scattering by dust particles

Sky radiation can’'t be assigned a specific
direction (and hence no shadows are cast by it).
The intensity of sky radiation is usually much
less than that for direct radiation but cannot be
ignored. The quantity of sky radiation varies with
atmosphere's variation of gas composition, water
vapor content, and dust content. It also varies as
Figure 2: Solar Azimuth the solar altitude changes.
3- Shading by Walls and Buildings
The main purpose of the program is to provide a
reliable and fairly quick method of building
shading analysis. The three dimensional
geometry is fairly simple but difficult to
generalize the formula into one simple case. To
establish whether shading of a point (on the wall
to be analyzed) occurs, the geometry of the site
and surrounding buildings require to be known.
The definition of the walls and buildings on the
site are covered in detail in the program section.
However, the walls may be assumed to be
rectangular and perpendicular to the ground and
to be completely opaque.

Figure 3: Declination

Fig. 4: Latitude

Solar Radiation

1- Direct Radiation

The intensity of direct radiation on a vertical
surface is easily calculated if the beam radiation
‘N’ is known. For a wall-solar angle of ‘WAZ’
and a solar altitude ‘al’ the intensity of the direct
vertical component is given by:

IDV N ucos(a) ucos(WAZ) (5)

2- Diffuse radiation
Direct radiation entering the Earth's atmosphere
is subject to scattering to create ‘sky radiation’ or
‘diffuse radiation’.
The processes by which theecurs can be split Figure 5: Solar vector and shading wall
into four categories: intersection
i) Radiant energy scattered by atmospheric
molecules of ideal gas (eg. nitrogen,
oxygen)
i) Scattering due to presence of water vapor
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Derivation of the Shading Equations
The derivation of the following formulae is
complicated somewhat by the problems of 1/0
errors (caused by tan(A/B) when B=0; l/cos(A),
I/sin(A) when A=0). The formulae have to be
rearranged to cater for such eventualities and a
test routine at the start of this section would then
be required to ensure the correct equations are
used. The diagram (Fig. 5) shows the typical
situation and the definition of the terms is given
below:

General Equation:

Dpx-+ki(SVX)=SOX+K(WAHX) 6)
Dpy+ki(SVY)=SOY+KWAHY) (7)
Dpz+k(SVZ)=SOZ+KWAV) (8)

Wherek; k, ksare three unknown constants to be
found

Solution to General Equation
Rearranging general equats (6), (7) and (8):

k,(SVX) (COXED) k (WAHX) )

k,(SVY) (SOY Dpy) k(WAHY)  (10)

k,(SV2) (SOZ Dp2 k(WAV) (1)

Multiply equation (9) bYSVYSVX):

k,(SVY) (SVYSVX) ((COXED
k(SVY/SVX) UWAHX)  (12)

Subtracting by equation (10):

0 (SVYSVX) U COXELD (SOY Dpy)

k. (((SVYSVX) WAHX) WARY) (13)
So,

(SOY Dpy) (SVY/SVX) (COXED)>

! (SVY/SVX) WAHX WAHY>

(14)
And from equation (10) we have:

>
«, (SOY Dpy) kWAHY) (15)
SW

Also using equation (11) gives:
K (SVZ/SVY) (SOY Dpy) k(WAHY) (SOZ Dpz>
: WAV

(16)
Subsisting fok;:
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WAHY t (SOY Dpy) (SVY/SVX) ((COXED)
WAV u (SVY/SVX) UWAHX WAHY)

3

'Dpz SOZ (SVY/SVX)(SOY Dpy) @7)
WAV

Spatial Cases:

This is a list of some possible problems to be
considered when the general equation is to be
solved. All those listed below indicate 1/0 errors
may arise during calculation:

WAHX=0: wall is aligned N-S or S-N
WAHY=0: wall is aligned E-W or W-E
SVX=0: sun is due south (midday)
SVY=0: sun is due east or due west
SVZ=0,<0: sunrise/sunset and during
night

abrhwWNPEF

Solution for Special Equations:

Special cases require modification to the
general solution. These will be dealt with in
order:

Casel (WAHX=0)

K (SVY/SVX) L(COXED) (Dpy SOVY) @8)

WAHY
« (COXED) (19)
SVX
Hence:
(SVZ/SVY)(COXED) (Dpz SO2 @
K, (20)
WAV

Case 2 (WAHY=0)

As long as the wall veat WAHY is not zero,
the expressions derived for the general equation
can be used with SVY=0. This produces:

K (SVY/SVX)(SOY Dpy) (Dpx SOX) @21)

WAH
SOY D
o Py) 22)
SvY
" (SVZ/SVY)(SOY Dpy) (Dpz SO2 @(23)
WAV

Case 3 (SVY=0)

As long as the wall vector WAHY is not zero,
the expression derived for the general equation
can be used with SVY=0. This produces:

D SO

: (Dpy Y) (24)
WAHY

" (COXED) (WAHX/WAHY)(Dpy SOY) @25)

SVvX
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(SVZ WAV) (COXED) (WAHX/WAHY)(Dpy SOY)>
SWX

ks

(SOz Dp2)
WAV

(26)

Case 4 (SVX=0)
Rearranging the generadj@ations and assuming
that SVY is not zero:

(Dpx SOX)
! WAHX

(27)

(SOY Dpy) (WAHY/WAHX)(Dpx SOX)>

k2
Svy

(28)
. SVZu SOY Dpy WAHY/WAHX Dpx SOX>
3 SVY WAV
SOZ Dpz

WAV

(29)

Case 5 (SVZ<0 or SVZ=0)

This can easily be detected before any
calculation is carried out and the physical
interpretation of this is that the sun has not risen.
The solar data for this case is thus considered to
be zero and no further shading calculation are
therefore required.

Calculation of SVX, SVY, SVZ

The calculation of these vectors may be easily
achieved by the use of the altitude and azimuth
angles as derived earlier:

SVX cos(a,)sin(az)
SVY cos(a,)cos(az)
SVZ sin(a)

(36)

Solar Data Generation

This method uses clear sky solar data generated
by sinusoidal equations that have been fitted to
experimental data. Assuming that the solar
angles are already known:

D = Declination,L = Latitude,A = Solar altitude,

Z = Solar azimuth,S = Face orientation of
window analyzed; Then the sun normal intensity
(N) w/sgm at each hour is:

N 107416 wsin(A) 1980060 usin(3A)

70.1766usin(5A) 30.3902uwsin(7A)
133842wsin(9A) 5.59234wsin(11A) (37)
2.93048uwsin(13A) 0.606472usin(15A)
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It is then necessary to correct the intensities by
applying an altitude correction factor JKfor
sites with an elevation 300m or greater above sea
level:

K. 1.02 0.00002tielevation

a

0.00005L elevationt 1/sin(A) (38)

ldh 121649sin(A) 14.7575wsin(3A)
7.725761sin(5A) 3.47353(sin(7A)
2.22222(sin(9A) 0.52539sin(11A)
0.521641sin(13A) 0.1311wsin(15A)

0.7687Lsin(15A) (39)
For clear sky conditions:

I=1 Overall radiation factor,K.==0.95 Direct
radiation factorK,=0.2 Ground reflection factor,
c=0 Cloudinesdc;=I Cloudiness factor

ITH Katl v K, tfc, ulDH uldh (40)

IDV N tcog(A) Lcos(Z S) (41)

ITV K, tl LK, tfc tIDV 05uldh 05K, UITH
(42)

Window is specified on, the window will receive

only diffuse radiation and hence:
IDV =0,IDH=0

Numerical Analysis

For a general case solution to all the possible
geometrical problems posed by shading,
analytical techniques would be cumbersome and
very complex, and not necessarily quicker or
more accurate. Analytical techniques could be
used to find the shading boundaries of the
problem; numerical analysis is especially useful
for calculating the area that is shaded.

Numerical technigues require the splitting up
of an area to be analyzed into smaller areas. Each
area is assigned a central point where the
equations for that area are evaluated. It is
assumed that the conditions at this point are then
valid for the rest of the area. Thus the problem is
broken down into discrete point analysis rather
than the calculation of a continuum. This is more
straightforward, and is relatively easy to convert
into a computing sequence.

In previous part,, a set of equations were
derived to establish whether shading of a
particular point(Dpx, Dpy, Dpz)occurs due to
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another arbitrarily positioned wall at a certain
time. It can be seen that it is fairly easy to
incorporate the testing of a series of data points
into the analysis of a single larger area. Thus the
style of the program emerges: The testing of
these shading equations on sets of data point co-
ordinates throughout the building will establish
the fractions of the walls that are shaded.

Results and Discussion

This section gives an example of which aims
to demonstrate the advantages of the program.
This is shown as plan view of the site, a listing of
the results and graphs of the solar radiation in
watts per square meter on the windows analyzed.
The building have beeanalyzed for two time
intervals, January 800hrs - 1600hrs and June
800hrs - 1600hrs. This helps show the annual
variations of sun positio and the consequent
variations in the shading patterns. The
significance of the shading is very evident.

Figure 6: plan view of example

‘+Window 1 —a— Window 2 —— Window 3 —x— Window 4 —x— Window 5

600

Total Radiation (W/sqm)
N w B o
o o o o
o o o o

=
(=]
o

8 9 10 11 12 14 15 16

Hour

13

Figure 8: Total Radiation for 5 Windows in
Example Building
Time Interval of January 800hrs — 1600 hrs
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—e—Window 1 —s— Window 2 —a— Windows 3 —x— Window 4 —x— Window 5

700
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Total Radiation (w / sqm)
N w S u
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o o o o

=
o
[S]

8‘9‘10‘11‘H12‘l3‘14‘15 16

our

Figure 8: Total Radiation for 5 Windows in
Example Building

Time Interval of June 800hrs — 1600 hrs

Conclusion

The overall objective of this research was to

stress how important the effects of shading are on
the incident solar radiation on the building (and

consequently the cooling load on the air-

conditioning equipment).

The program described in this research produces
average solar radiation on walls after shading
effects have been considered by numerical
analysis methods. After extensive testing, it is

hoped that, by integrating a version of this

program into existing systems, a more realistic
solar heat gain may be obtained for the site. As a
result of this, more economical systems can be
installed that will operate at more efficient levels

benefiting both the user (capital and running

costs) and the supplier (more competitive

guotes).

The program developed appeared to successfully
deal with the majority of shading cases that are
liable to be met in load estimating. The program

is quick and reasonably accurate (to within about
2% of hand calculations) with as few as 100 data
points. The program apparently indicates the
shading equations are correct together with the
methodology behind their use.
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Shading Radiation Data for Window 1 (100 Data Points)

Time

Month (hr)

Jan 8:00
Jan 9:00
Jan 10:00
Jan 11:00
Jan 12:00
Jan 13:00
Jan 14:00
Jan 15:00
Jan 16:00

TV
(w/sgm)

105.71
384.52
515.07
524.28
451.73
327.00
178.76
45.94
7.47

IDV
(w/sqm)

103.41
373.09
493.91
493.67
413.97
286.01
139.89
16.70
0.00

%Direct Rad. Total (w/sqm)

100
100
100
100
100
100
100
100

0

105.71
384.52
515.07
524.28
451.73
327.00
178.76
45.94
7.47

Total

Watts
2643.1
9614.2
12878.4
13108.8
11294.8
8176.0
4469.5
1148.8
186.8

Table 1: Calculation Results for Window 1 in Example Building in January

Shading Radiation Data for Window 1 (100 Data Points)

Time
Month (hr)
Jun 8:00
Jun 9:00
Jun 10:00
Jun 11:00
Jun 12:00
Jun 13:00
Jun 14:00
Jun 15:00
Jun 16:00

TV
(w/sgm)

569.17
617.58
604.68
532.54
408.94
246.88
126.72
113.07

94.41

IDV
(w/sgm)

499.74
531.06
503.12
417.95
284.46
117.25

0.00

0.00

0.00

%Direct Rad. Total (w/sgm)

100
100
100
100
100
100
0
0
0

569.17
617.58
604.68
532.54
408.94
246.88
126.72
113.07

94.41

Total

Watts
14231.0
15441.5
15119.0
13315.4
10224.8
6172.7
3168.4
2827.2
2360.7

Table 2: Calculation Results for Window 1 in Example Building in June
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OPTIMIZATION OF THE HEN OF A REFORMING SYSTEM
Mads Pagh Nielseh, Anders Korsgaard® and Sgren Knudsen Kaet
! Assistant Professor at Institute of Energy Technology, Thermal Energy Systems, AalbersityifAAU, IET),
2 Ph.D. Student at Institute of Energy Technology, Thermal Energy Systems, Aalborgityri&aU, IET),
3 Associate Professor at Institute of Energy Technology, FACE, Aalborg University (AAU, IET).
ABSTRACT
Proton Exchange Membrane (PEM) based combined heat and power production systems are
highly integrated energy systems. They may include a hydrogen production system and fuel cell
stacks along with post combustion units optionalbypled with gas turbines. The considered
system is based on a natural gas steam reformer along with gas purification reactors to generate
clean hydrogen suited for a PEM stack. The temperatures in the various reactors ingrecfuel
essing system vary from around 1000°C to the stack temperature at 80°C. Fuehestswnal
heating must be supplied to the endothermic steam reforming reaction and steam must be gener-
ated. The dependence of the temperature profiles on conversion in shift reactors foifigas pur
tion is also significant. The optimum heat integration in the system is thus imperative in order to
minimize the need for hot and cold utilities. A rigorous 1D stationary numerical system model
was used and process integration techniques for optimizing the heat exchanger network for the
reforming unit are proposed. Objective is to minimize the system cost.
Keywords:Fuel cells; Steam Reforming; Heat Exchanger Network (HEN) Synthesis; MINLP.
NOMENCLATURE
G Molar concentration [mol/ R Universal Gas Constant [J/(mol-K)
C, Area cost coefficient and exponent Re Reynolds number [-]
CCU/HU Cost of cold and hot utility R Rate for specie [kgmol/h/kg cat.]
Cis Concentration in solid [molﬁh T Gas temperature [K]
Cng Spec. heat capacity of gas [J/(kg-K)] TIN/OUT Inlet/outlet temperature of stream [K]
dp Equivalent particle diameter [m] To Inlet gas temperature [K]
dtcuy; Approach temp. for match i and utility [K] Tis Temperature within the solid particle [K]
Diire Internal-/External tube diameter [m] Toal Wall temperature [K]
Dett, Effective diffusion coefficient [cm?/s] Tik Approach temperature match (i,j) loc. k [K]
Der Eff. radial diffusivity [Miia/(MreactorS)] Ug Superficial Velocity [m/S]
f Friction factor [-] z Axial coordinate [m]
F Heat capacity flow rate zeyhy  Binary variable denoting utility match
Fi Molar rate of specigkmol/h] Zik Binary variable denoting match (i,j) at stage k
Frotar,i Total molar flow rate at inlet [kmol/h] ” Wall heat transfer coefficient [J/m2-h-K]
H; Enthalpy of reaction [kJ/mol] Void fraction of packing, [M3ia/Mbed
LMTD Logarithmic mean temperature difference [K] o Effective radial conductivity [J/(m-s-K)]
P Total pressure [bar] it Static eff. radial conductivity [J/(m-s-K)]
Po Tota_l pressure at inlet [l_)_ar] B Bed density (incl. porosity) [kgfin
pi Partial pressure of spedigbar] .
Pr Prandtl number [-] 9 Gas Qensny [kgﬁh
gcu/hy Heat exchanged between stream and utility. s Densn_y of the solid [kg/f .
Glik Heat exchanged between stream (i,j) in stage k. i Effectiveness of the catalyst,&irR; [-]
r Radial coordinate [m] Pellet coordinate in active area, [m]
r| Reaction rate [kgmol/h/kg cat.] Cross-sectional pipe area [m?]
Iy Radius at wall [m]

! Corresponding authompn@iet.aau.dk
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INTRODUCTION produced either from renewable energy driven
electrolysis or from fuel processing of hydrocar-
PEM fuel cells are electrochemical devices, which Pons. This paper deals with hydrogen production
efficiently convert energy in hydrogen directly into by steam reforming (SR) of natural gas (NG).
electricity without combustion and with no moving A
parts. The process is the opposite of electrolysis  TK
and can be compared with the process in a battery. B

Toutlel:750°c

Pinie=3bar p [bar]

. . . L Tine=400°C Poutie=1.7bar
The following figure illustrates the principle of a | — .
single fuel cell: - Heat supply from | side fired bunge” "eacer
2€ Load T
___—_?__@ _______ Natural gas—* QQQQX 38 Hydroge. reh
H 3 I ‘ 2 synthesis gas.
N ! __, ¢ Packed Catalyst Bed§ ——»
] Steam Hm  H2, CO2/CC
Ha in. . Oxidant in. COOOOOOOO0 QOO0 H20 &CH4
- ® o ® o f
® O . X Fig. 3. Schematics of a packed bed NG SR.
" 2e°+10,, OF
Positive lons
+ 3§ . ) . i
Hag 2H'+2e _@ @? st rof o Steam reforming in catalytic packed beds (fig. 3)
+ 20(iq) . . .
® ! has been dealt with extensively. The main advan-
Electolyte __ tage compared to other fuel processing technolo-
H:0, depleted fuel & (lon Conductor) Depleted oxidant and . . . . . .
product gases out ¢ product gases out (). gies is the high efficiency. The catalyst particles
(Anode) (Cathode) are illustrated as spheres in fig. 2 but can have
Fig. 1: Single hydrogen fuel cell. various other geometrical shapes. The shape de-

pends on a tradeoff between pressure losses
The polymer electrolyte separates the reactants andthrough the bed and the active surface area.
prevents electronic conduction. The electrolyte
allows protons to pass through via electro-osmotic Practical and theoretical issues about steam re-
drag. Electrons feed from the reaction then pass forming were described by Rostrup-Nielsen [1] in
through an external loop to supply the given load detail. Froment & Xu [2a]+[2b] developed and
and take part in the cathode reactions. validated a generalized Langmuir-Hinshelwood

type kinetic model of the process (assuming that all
PEM fuel cells have a potential of approximately molecules at the catalyst surface are adsorbed).
0.6-0.7 volts, which means that serial stacking is This model has been widely accepted. Through this
necessary in order to get the desired voltage. The work, it was recognized that mass transfer limita-
photo below shows a recent 800W Pt-Rt catalyst - tions within catalyst pellets are significant for this
50 cell PEM stack developed at FACE AAU, IET:  process, which is strongly diffusion controlled.

Only a thin layer of catalyst surface contributes to
the process. Levent et al. [3] investigated this phe-
nomenon further using a simplified approach for
spherical catalyst particles.

Rajesh et al. [4] developed a steam reformer
model based on the work of Froment & Xu
[2a]+[2b]. They used a genetic algorithm for opti-
mizing plant economy of large-scale hydrogen

Fig. 2: PEM-stack developed by M.Sc. students. production plants.

Hydrogen is not available as conventional fossil Godat et. al. [19] used a process integration tech-
fuels like natural gas, oil and coal so it must be nique to make a preliminary system analysis of a
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PEM-steam reforming system. They proved that Water Shift Converters
the theoretical efficiency could be improved from It is necessary with two steps (LTS & HTS) to get
35% to 49% using appropriate process integration. rid of CO. Typically water gas shift converters are
used in two temperature steps to minimize catalyst
SYSTEM DESCRIPTION volume. Steam reacts with CO and forms,@@ad
H, and thus contributes to hydrogen production.
A simplified PEM fuel cell steam reforming sys- ) o
tem is illustrated on fig. 4. The temperature levels Preferential Oxidation .
of the different processes are illustrated as well. Subsequent to the shift conversion steps the carbon
The system involves several reactor steps due to monoxide content is still 1-2%, which means that
gas impurity issues [8]. In the following, the indi- further purification is necessary. This is done by

vidual steps needed in producing hydrogen for a@dding a small fraction of air to the gas in a cata-
PEM fuel cells will be described. Iytic reactor. This process is strongly exothermic

so it is usually done in several steps with interme-
diate cooling to be able to control the process. In
the conversion process a small amount of the hy-
drogen is lost due to reaction with oxygen forming
water. 0.5-1% of the Hs lost in this process.

DeS Natural Gas

400-405°C

é 400-750°C 145-150°C  PrOx

Water

120-130°C

06500°C 5o a STEAM REFORMER MODEL

Fig. 4. SR-system with ;purification system. For simplicity, it was chosen to use the 1D-model
developed by Froment & Xu [2a]+[2b].

Desulphurization

Natural gas desulphurization is necessary due to Reaction kinetics

the sulphur content in most natural gas sources. The overall reaction scheme for the process includ-

Sulphur compounds poisons to the nickel catalyst ing enthalpies of reaction is summarized as:
used in steam reformers and is also severely

degrades the efficiency of PEM fuel cells. The _
usual DeS-process is hydrodesulphurization CH,+HO0 CO 3H,, ﬂ—|_- 224.0 kJ/kmol (1)
(convert the sulphur into 43 followed by a ZnO CO+H0 COy+Hy, H=-37.3 ki/kmol (2)
bed to convert the #$ into ZnS(s) and steam [9]). CHy +2H,0  CO+4H;,, (H =186.7 kJ/kmol (3)

CO-poisoning of PEM-stacks Rate expressions expressing the kinetic rate of
Carbon monoxide (CO) is a severe poison in PEM disappearance or production of species as function
fuel cell stacks since it adsorbs to the electrode. of the partial pressures (i.e. expressions represent-
The efficiency is strongly degraded if the CO con- ing reaction kinetics) can be found in the original
tent in the syngas exceeds 10ppm [8]. The effect is papers [2a] & [2Db].

time dependant [10]. The process, however, is

reversible, which means that the PEM stack is fully Conservation equations

recovered again after some time with operation on Since only reaction (1) and (2) are linearly inde-
pure hydrogen. Other methods for faster recovery pendent it is possible to express the overall conver-
are under development. One method is to add asion in terms of two conversion species. Other
little oxygen to the anode gas. This minimizes the components can be found in terms of the molar
problem with CO but leads to more advanced heat rates and the conversion of these. It is chosen to
management in the fuel cell stack due to the exo- select CH and CQ as key constituents. Plug flow
thermic nature of the CO-oxidation. condition (linear velocity profile) is assumed.
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The species balance along the reactor coordinate For the slab geometry the concentration profiles in
may be written: the catalyst is evaluated at each axial point by the
following type boundary value problem (BVP)

dFen o differential equation equating the sum of in- and
?“= B cH,FcH,= 88 1S 1) (4) outlet fluxes to the species production:
dFeo, _ _ D dC.. -

dz2 = B cofeo = al a2+ o1 ®) L2ffdi ;§ ? dC|s . sRs(Cis Tis) (8)

The stationary energy balance of the reactor yields: It can be assumed that the pellets have same tem-

perature as the bulk flow so that the mass balance

o Hy S Hy oS Hy g 8T STual) in (8) is sufficient to describe the intra particle
ar_s © Prued 29, g) flow. Initial values is zero gradient at0 and con-
dz 9Cpglls centrations equal to bulk conditions athickea:
The momentum equation expressing the pressure
loss through the packed bed is: The BVP was solved using orthogonal collocation
Ao «,  gUs? on finite elements converting the differential equa-
- of ) (7)  tions into a set of non-linear algebraic equations.
dz dpartlcle

The solution was approximated using LaGrange
Ergun’s equation [11] was used to calculate the polynomials. The collocation points were chosen
friction factor and the equivalent particle diameter as the roots of the Legendre polynomial. See [14]
is defined as the diameter of a sphere with the for a detailed description of this method.
same external surface area per unit volume of the
catalyst particle, see VDI Warmeatlas, page Gg 3 Average molar fractions produced by the steady
(1974). Initial values for (4), (5), (6) & (7) are zero  state steam reformer model are shown on fig. 6:
conversion and inlet temperature and pressure. A
heat transfer model was implemented to calculate
U andT,.i. Thermodynamic properties were calcu- s
lated using standard ideal gas mixture rules. Mix-
ture heat conductivity and viscosity were found ©°7
using Wilke’s method.

Average Molar Fractions at Steady State [-]

0.6

Calculation of effectiveness factors 05l
The effectiveness factors in (4), (5) & (6) account
for intra particle resistance and were calculated o4r
assuming a simplified slab geometry of the catalyst
pellets. The factors express the ratio between the o3
actual rates due to mass flow resistance in the pel- ;,»
lets and the ideal rates based on the catalytic sur-
face. The pellet geometry is illustrated on fig. 5 01r

0.445cn

dp,i =0.84cm <
) —

Catalyst carrier

Axial position in reactor z, [m]

Tortuous pore

Fig. 6. Species profiles through reactor.
H=1.0cm catalyst surface

The results correlate very well with simulation

dpo= 1.73cm ' results publicized in the literature elsewhere
Fig. 5. Pellet Geometry. [2a+2b], [4].
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Thermodynamic properties and heat transfer
Thermodynamic mixture properties were calcu-
lated using standard ideal gas mixture rules. Mix-
ture transport properties such as thermal conductiv-
ity and viscosity were found respectively using
Wassiljewa’s method as described in [12] based on
normal boiling points and Wilke’s method as de-
scribed in [13]:

Mixture data for the transport properties (i.e. ther-
mal conductivity and viscosity) was found using
Wilke’'s method and the regression data for the
transport properties of the individual species. This
was done using the interaction coefficients as:

9)

Basically, the following procedure can be used in
calculating the interaction coefficients in for the
mixture viscosity (10):

a 14
« Hi §V|j 4 »
&+ [/ —, 5
« Hi @\/Ii Y

_ - Ya

o]

(10)

oy

a
J§ «1+

K M; v,

Effective diffusivities for each gas in the mixture
have been calculated using the method described in
[12] as a geometric mean of the Knudsen diffusion
and binary molecular mixture diffusivities.

In addition [12] gives the wall heat transfer coeffi-
cient and the effective radial conductivity in the
fixed bed based on the work of De Wasch and
Froment (1972) as follows [11]:

1

Where:
09515 ) (13)
= +095a d_ )+ .
o= (o 3 223+[10 ;+b d ¥
and
sT * §T °
019523 019523
- @00t & _ 3@001 (14)
a o
10+ 70'25

20s )%

The heat transfer model accounts for radiation and
conduction between voids in the fluid phase and
transport between neighboring particles in the solid
phase.

SHIFT REACTORS & PROX

Fundamentally, the shifts- and PROX reactors are
modeled with similar assumptions as done in the
steam reformer model. The reaction kinetics and
catalyst properties used were taken from [15]. The
PROX can be modeled using the kinetics in [16].

MODELING OF PEM STACK

The PEM stack was modeled simplified calculating
the polarization curve expressing the correlation
between the stack potential and the current density
(fig. 7):

4 potential [V]

\_

| Activation
overpotential¢—
region

Concentration
overpotential
region

Ohmic
overpotential
region

_B964 o, 0512 (D, Rey) Pré (11)
w Dt i 413 d p Current density [mA/cn?] "
. Fig. 7. Typical polarization curve for PEM-stack.
0111 , Rey, Pre (12) , ,
et = etot 53— Using the fuel cell model enables calculating the
1+46§‘Lp; inlet flow of natural gas to the reformer needed for
it a certain plant size.
185

Proceedings of SIMS 2004
Copenhagen, Denmark, September 23-24, 2004

WWW.SCansims.org



SIMS 45

In modeling it is assumed that the overall voltage
is the potential Gibb’s electromotorical force mi-
nus the sum of the individual stack losses:

V :VO S ohmic S at (16)

V, is the potential at zero current minus the con-
centration overpotential [V] governed by the

Nernst-equation. The ohmic overpotentialymic

[V] is modeled as a linear function accounting for

the various ohmic losses in the fuel cell mem-
branes, gas diffusion layers and contact resistance.

The activation overpotential can be separated into
the activation at the anode side and the cathode
side. The anode activation overpotential is several
orders of magnitude smaller that the cathode over-
potential so it can be neglected. This yields the
following coupled differential equations for calcu-
lating the cathode activation overpotential using
Butler-Volmer kinetics and a homogeneous cata-
lyst layer model. The cathode model uses the con-
cept originally described by Springer et al., 1991:

di ot F e S F .8(17
E: cat IO,calhcde — exp, & °--§Sexp e § ( ) §
y %0© 1 RTo© RT *9
d,_ ]ty (18)
dy
aC, (19)

e (181,)
dy nF Dy
The equations were non-dimensionalized multiply-
ing with the catalyst thickness,; [m] using the
catalyst layer coordinate y0;1]. | is the current
density [A/m?],Co, is the oxygen concentration at
the catalyst layer interface [molfinF is Faradays

constant, n is the number of electrons involved in
the reaction (n=4) and I.

Equations 17-19 is solved with initial values for
the three constitutive variables and the boundary
condition that the current density should begJ=l

Integration is stopped when the oxygen concentra-
tion reaches zero in the catalyst layer. A linear
correlation was used to estimate the overpotential
at y=1, see fig. 8, which shows the variation of the
constituents in the catalyst layer at 1=0.8A/cm2 —
note that (19) has been non-dimensionalized prior
to integration putting the initial oxygen concentra-

tion at the catalyst surface in the denominator.

Integration ils terminated here!

Co,

C

‘0, initial

Ya

Fig. 8. Properties in catalyst layer (I=0.8A/cm3).

Several equations are needed to calculate the oxy-

©gen concehtration at the catalyst layer surface and

the effective diffusion coefficierDe o, in the cata-
lyst layer material. A thorough description of the
catalyst layer modeling is given by Marr & Li,
2000 in their paper “Composition and performance
modeling of catalyst layer in a proton exchange
membrane fuel cell’. The additional parameters in
the electrochemical model such agproton con-
ductivity [S/m]), i (exchange current density
[A/m2]) and , & . (anodic/cathodic transfer co-
efficient) can be found here as well. The exchange
current density is a measure for the electrochemi-
cal activity of the catalyst layer, and it represents
the current density for system equilibrium.

OPTIMIZATION OF HEN

Using the system model kinetics it is possible to
establish the flow capacities needed (mass flow

at y=1 (i.e. the Nafion surface after the catalyst times specific heat capacity) for each flow. Tem-
layer). The initial cathode overpotential is fitted perature intervals are given by catalyst properties.
using a shooting method based on a combination of In order to optimize the heat exchanger network

parabolic search and golden section search.
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be used. The methodology is to minimize the total
cost of the HEN, which can be described by the
following overall objective function [17]:

min(Total Cos} = AreaCost Fixed CostUnits Utility€o (20)
This method uses a simplified superstructure to
find the optimum HEN-configuration allowing for

stream splits. However, it is assumed that the mix-
ing is isothermal. This means that the method is

algorithm based on outer approximation for solv-
ing mixed-integer nonlinear  programming
(MINLP) problems that involve linear binary vari-
ables as well as linear and nonlinear continuous
variables developed by professor developed by J.
Viswanathan and Ignacio E. Grossmann, 1990.

The area cost of the heat exchangers was assumed
to follow the simplified cost function:

correct when no stream splits occur but if this is  Exchanger Cost [$] = Unit Price + C - (Area)

not the case, the method in some cases fails to find

the optimum solution [18]. An approximation to
the LMTD method is used to prevent numerical
difficulties when equal approach temperatures on

both sides of a heat exchanger occur. Yee and
Grossmann proposed the Chen approximation (21).

TS T, ¥ T8 (21)
LMTD = ls 2 3 T1 TZ 1 23
In 3 ' 2 ©
To 1

A simplified heat transfer model neglecting heat
conduction was used. The objective function,
which has to be minimized subject to appropriate
constraints, was formulated by Yee and Gross-
mann as follows:

min
i H

CCUgcyt  CHUghy+ | CFglt |
P jcp

GE
i HP j CPk § ||—1P

ali
«

I o Gic «
CFin 204 +\ welj el st! ToF Tofe
Uu 3 T T ijk k+1  «

k +1 2 9%
]

a icu
«

I c qch «
| 1,CU «
i e < TOUT + TIN, 2
U\,CU TCUJ (TOUIS T”\‘:U )i/ -Eu,l + ' 2 NU «:
-
«
oy, «
CHu‘j «
i be 5 TIN,,, + TOUT2 ¢
Uno,y Tao, (TN, S TOUT, )3l Ty, + —

(22)

Feasibility of temperature interval matches and

An example retrofit HEN using the temperature
intervals on fig. 4 & heat capacities and flows cor-
responding to 100kWnet output is shown below:

37.5kw 8.0kW

25°C 5.8KW % 1.7kW > I 480:C
25°C 2.2kW ® Q@ » 100
80°C 23.3kwW “~ > 300°C
400°C O 750°C
145°C 405°C
120°C <*—Fgw O 150°C
80°C « O 130°C

It is seen that the need of hot utility has been
eliminated from the system and cooling is reduced.

DISCUSSION

A model of a natural gas refgrming fuel cell sys-
tem has been established. Ysing the parameters
found’jn modeling an optimal heat exchanger con-
figuratfon can be found subje& to the overall cost
of the system. The method needs further investiga-
tion regarding stream splits and the afterburner
subsystem"l)/should be included.

Moreover, the dynamics of the resulting HEN-
networks should be investigated using dynamical
models of the°»HEN and the reactors.

Ya
It is however expected that the present model will
be a useful tool in system design in determining
the optimum amount of heat integration for a given

approach temperatures are applied as constraints toheat/power application. In near future it is expected

(22). The minimum approach temperature (pinch
point) can be defined using a constraint as well.

The minimization of the MINLP problem produced
by (22) can be performed using GAMS using for
instance the MINLP solver DICOPT. This is an
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to verify this experimentally at Aalborg University.
In the preliminary calculations, the Shift- and PrOx

reactors were considered adiabatic. Heating these
reactors externally should be investigated.
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CALCULATION OF HEAT FLOW FROM BURIED PIPES USING A
TIME-DEPENDENT FINI TE ELEMENT MODEL
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Sweden

Abstract

The paper describes a time-dependent model for calculating heat flow from buried pipes. The
model is based on the finite element method. In order to minimize tlernck of the fact that

only a finite part of the ground is modelled, the ground block has to be chosen sufficiently large.
The factors that mainly influence the choiok ground block size are: Media temperatures,
ground composition and whether the pipes are insulated or not. For district heating pipes a
ground block of 10 x 20 m is normally sufficient while corresponding dimensions for pipes used
for heat gathering for heat pumps are 18 x 3@ he convective heat transfer coefficient at the
ground surface has a clear influence on the cakdilaeat flows. Considering errors introduced

by the assumptions made, a default mesh created in FERiféBhe studied applications was
found to be more than adequaiéthough hard to investigate, ground soil properties are surely of
significant importance to the calculated heat flows. This is especially the case if the medium
temperature is close to the ground temperaturéhdrpaper it is shown that, particularly when
studying cases with media temperatures close to the ground temperature, stationary models can
produce results that differ greatly from time-dependent calculations.

Keywords: Finite element method, h@latvs, buried pipes, time-dependent model

Nomenclature

ground Property related to ground

Abbreviations _ _ _
a Thermal diffusivity [n7. /s] ins Property related to insulation
bc,d Distances [m] pipe Property related to medium pipe
c Specifik heat [kJ/kgK] ret Return medium (low temperature)
DH  District heating sup Supply medium (high temperature)
f A general function water/pipe Surface between water and pipe
Q Heat flow [W] )
T Temperatureq] C] Introduction
U Overall heat transfer coefficient [W/K] Heat flows to and from buried pipes are of interest
, in a number of applications. Two common fields
Coanacnve heat transfer coeft. [W/K] are district heating and heat gathering for heat
Density [kg/n? ] pumps. In a district heating system heat flows from
Conductive heat transfer coeff. [W/mK] the pipes are adverse to system performance. In the
Average deviation between results [%] case with heat pumps, during wintertime heat
_ extraction from the ground gives a heat
Time [days] contribution to the building and during
Subscripts summertime heat could potentially be rejected to
air Property related to air the ground in order to obtain a cooling effect on

air/ground Surface between air and ground

the building. Thus, a low regance to heat transfer
is positive in this case. The aim of this paper is to

casing Property related to casing pipe provide the reader with information needed to

“Corresponding author. Phone: +46 46 22 29273,

Fax: +46 46 22 24717, Tommy.Persson@vok.lth.se 189 .
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perform accurate heat flow calculations for buried | Property Value
pipes. The calculations are based on the Finite] convective heat transfer
Element Method (FEM). The commercial software | coefficient, air/ground..aiveround 15 W/ntK
FEMLAB® was used for the calculations. For [Gonvective heat transfer
details on the theory of the FEM the authors refer | coefiicient, water/pipe weermpe | 2200 WIniK
to Ottosen et al [1].

Size of ground blocky 10m
.. . Distance between pipes,
Description of a time-dependent (insulated pipes) PP 0.2m
FEM-model Distance between pipes, om
The geometry for the FEM-model and definitions l(:ij_nlnzulattsd pIDEIS)t o 06
used in the paper are shown in Figure 1. Ip€ dep d (ms_u ale p|pe_s) -0 M
e _ Pipe depthd (uninsulated pipes 1.5m
air=fail ) g ioreune Table 1 Assigned values to various properties
A
d
Tret = fre ) c Teur foud ) Material Heat Density, Heat
“o b _ conductivity, I capacity,
Q\-\ b waterpe | /QJ—O  [WimK] | [ka/m?] | ¢, [J/kgK]
Pipe 76 7850 480
Ground (Steel)
A/ Insulation
ong (PUR) 0.030 60 1700
Figure 1 Geometry for FEM-model gaaEsS)g 0.43 940 1900
The model consists of a ground block of dizg S .
2b metres and two pipes located in the horizonta roun 1.5 1800 1200
centre of the block with an internal distancecof (moraine)

metres. The distance from the pipe head to the Table 2 Thermal properties of pipe, insulation,
surface isd metres. In Figure 1 the pipes are shown casing and ground

as DH pipes and are thus insulated. The details foisince the scope of this paper is to investigate the
the DH pipes used in the calculations are shown ininfluence of various assumptions on the calculated

Figure 2. heat flows it is easier to interpret the results if the
[mm] Casing__ Insulation material properties are constant, see Table 2.
e - However, when performing calculations for a

A . .
specific case dependence on temperature, time or

Y ) location should be regarded and can easily be
174| 82.5 88.9 180 implemented in FEMLAB.

In the model, only heat conduction in the ground is

\ ' considered. Based on a discussion in Sundberg [2]
Medium Medium pipe it is concluded that conduction is the most
Figure 2 Details for DH pipe important heat transfer mechanism in most types of

The air and media temperatures are functions oS0l The largest error related to this simplification

time. The boundaries towards the air and the medig> probably due to the fact tha‘_[ energy.
are set as convective. Both the convective hea ound/released at the phase-change ice/water is
transfer coefficient at the ground surface and at theneglected.

pipe walls are regarded to be constant. The
boundaries between the ground block and the
surrounding ground are set as perfectly insulatedin order to obtain a realistic temperature
(i.,e. symmetry). Unless otherwise is stated thedistribution in theground at the beginning of all

assumptions according to Table 1 and Table 2 arecalculations in the paper, an initial calculation
used throughout the paper. covering a period of 4 years is performed. The

Initialising the model
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states at the end of this calculation are then T 21 7 21§ , ,

mapped as the initial state to the calculations that—=— —Z +t+—=+— =— "T=a T (1)

are analysed. The FEMLAB commando c X y zZo ¢©

“asseminitis used for the mapping. The term (/) is called the thermal diffusivity
o ) ) and is denotedh. According to (1) the thermal

Ground temperature distribution in diffusivity is a measure of how the temperature in

reality and in model a material changes with tim&when exposed to a

. _ i disturbance. In Figure 4 is shown how the
A description of stationary calculations of heat temperature varies with depth according to FEM-
losses from DH pipes is found in Jonson [3]. The cyjcyjations in two extreme cases approximately
results presented there are very close (Ognresenting dry moraine and granite with a high
specifications from pre-fabricated district heating ¢.oction of quartz, respectively, as specified in

pipe manufacturers. The main objection t0 this Tapje 3. The model shown in Figure 1, apart from
kind of calculations is that the problem, which is {44 pipes, witth=20 m was used.

clearly time-dependent, is treated as a stationary
one. As a consequencef the time-dependent Materi
) T aterial , L c,
reality a correct ground temperature distribution wWimK] | kg/m? | [9/kgK]
can never be obtained using a stationary model. - g g
Moraine, dry 0.6 1800 1600

Real ground temperature distribution Gramte, high 4 2700 800
fraction of quartz

Figure 3 shows a typical yearly range of ground _
temperature variation at different depths. In this 1able 3 Thermal properties of ground, extreme
case the ground temperature varies around an cases

average value of 8 °C. Due to the thermal inertia OfThe air temperature in Figure 4 was varied as:
the ground the temperature at the surface varies

between -4 — +23 °C while at depths below 6 m it T =7+11sin 2 8 : 2)
is relatively constant. The exact details of how the "ar 3650 .1

temperature will vary with depth during a year

depends on the compositiof the ground, as will

be shown below, and the climate.

Range of air Range (amplitude)

temperatures of soil temperatures
0 — \ £ >
\«—il—”,
i 0 A
[} N . ,
{:Lé 2 \:—1—7 -
@ 3| Average annuat T~y 1 |
z mean temperature’e—>/
ger i ] Figure 4 Calculated ground temperature variations
- ":" | during a year
a 6 |.I _ . .
5 Figure 4 shows that the thermal properties of the

-10 -5 0 5 10 15 20 25 - . .
Temperature3C ground significantly influences how the air

Figure 3 Ground temperature variations during a temperature penetrates the ground. For instance, in
year in Ottawa, Canada, adapted from Williams & the left case, the ground temperature is essentially
Gold [4] constant at a depth of 6 m while for the right case it
varies with an amplitude of about 26.
Modelling the ground
N . . An alternative way to display the results from the
If a material is considered as homogenous (i.e. lculati is t0 studv how the temperature varies
(x,y,z) = constant) and there is no internally cajcuiations s to study ho € lemperature va
with time at different depths. In Figure 5, temp-

ggnsﬁ::;ﬁgezeg ’ the equation of heat conduction “arature variations at depths 0-10 m is shown.
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Moraine (dry), a=2e i7 m%/s Granite (high quartz content), a=19e 17 m?/s Accord|ng to (3) 1represents the average dev|at|0n

20
memh_m _depth=0m between the reference case and &asepercent of
e f:fjer_

the mean value in the reference case. Thusl as
?W

approaches zero the difference between kaswl

the reference case is small.
© ; The calculated net heat flows from the return and
O 0 B O supply pipes for the three cases in Table 4 are

Figure 5 Calculated ground temperature variations Shown in Figure 6.
at depths of 0, 2, 4, 6, 8 and 10 m

N
=)

[
o
=
@

[
o
i
o

o

Temperature [ °C]
o

Temperature [ °C]

=)

, L. 20 y**\* K Qret,casel
In Rosén et al [5] it is stated that temperature F % 6~ Qqpcase 1
variations in the ground normally decrease 10 ¥* X * Qretcase2
exponentially with depth and that it can be F* 4l © Quupcase2
compared to harmonic oscillations that are of —#= Quetcase 3
dampened and phase shifted compared to the ok o6 KRR ek o Qqup.case 3

=
o

temperature variations at the ground surface. This T oe.

is a good description of the results in Figure 5 and

thus it seems that thenodel produces realistic i20{ oo
results. %
130

Influence of introduced assumptions 0 100 200 300
Time, [days]

Heat flow, Q [W/m]

In this section the influence of some of the
assumptions made will be investigated. All
calculations are based on the model in Figure 1.In Figure 6 a net heat flow from a pipe is assigned
Since the influence of the assumptions made maya negative value while a net heat flow to a pipe is
depend on the situation studied three differentpositive. For the cases with insulated pipes (cases 1
cases, according to Table 4, will be regarded. Theand 2) there is a net heat flow from the pipes to the
cases were chosen in order to compare soms&urrounding. The heat losses are larger in case 1
qualitatively different situations. Considering real than in case 2 due to the higher temperatures in the
applications the first two cases can be taken tofirst case. Since the distance between the pipes is
approximate high/low temperature DH while the only 0.2 m the temperature fields around the two
third case corresponds to heat gathering from thepipes coincides. This causes the heat losses to be

Figure 6 Net heat flows from pipes in three cases

ground for a heat pump. smaller compared to if the two pipes are placed at a
large distance from eachhatr. In the case with the
Case| Insu- Supply Return uninsulated pipes, case 3, the net heat flow is
nbr | lation | temperature | temperature positive for both the return pipe and the supply
1 ves | 1108 10sin 2 8| 40458in 28 pipe. Since the temperature in the supply pipe is
3650 1 3650 closer to the surrounding ground temperature the
j 2 § | ogrsen 28 net heat flow to this pipe is lower than to the return
in == sin —+ .
2 Yes | 70S10sin v >SN 850 pipe.
L2 . 2 8§ - .
3 No 2+5sin %é GS}P 3650 .,Ground block size

Table 4 Description of studied cases In order to reduce the influence of the finite ground

. o block studied it has to be chosen sufficiently large.
The studied period is one year and the heat flowsy, the other hand a larger ground block will

ar(la cIaICL(Janted IevEry 48 hour;. Tge defwatlon Mincrease the computational time and thus it should
calculated results between a casend a reference . e ynnecessarily large. In Figure 7 it is shown

case is estimated as: how the calculated heat loss in the three cases
changes as the distanoén Figure 1 is varied. For

N
= ! ' ‘Qki SQu i‘ 3) all cases the calculated heat flowsbat 20 m is
N |mear( Qf,i)| & used as reference in (3).
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20 ‘ ‘ ‘ ‘ ‘ ; ; is increased the infliee of the insulated
T letcase 1 boundaries decreases, and therefore also the heat
O supcase1 flow between the media decreases.
. 15¢ * ret,case 2 ||
£ ' supcase 2 Finally, considering the great influence the ground
=1 T retcase 3 properties has on the ground temperature
£ o sup.case 3 || distribution, according to Figure 4, the selection of
3 \ the distanceb must be influenced by the ground
e 5 \* ] properties. This will be studied later on in this
I§ e paper.
s — e e . Mesh size
4 6 8 10 12 14 16 18 20 , o
Ground size, b [m] The fundamental idea of the finite element method

is to divide the geometry into small elements. In
each element a rather crude estimation of how the
property varies within the element is made. If the
The overall tendency of the curves in Figure 7 is size of the elements is too large this can introduce
that the derivative of(b) decreases dsincreases. errors. For this reason it is of interest to investigate
l.e. the incremental gain, considering accuracy,how the calculation results changes when the
with increasing the ground size block becomeselement size is decreased. The default mesh
smaller for large values ob. Considering the generated by FEMLAB consists of 18568
gentle slope of the curves to the right of Figure 7 elements in cases 1 adand 6650 elements in
the calculated heat flows at= 20 m must be close case 3 (due to the less complex geometry). The
to the value wherb is infinity and is therefore refined meshes cois¢ of 74272 and 26600
considered as the ‘true’ values. When the results inelements, respectively. Due to lack of data storage
Figure 7 are studied it should be remembered thatapacity the computer used (having 736 MB
the distance between the pipes is 2 m in case 3 anBAM) could not compute cases 1 and 2 using the
0.2min cases 1 and 2. refined mesh and therefore only case 3 could be
investigated.
According to Figure 7 the difference between the
cases is large regarding the influence of the groundAs the mesh was refined in case 3 the deviatipn,
block sizeb. For instance, the deviatiohis below  between calculated heat flows using a refined mesh
0.7 % atb > 6 m for cases 1 and 2, while for case 3 and the default mesh was 0.091 % for the return
b has to be chosen as > 14 m to obtain this. Thepipe and 0.061 % for the supply pipe. Considering
large difference in required value cannot be the influence of other assumptions made and the
explained solely by the difference in internal pipe increase in computational time when using a
distance. First, in cases 1 and 2 the pipes argefined mesh the default mesh created in
insulated, and since the temperature gradient iFEMLAB® is more than adequate. It is assumed
steep within the insulation the influence of the that the general result also holds for cases 1 and 2.
pipes on the surrounding ground temperature is
small. Second, since the temperature differenceBoundary conditions
between the media in the uninsulated pipes and th
surrounding ground is small, an incorrect ground
temperature will have a large influence (in percent)
on the calculated heat flows. The magnitudes of
the temperature difference is also the reason that are influenced by the values Ofuerspe and

is greater for the return pipe than for the supply aiigiound The heat fows atuaerpipe= 4500 WI/MAK

pipe in cases 1 and 2 and the opposite in case 3 ' - 25 W/n?K ar referen
Particularly in cases 1 and 2 the greater deviatior\lgﬁje';"ggr;c"(‘g‘; 5 WintK are used as reference

for the return pipes can also be explained by the
fact that heat flows from the supply pipe to the
return pipe. As the ground block around the pipes

Figure 7 Change in calculated heat flows as a
function ofb

??egarding the choice of boundary conditions the
convective boundaries at the ground surface and
inside the media pipes is a natural choice. Figure 8
and 9 demonstrate how the calculated heat flows
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1.4 derivative of the curves in Figure 8 and Figure 9
1o 3 = retcase 1 decrease when moving to the right.
' \\ - sup,case 1
- 1t * retcase 2 The value of.aygrounah@s a much greater influence
= \\ ©" supcase2 on the calculated heat flows thapaenpipe This is
=08 y 7 retcase 3 partly due to the fact thatiygrouna according to (4),
% 06l \\ sup.case 3 influencesUy, but apart from this it also indirectly
3z \ influences the ground temperature. The closer the
O o4t &, media temperatures are to the ground temperature
o S the greater the influence ofjgouna i.€. the ground
%\z__@ T~ temperature, will be on the calculated heat flows.
0 = — This trend is apparent whestudying the results in
500 150 2500 3500 4500 Fiqure 9
2 gure 9.
water/pipe [W/m K]

Figure 8 Change in calculated heat flows as a
funCtlon Of .Water/pipe

At large distance (in all directions) from the pipes
the ground temperature distribution is not
influenced by the presence of the pipes. If a cut is
made in the undisturbed ground, the temperature is

107 7 retcase 1 exactly the same on both sides of the cut. In other
f sup.case 1 words, symmetry prevails. Thus, considering that
< 8r 5 ret.case 2 perfectly insulated boundaries also can be regarded
= % L, Cupeasez as symmetry planes the vertical ground boundaries
61\ retcase 3 in Figure 1 should be set @s=0. The boundary
N sup,case 3

Deviation,

air/ground

[W/m?2K]

25

Figure 9 Change in calculated heat flows as a
funCtlon Of .air/ground

If a single pipe in the ground is considered the heat!oCk is relatively constd or not (compare with
flow from it can, simplified, be expressed as:

condition on the loweground boundary can be
chosen either ag =0 or as a constant temperature

(equal to the average temperature at the depth). As
long as the ground block is chosen to be of
sufficient depth, these alternatives will produce the
same result. An advantagvith using a perfectly
insulated lower boundary is that it is not necessary
to know the average temperature of the soil. Apart
from this it is also easier, by studying if the
temperature variations at the bottom of the ground

Figure 4), to determine if the ground depth is set
sufficiently large when using =0.

Q = Utot Tmedid suri™ (4)
medial surr Ground properties
Loty ! CHEPE— Considering the large infence the properties of
water/ pipe =~ PiPe Ucasing Y ground Y ;g the ground has on the ground temperature

For a well-insulated pipe, Wfs is dominating in

distribution, according Figure 4, the calculated heat
flows must also depend on ground material

Proceedings of SIMS 2004

the denominator in (4) and therefore a change inygperties. In Table 5 the calculated heat flows in
the heat resistance for the other components Will-g5es with ground properties according to Table 2
only have a limited influence on the heat flow. For (yeference cases) is compared to calculated heat

this reason the influence _Oiﬁ/ater/pipeis negligible_z N flows using the quite extreme ground properties in
cases 1 and 2. For a pipe with no insulation thetgpje 3.

term corresponding to insulation in (4) is not
present and therefore the influence Qfterpipe IS
larger (but still small). AS.water/pipe 8N .airiground IS
increased it holds that the incremental influence
they have onU,; decrease. For this reason the
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Case 1eturn [%] ]supply [%]
1, moraine 24.0 11.0
1, granite 13.3 5.7
2, moraine 33.9 10.5
2, granite 19.0 5.4
3, moraine 58.5 57.8
3, granite 155.5 151.3

Table 5 Deviation between calculated heat flows
depending on ground properties

According to the results in Table 5 the ground

properties have a large influence on the calculate
heat flows. As the thermal diffusivity is increased

Stipulating that the deviation] should be below
0.5 % for both the supply and return pipe, the
required distanceb according to Figure 7 is 6, 8
and 14 metres in cases 1, 2 and 3, respectively. The
corresponding values in Figure 10 are 8, 10 and
18 metres. Thus, as the thermal diffusivity of the
ground is increased the ground block should be
chosen larger. However, it should be pointed out
that the assumed thermal diffusivity of the granite
in Figure 10 is very high and considering this a
distanceb in Figure 1 of 16-18 metres should be
sufficient for most cases.

dComparison between stationary and

the temperature variations at a given depth will time-dependent models

in_crease,_ Figure 4. Thus _the heat flow tc_)/from the|y this section the time-dependent model is
pipes will increase during some periods and compared to a stationary model. Heat loss
decrease during others. Apart from this the cqicylations are performed using the air and media
insulating capacity for granite is lower than for (emperatures in (2) and Table 4. In the stationary
moraine and this aI;o affects the resulting heaty,qodel heat flows are calculated using momentary
flows. From Table 5 it can be concluded that the 5yes of the temperatures. In the time-dependent
assumed ground properties for most applications isyoge| the heat flows are calculated continuously.
of great importance to the calculation results. the deviation in calculated heat flows between the

Unfortunately the exact ground composition is giationary and the time-dependent model, using the
often time consuming to investigate.

time-dependent model asfeeence, is shown in
Table 6.

As the influence of the ground properties is studied
we will return to the previous discussion regarding
the selection of the ground block size. A

temperature source will influence a greater part of
the ground as the thermal diffusivity of the ground
is increased. Considering this it is relevant to study
how the results in Figure 7 are affected if the

Case
nbr leturn [%] ]EUDPW [%]
1 8.2 2.3
2 22.5 3.7
3 59.9 93.7

reference ground is replaced by granite with a high Table 6 Comparison of calculated heat flows using

fraction of quartz (Table 3), see Figure 10.

25 —%—
ret,case 1
S sup,case 1
20 * ret,case 2
S e
2 * sup,case 2
_ 15F  retcase 3
c
o \ sup,case 3
8 \
2 10
(@)
— &

8

10 12 14
Ground size, b [m]

16

18 20

Figure 10 Change in calculated heat flows as a
function ofb, ground with large thermal diffusivity
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a time-dependent or a stationary model

From the results in Table 6 it is obvious that a

stationary model can introduce significant errors.

The deviation in percentage is greater the closer to
the ground temperature the media temperature is.
For this reason the deviation in calculated heat
flows between the stationary and the time-

dependent model is very large in case 3 and much
less in case 1. While the assumption of stationary
conditions in some situations, at best, is acceptable,
case 1, it might be catastrophic in other

applications, case 3.

Using measured data as input to
FEM-model

A nice feature in FEMLAB is that it is possible to
use measured data as input to the FEM-model and

WWW.SCansims.org
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thereby simulating real situations. An example of MB RAM and Windows XP as operating system.
this can be found in Persson & Wollerstrand [6] Version 2.3 of FEMLAE was used.
where heat losses from a DH culvert were

calculated using measured media and aif Type of model Casel] Casep Casdg3
temperatures. Reference case 2024 204 740
b=20 2160 | 2090 | 801

When implemented in FEMLARB both the value
of the measured property and the derivative of thd
property must be defined. Both values can b
specified using a look-up table and the Matlab
commanddflinterpl” . When using look-up tables Look-up table
it is important to choose a sufficiently short sample P ’
time. In our case the “meared” properties varies sample time 1200 h ; . -
as sinus waves with a period of 365 days. In  lable 7 Computational times in seconds for
Figure 11 the calculated heat flows using look-up different cases using different models
tables with different samples times are comparedAccording to Table 7 the computational time is not

to the corresponding values when the analyticalaffected by the temperature difference in cases 1
expressions in (2) and Table 4 are directly and 2. Neither has the size of the ground block a

Refined mesh — — 3611
Stationary model 2171 2163 876

Look-up table, 2084 | 2082| 773
sample time 12 h

6673 6295 | 2675

implemented in FEMLAB. significant influence on the computational time.
5 ‘ ‘ ‘ ‘ ‘ The less complex geometry of case 3 is
= etcase 1 significantly faster to compute than cases 1 and 2.
all & supcaset ] Considering this, and the certainly small influence
* letcase 2 of the pipe and the outer casing, the DH pipes in
5 9 supcase 2 ¥ Figure 2 could be reduced to only consisting of the
3 retcasess ] insulation if computational time is crucial. Using
S sup,case 3 e . look-up tables with a refizely short sample time
g 2 ps 1 only has a small effect on the computational time
a P 1 while greater sample tirseactually increases it.
1f B o=y The authors’ guess is that this is due to the
- P occasionally rapid changes of the derivative when
= stepping through the look-up table.

— — L L
0 200 400 600 800 1000 1200

Sample time [h] Using a refined mesh greatly increases the

Figure 11 Comparison of calculated heat flows  computational time. The computational time using
using analytical expressions and look-up tables g stationary model is actually almost identical to
According to Figure 11, the sensitivity to sample the time-dependent model. However, since the
time is dependent on the situation studied. A time-dependent model always has to calculate for
general trend seems to be that when the amplitugé'® whole period studied as well as for an
of the variations is large, compared to the meaninitidlising period the comparison is greatly
value of the property, a short sample time shoulddépendent on the sampiene. The computational
be chosen. Considering computational times, sedime decreases when using the stationary model if
below, it is advised to usas short sample times as the sample time is increased.
possible and at least not greater than 1/30 of the )
period of the variations of the measured properties. Conclusions

. . Factors that influence the choice of ground block
Computational times size are: Media temperatures, ground composition
Finally, some comments will be made on the and whether the pipes are insulated or not. For DH
computational times for the three cases studiedPiPes & ground block of 10 x 20 m should be
using different models. The computational times Sufficient, while the corresponding value for cases
are displayed in Table 7. The computations wereWith heat gathering for heat pumps from the

performed on an Intel Pentium 4 2.4 GHz with 736 9round is 18 x 36 m. The value of the convective
heat transfer coefficient at the ground surface has a
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clear influence on the calculated heat flows. Of the
factors studied in this paper the ground properties
has the greatest influence on the calculated heat
flows. A stationary model may produce results that
differ greatly from those calculated with a time-
dependent model. This is especially the case if the
media temperatures are close to the ground
temperature. When using look-up tables in
FEMLAB® the sample time should be chosen
small considering both agracy and computational
time.

References

[1] Ottosen, N., Petersson, Hntroduction to the
finite element methed University of Lund,
Sweden, Prentice Hall, ISBN 0-13-473877-2

[2] Sundberg, J.Thermal properties of soils and

rocks PhD thesis, Department of geology,
Chalmers University of Technology, Gothenburg,
Sweden, 1988, ISSN 0348-2367, Publ. A 57

[3] Jonson, E.Varmeforluster fran fjarrvarmenat i
smahusomraden -Inverkan av rorgeometri och
dimensioneringskriterier [Heat losses from district
heating systems in detached house areas -Influence
of pipe geometry and design criterid}jcentiate
thesis, Department of Heat and Power Engineering,
Lund University, Sweden 2001

[4] Williams, G.P., Gold L.W.CBD-180 Ground
Temperatures http://irc.nrc-cnrc.gc.ca/cbd/cbd18—
Oe.html, 2003-12-10

[5] Rosén, B., Gabrielsson, A., Fallsvik, J.,
Hellstrom, G., Nilsson, G.System for varme och
kyla ur mark -En nulagesbeskrivning [Ground
source heating and cooling systems - A state of the
art report], Swedish Geotechnical Institute,
Linkbping, 2001, ISBN 1100-6692, ISRN SGI-
VARIA--01/511--SE

[6] Persson, T., Wollerstrand, Heat losses from
a novel type of district heating culvem: Building
Energy Systems, Proceedings of"lIiternational
Conference on Efficiency, Costs, Optimisation,
Simulation and Environmental Impact of Energy
and Process Systems, Mexico, 2004

Proceedings of SIMS 2004 197 WWW.SCansims.org
Copenhagen, Denmark, September 23-24, 2004



SIMS 45

Proceedings of SIMS 2004 198 WWW.SCansims.org
Copenhagen, Denmark, September 23-24, 2004



SIMS 45

Proceedings of SIMS 2004
Copenhagen, Denmark
September 23-24, 2004

DYNAMIC MODELING OF ADO MESTIC HOT WATER SYSTEM
USING SIMULINK ©
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Sweden

Abstract

The paper describes a dynamic model of a domestic hot water circulation system. The

components of the system are described in ema#ttical terms and it is shown how they are
implemented in Simulink The components studied are: pipsslf-acting thermostatic valves,
circulation pumps and heat exchangers. Apamnftbis, two methods to calculate flow distri-
bution in systems with extraction points are ddsadi The first method is a further development
of an explicit method based on Kirchoff's lawr foalculating flow distributions in closed sys-
tems, Persson [1]. The second method is based dadhthat the net pressure drop in a closed
loop is zero (known as the Hardy-Cross methda) reduce computational time both methods
should involve two flow calculation modes, one iteand one explicit, gending on if flow is
extracted from the system at the current timep sbr not. Flow calculations are established
primarily in a form adapted for implemention in SimufitnkWhen numerical problems arise an
equation solver in Matldbcan be used since this code, in castt to the iterative solver within
Simulink®, can be supplied with an initial guess, tmeking the solver more stable. Considering
computational time the Matl&tcall-back should be convertedda S-function. It is also shown
that the application Real-Time Workslfogreatly speeds up the calculations.

Keywords: Domestic hot water circulatioBimulink, dynamic model, flow calculation

Nomenclature 7

Abbreviations

Valve opening degree [%]
Convective heat transfer coeff. W/m K]

A Area [n? ] Velocity [m/s]
Cp Specific heat [kJ/kgK] '
DHW Domestic hot water Subscripts
br Branch
e Coqtrol error f C] c Cold side
F Ratio [ eq Equivalent
K, Flow capacity [m /h]/bdl® h Hot side
ks  Maximum flow capacity atp= 1 bar fm /n] i Inside
m Mass [kg] in Ingoing property
m Mass flow [kg/s] 0 Outside
N Number of branches [-] out  Outgoing property
p  Pressureifference [Pa] P Pipe
T Temperature C] ret Return
t Time [s] sup Supply ,
U Overall heat transfer coeff. [W/mK] Surt Surrounding
T Temperature
v Volume [n? ] transp Transport
\Y Volume flow [m? /s] W Water
Xorop  Proportional band’[ C] wall Heat exchanger wall

"Corresponding author. Phone: +46 46 22 29273,
Fax: +46 46 22 24717, Tommy.Persson@vok.lth.se
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Introduction water in a pipe section is studied. By formulating
a heat balance for the water in a pipe section and

A typical domestic hot water (DHW) system in a  then differentiating it the following expression is
residential building consists of a DHW heater (1), gptained, Persson [1]:

distribution pipes (2), circulation pipes (3), a

circulation pump (4) and connecting pipes (5), 1 = =
Figure 1. The water is circulated through a number _t( W’O‘“) - M,Cy -"“VJCRW(TW‘“STWO”JS
of risers situated at different distance from the i

heater in the building. As pressure losses increase Toin + Twout - 8°
with increasing distance from the heater, the water : 2 o1,

flow distribution among the branches will be

uneven unless hydraulic balancing has been Next an energy balance for the pipe wall can be
employed. If the same temperature level on the formulated, and by differentiating we obtain:
return from all the branches is to be kept, the

circulating flow in the outermost branches must be 1 @ Toin * Twout &~ 8 &
higher than the flow in the branches closer to the _t(TP) “mec. © wp 2 STD©S
heater. This is due to the temperature drop along pRp T
the system caused by heat losses. This topic is p_Su”AO’p(TpSTSu”) ‘1’/4 2)
treated more extensively in Wollerstrand &
Persson [2]. In (2) heat conduction within the pipe wall is
Risernbr: 1 ) 1 1 disregarded and fche mean temperature difference
' T between the medium and the pipe is based on the
/.\/‘ N s N arithmetic mean value of the inlet and outlet water
OF P temperatures. By modeling the pipe according to
@ Y (1) and (2) it is assumed that the water is being
¥ - - perfectly stirred. One negative aspect of this
v | ! ! assumption is that water having the inlet

Thermostatic valve

|
4)
2PN _@J_<_I_\ ------ R temperature when entering the pipe will have an
\ @ immediate influence on the outlet temperature.
VDHM{ Vorwe This is not physically correct and therefore the
VDHW

inlet temperature should be delayed. The transport

_ o _ _ time for the flow through the pipe can be
Figure 1 Principal scheme of a DHW circulation  cajculated as, Persson [1]:
system
Vp
Yransp = 3)

Description of the components in a transp =

DHW circulation system However, due to the heat exchange between the
The DHW system studied in this paper is shown flowing water and the pipe wall the temperature
in Figure 1: It consists of a heat exchanger, pipes, front will propagate somewhat slower th&ghsy
thermostatic valves and a pump. In this section As a measure of the difference in transport
these components are described mathematically velocity between the temperature front,and the
and it is shown how they are implemented in flow, , Larsson [5] defines:

Simulink®. The mathematical descriptions are

based on previous work by the authors and by p-_T 4)
others as well; for a more detailed discussion cf.

Persson [1], Gummerus [3] and Hjorthol [4]. F is <1 and decreases as the ratio between the pipe

wall thickness and inner diameter increases.
According to (4), the transport time for the
Both when modeling pipes and heat exchangers temperature front is obtained by dividing the right
the components are divided into a number of hand side of (3) by¥. In Simulink® this can be
sections. By writing energy balances for each implemented as shown in Figure 2.

section the components can be modeled. First the

Pipe model
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Figure 2 Implementation of transport time for
temperature front in Simulifik

Treating the pipe wall as given by (1) and (2)
results in a significant computational time. Thus,
depending on the type of investigation made it
could be desirable to make a simplification and
disregard the pipe wall. Equations (1) and (2) are
thereby replaced by:

) e—};nv\f."nW(Twin

1

MyCp,w

Tw,in + Tw,out éT
2

surr . »
Ya

ST

S

w oul)

_t (Tw,out

0]

U 5)

In Figure 3 is shown how (5) can be implemented
in Simulink®. In (5) a Logarithmic Mean
Temperature Difference, LMTD, between the
medium and the surroundings can also be used. If
the surrounding temperaturé,,,, is regarded as
constant a look-up table can be used for deciding
LMTD. The wuse of a look-up table is
advantageous considering computational time.

Figure 3 Implementation of (5) in Simulifik

Since the pipe wall is not considered in Figure 3 a
“Transfer Fcn”-block, as shown in Figure 2, can

201

be used for introducing sme additional inertia to
the system. The physical interpretation of this time
constant is that it repredsrthe thermal inertia of
the pipe wall.

Heat exchanger model

The mathematical formulation of a heat exchanger
and a pipe is quite similar. For the heat exchanger,
equations must be formated for hot water flow,
cold water flow and for the wall separating them.
By formulating energy balances for these three
parts and differentiating the following equations
are obtained:

1 - o~
_t(Tc,out) :ch 1’1’160'3 c(Tc inSTc ou) S
p,C
T. +T . o
A C’"‘—C’OMST\MJ," » (6)
2 ©vy,
—(Toow) === MG (T ST o) S
t h,out m1c . = h¥ph hin h ou
P,
TointThout <. 8°
hA h,in h,out STwa||" > (7)
2 ©vy,
1 a Toin + Thout x 8.
_(Twan):— «pA MSTwaII” S
t Myai Coanl = 2
T . +T g °
CA c,in c,out STV\B”" » (8)

Oy,

Considering the fact that many of the terms in (6)
—(8) are identical, the equations can quite easily be
implemented in Simulidk If reduced computatio-
nal time is considered essential mainly elementary
blocks such asSum” and“Product” should be
used. The temperature fronts for the hot and cold
water flows within the heat exchanger should be
delayed, as in the case with the pipe in Figure 2.

When approximating the temperature profile to be
linear, as in (6) — (8), the heat exchanger must be
divided into sufficiently many sections so that the

theoretically correct temperature profile, which is

logarithmic, can be accurately estimated.

However, the computational time increases with

the number of sections and for this reason not too
many sections should be wused. For most
applications a suitable choice is to divide the heat
exchanger into 3-5 sections, Persson [1].
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Pump and thermostatic valve models and consists of a 1-D look-up table describing the
pump characteristics. The input to the look-up
table is calculated flow and the output is
differential pressure across the pump. The
interaction with the rest of the model then results
in a new flow and so on. For a variable speed
pump a 2-D look-up table can be used with the
additional input of speed.

Thermostatic valves used in DHW circulation
systems are normally self-acting and linear. In
Figure 4 is shown how such a valve can be
modeled. This model will be discussed next.

Calculation of flows in a DHW
circulation system

Figure 4 Thermostatic valve model In this sect?on two methods of c_alculating floyvs in

) _ _ ~a DHW circulation system will be described.
Since the valve is self-acting no actuator is From this kind of systems water is frequently
needed, and as a consequence the main inertiagrawn off in the tapping-cocks. The size of the
within the controller is due to the time constant of extracted flows is here regarded as known and is
the temperature sensor. Hjorthol [4] has shown input to the calculations. Before the methods are
that sensors placed dlreCtly In fIOWIﬂg water with described some generaémy will be reviewed.
an adequate accuracy can be described only by a
single time constant. Due to internal friction in the  For fully turbulent flows the relationship between
valve there is always some degree of yolume flow and differential pressure across a

play/hysteresis within # valve. To reduce wear  component can approximately be expressed as:
of the valve some hysteresis can also be

introduced deliberately. V=k  p (10)

The proportional bandyep, is a measure of how  Where (for linear valvesk, = ks z
large the control erroe=Ts— T, must be for the

, , l.e., the volume flow is proportional to the square
valve to fully open and is defined as: Prop a

rot of the differential pressure and the
9) proportionality factor isk,. For valves thek,

value is frequently used to describe the capacity of
The valve opening degree, must be within the the valve at 1 bar pressure drop. It should be noted
limits 0-100 %. Apart from this also some that throughout this paper all components are
minimum opening degree > 0% is sometimes defined by flow capacity, which should not be
introduced in order to facilitate the control. If an confused with flow resistance. By using (10) the
actuator had governed the valve position also the equivalentk-value for N components connected
movement rate of the valve should be limited in parallel/series can be calculated as, Persson [1]:
using a‘Rate limiter”-block.

X prop = TZZO% STz=100%

N
=1 k. 11
Once the valve position is known the K.eq parate A (1)

corresponding kvalue can be decided. In Figure

4 the valve is linear and the currentvalue is Ky eq series=
obtained as the valve position times thevélue

for a fully open valve. If the valve is not linear a

look-up table containing the valve characteristics

can be used. Once the-walue of the valve is

known the flow can be calculated using (10) (see Method for calculating flows based on an
below). analogy to Kirchoff's law

(12)

Schematically the DHW circulation system as in

Pumps used in DHW circulation systems are Figure 1 could be regarded as:

normally run at constant speed. The pump model
used in the DHW circulation model is very simple
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Branch nbr: 1

Figure 5 Schematic sketch of a DHW circulation
system

Now study one of the branches (risers) in Figure
5. In detail each branch can be represented in the
following way:

Vor,
Kv,br,i1 l
VDHW,i
. —>
Kuriz —T Extraction point
Ky.br,3 l ; Variable flow resistance
Vi, SVDHW,i ><1 Flow resistance in pipe

Figure 6 Details of one branch in Figure 5

The pressure drop across a branép,;, where
flow is extracted in one point can be expressed as:

pbr,i:
Vbr,i

por i 1+ Q)r i 2+ Qr i 3=
2 ~ 2 ~ 2
o a a
\?br,i SVDHW,i Vbr,i SVDHW,i —
+ « T
I<v,br,il 4 I‘/br i3
a a? o a?o a? o
Vori + M @ + Vi @ 47

« = »
I<v,br,il 4
1

« » K =D K
K/,br,iz 4 Y, K/briS‘ﬁ %kv,br,i,eq(ﬁ Ya
From this we obtain:
kv,br,i,eq =
\/ kv,br,il‘ﬁ
\ i SVDva,i

Where: a=—2

o}

»

Ya

«

W P24
« Koo, «

1

a2

a% a%

& 3
K K »
K/,br,ich Y K/bria-”q Ya

+

(13)

br,i

Once the equivalent kalue for each branch,
Kvrieq IS known the next step is to calculate the
equivalent lkvalue for the whole system. The
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calculations start at the outer-most branch, cf.
regionA in Figure 7.

l\ll N
L Vor D Vor
s, L, A
- - >} _
kv,sup,N-l l I(v,sup,N l
B
/
kv,br,N-l,eq X kv,br,N,eq X 4
_C
I(v,ret,l kv,ret,z
T e
: (Vbr,j SVDHW,j) : (Vbr,j SvDHW,j)
j=N& j=N

Figure 7 Calculation regions

The equivalent kvalue for this region can be

calculated according to (13). Note that the
extracted flow in branch N has already been
considered when calculating kn.eqand is not to

be accounted for again in the term corresponding
to the pressure drop in the branch. However, it
should be accounted for in the term corresponding
to the pressure drop in the return pipe. We obtain:

1
kveq,A=
* 2 2, 2
! i"‘ 1i s Cn i( 0» o»
kv,sup,N‘G kvl;)r Ness ¥, K/ JetN& ¥, a
NO
: )(Vbr,j SVDHW,])
i=N¥4
Where:c, =" - (14)

o

Vbr,j

» N

Ya
For region A, §= a, but otherwisece g if water
is extracted in a branch j>i. Oncecka has been
formulated the equivalent,«alue for region B
according to (11) becomes:

i

(o]

J"\/,eq, B~ I(v, br, NS1, eq+ k vegA (15)
Y,

The next step is to calculatgkcand since this is
a direct analogy to the formulation ofka it is
only stated that:
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1

2 2
— i a“~ )
I(VrEqrc - 2 2 2 I I N V I § ° + Vbr,i § + ’
1 a 1 a OC _a o |° brpk kv,sup i« S@ K\‘— s ”
« & NSL » =1 §:l <—<| - 'br"1© 1 i}

+ > «
k\/,SJp,Nél‘ﬁ kv,eq,B [ K%,NQ‘G P/

2

s 2 -
Vbr,i SVDHW,i§ + Vbr,i S%HW,i? +

\ "
) : = (Vbr,j SVDHW'j) I<V,br,i2 © Kl,br,i3 © 31 1
Whereicyg =17 a o, g/ ek
: ) Vor,| : (Vl=,’k SVDHW]k)::©/kV] et €® = Ppump (18)
j=NSL =1 k=j Ko

By performing corresponding calculations for the
rest of the system until j=1, the equivalent k
value for the whole system,,ksem Can be
calculated. With an ovall, known differential
pressure for the systenipsysiem the total flow is
then obtained from (10).

By expressing (18) for branches 1 to N as many
equations as unknown branch flows are obtained,
making it possible to calculate iteratively the
flows in each branch. The method is often called
the Hardy-Cross method.

As the total flow through the system is knowip, Regarding flow direction

across the first branch can be calculated. With In both methods described above the flow
known k-value for the first branch it is possible to  direction is regarded as known. In theory the
calculate the flow through the branch and extracted flow could be of such magnitude that the
consequently the flow that continues further out in flow direction in the return pipe is changed.
the system is also known. In this way the flow However, it can be shown that for correctly sized
calculations propagate through the system until all systems these situations are extremely rare and
flows are known. they are therefore disregarded in this work.

It should be noticed that in the special case when Comparison of flow r_no%els and how to
no flow is extracted from the system, botlaad ¢ implement them in Simulink

become unity. The equations then take the form of The method based on Kirchoff's law and the

a direct analogy to Kirchoff's law, and all flows Hardy-Cross method, as described above, from
can be calculated explicitly. But as soon as a flow 5. on will be called ihe Kirchoff method ana the
is extracted anywhere i_n the system, the equations Hardy-Cross method, respectively. Next will be
have to be solved iteratively. described how to implement the models in
Simulink®. Furthermore advantages and disadvan-

Calculating flows using the Hardy-Cross tages with the two methods are discussed.

method

An alternative method of calculating the flow When water is extracted from the system both the
distribution in a DHW circulation system is to Kirchoff and the Hardy-Cross method is iterative.

simply follow the flow through each branch. In the case when no water is extracted the flow
Starting at the beginning of the system and distribution can be calculated explicitly. Since the

moving along the supply pipe, through a branch, explicit calculations are much more rapid than the
back along the return pipe and finally across the iterative ones it is important not to use an iterative
pump the net pressure drop must be zero when method if not necessary. In Figure 8 is shown how

returning to the point of origin. l.e.: an “Enable” -block can be used in Simulifiko
. switch between the iterative and explicit
Psust Poit Pre®  Ppumz O (17) calculations. By checking if water is extracted or

. i . not and only using the iterative solver when
Using k-values and the notations in Figure 6 and needed the computational time can be reduced
Figure 7 this can for branch numbédye expressed significantly.

as:
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Figure 8 Method to switch between iterative and
explicit flow calculation

If a system only consist of none-variable flow
resistances it should be sufficient to calculate the
flow distribution only once when a flow extraction
starts or stops. This will reduce the computational
time even further. The system modeled in this
paper contains variable flow resistances (i.e. the
thermostatic valves in Figure 1) that change often.
For this reason there is little to be gained from
only calculating the new flow distribution when
there is a change in the system.

In Figure 8 the Kirchoff method is used when no
water is extracted and otherwise the Hardy-Cross
method is used. The Hardy-Cross method is not
directly implemented in Simuliffkand is instead
formulated as a Matl&b function. Using the
command fsolve” in Matlal® the equation system
according to (18) can be solved. An advantage
with using ‘fsolve” is that it is possible to supply
the iterative solver with an initial guess. An
appropriate choice of initial guess each time there
is a change in the system improves stability and
decreases computational time. Here, the initial
guess for the branch flows is chosen as the flow
distribution when no water is extracted (supplied
by the Kirchoff method, Figure 8) plus the
extracted flow in each branch. It should be noticed
that it would also be possible to implement the
Hardy-Cross method directly in Simulifik

When using the Hardy-Cross  method
implemented as a Matl8tunction, the computa-
tional time can be decreased further by using the
Matlab® Compiler command ricc” and convert
the Matlal® function to an S-function. This in
addition makes it possible to use the Real-Time
Worksho, RTW, accelerator (which don't
accept MatlaB functions). RTW normally greatly
speeds up a Simulifikmodel, but due to the S-
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function the speed gain in this case is not as big
when flow is extracted.

Despite the merits of the described methods to
increase the simulation speed the fact remains that
the Hardy-Cross method, when implemented as
described, involves timeensuming calculations.
The reason is the well-known fact that calling
external functions in Simuliffk considerably
slows down the model. Feohis reason one should
as far as possible use elementary blocks and not
use Matlaf§ functions.

If instead the Kirchoff method is used also when
flow is extracted from the system this could quite
easily be implemented in Simulifik Since the
calculations are iterative, a so-called algebraic
loop is obtained. RTW does not support algebraic
loops and therefore the model cannot be
accelerated. Still, since the flow calculation is
performed within  Simulink no external
application has to be called and the computational
speed greatly exceeds the S-function calculations.
From this vantage point the Kirchoff method
appears very attractive, but it has one draw back:
In Simulink® it is not possible to provide the
iterative solver for the algebraic loop with an
appropriate initial guess when there is a change in
the system. If this would have been possible, the
computational time could probably be decreased
further, but above all such a feature could be
expected to improve the stability of the solver.
The latter fact would be desirable since, when
solving the algebraic loop, some stability
problems have in fact been observed. Since there
is an increased risk of numerical problems the
Kirchoff method, when implemented directly in
Simulink®, should be used with some caution.

Computational time

In this part the computational times for some
different types of models are investigated for two
different situations. The ppose of the model is to
calculate the flow distribution for the DHW
circulation system in Figure 1. The system
consists of 12 branches and 12 potential extraction
points. The two situations studied is one case
when no water is extracted from the system (no
iterative calculations needed) and one case when
water is extracted (iterative calculations needed).
The period studied is 24 hours long and, in the
case with extractions, flow is extracted during
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45 % of the time. The flows are calculated using
the models described in Table 1. Models 2 and 3
contain an algebraic loop and can therefore not be
accelerated with Real-Time Workstfop For
models with both explicit and iterative solvers the
latter is called only during extractions. The
computational times for the two cases and the five
different types of models are shown in Table 2.
The computations were performed on an Intel
Pentium 4 2.4 GHz with 736 MB RAM and
Windows XP as operating system. Version 5.0 of
Simulink® was used.

Mnot;jrel Description

1 Kirchoff method (explicit), implemented ip
Simulink®, RTW

5 Kirchoff method (iterative), implemented
in Simulink®

3 Kirchoff method (explicit and iterative),
implemented in Simulink
Hardy-Cross method (iterative) and

4 | Kirchoff method (explicit), implemented gs
a S-function, RTW
Hardy-Cross method (iterative), implemgn-

5 |ted as an S-function, and Kirchoff methofd
(explicit), implemented in Simuliffk RTW

Proceedings of SIMS 2004
Copenhagen, Denmark, September 23-24, 2004

Table 1 Description of models for calculating flow

distribution
Model type 1 2 3 4 5
Comp.time no | o | gys| 28| 25 1.4
extractions [s]
Comp. time with| - _ | 55 1345 7270 7248
extractions [s]

Table 2 Computational times for different cases

According to Table 2 the iterative models are
time-consuming compared to the explicit models,
compare 2 to 1 with no extractions. Also, it is
more efficient to calculate flows within Simulifik
than to call an S-function, compare 4 and 5 to 2
and 3 for the extraction case. It can further be
noticed that the RTW accelerator may speed up a
model greatly when it is possible to use this
facility, compare 1 and 5 to 3 with no extractions.

Conclusions

In this paper it has been shown how the
components of a DHW circulation system can be
described in mathematicidrms and implemented
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in Simulink®. When implementing the models
elementary blocks should be used as far as
possible. Also look-up-tables should be adopted
instead of time consuming calculations within
Simulink®. Two methods of calculating flow
distribution in a system with extraction points are
described. When implementing these methods,
calculations should primarily be performed within
Simulink® since this reduces the computational
time. If numerical problems arise, an equation
solver facility of Matlal§ can be used since this
enables the user to provide the solver with an
initial guess. The equation solver should be called
using an S-function. If possible, the RTW-
accelerator should be used since it may greatly
speed up calculations.
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EVALUATION OF OPERATION CHARACTERISTICS OF THE COUNTER-
FLOW COOLING TOWER — DESIGN AND OFF-DESIGN PERFORMANCE
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ABSTRACT

The heat released from HVAC systems and/or industrial process should be rejected to the
atmosphere. In the past, cooling water was suggtiem tap water or river, and rejected to the
sewerage or the river again. Recently, coneeal methods cannot satisfy either economic
criteria or environmental regulation because the obsupply and dischargef cooling water is
increasing tremendously, and the thermal pollution is regulated severely as well.

Cooling tower enhances its application duelte low power consumption and, especially, low
water consumption down to 5% of the diresfater- cooling system. Heat rejection is
accomplished within the tower by heat and maasstier between hot water droplets and ambient

air.

Counter-flow type cooling tower dominates the r&an market, and is widely used in the
petrochemical industry, iron industry, and HVAGup. However, the design of a cooling tower
depends on the existing data and/or the procedulack of consistency. Design and off-design
performance analysis has not been completed wieich is one of the key parameters in the
cooling tower performance evaluation. In tisisidy, existing theories on cooling tower design

were reviewed and summarized.

A program which computerizes the design procedure has been completed to keep consistency in
the design. The off-design performance analysigiam has been developed to analyze easily the
performance characteristics of a counter-flow tgpeling tower with various operating conditions.
Through the experiments on ri@us operating conditions, the off-design program has been
verified. Finally, the operation characteristics witirious operating conditions were evaluated by

using this program.

Keywords: Counter-flow cooling tower, Operatiatharacteristics, Design condition, Off-design

performance.

1

1. INTRODUCTION

The heat released from HVAC systems and/ or
industrial process should be rejected to the
atmosphere. For example, cooling media such as
water are often used to remove heat from
condenser or heat exchanger of the energy system.
In the past, cooling water was supplied from tap
water or river, and rejected to the sewerage or the
river again. Recently, conventional methods
cannot satisfy either economic criteria or

environmental regulation because the cost of
supply and disemboguement of cooling water is
increasing tremendously, and the thermal
pollution is regulated severely as well.

Air-cooled heat exchanger can be an alternative,
but it requires high initial investment cost and
high fan power consumption. Cooling tower
enhances its application due to the low power
consumption and, especially, low water
consumption down to 5% of the direct water-
cooling system. Heat rejection is accomplished

! *Corresponding author. Phone:+82-51-890-165@;f&2-51-890-2232, E-mail:jyshin@deu.ac.kr

207

WWW.SCansims.org



Proceedings of SIMS 2004
Copenhagen, Denmark, September 23-24, 2004

SIMS 45

within the tower by heat and mass transfer
between hot water droplets and ambient air.

The operation theory of cooling tower was
suggested by Walker in 1923, however, the
generally accepted concept of cooling tower
performance was developed by Merkel in 1925. A
simplified Merkel theory has been used for the
analysis of cooling tower performance and
Lichtenstein introduced a graphical method.
Baker and Shryock tried tminimize the error due

to the assumptions of Merkel theory [1].

ASHRAE developed the cooling tower
performance curves based thie Merkel theory in
1975, and several researchers have paid attention
to the cooling tower performance by numerical
analysis or experiments on the fluid flow
phenomena and combined heat and mass transfer
in cooling tower [2-6].

Counterflow type cooling tower dominates the
Korean market, and is widely used in the
petrochemical industry, iron industry, and HVAC
plant. However, the design of a cooling tower
depends on the existing foreign data and/or the
procedure is lack of consistency. Design and off-
design performance analysis has not been
completed yet, which is one of the key parameters
in the cooling tower performance evaluation.

In this study, existing theories on cooling tower
design were reviewed and summarized. Previous
design methodology of the company is thought to
be lack of the theoretical background in choosing
the characteristic curve of the tower and, thus, the
design point. In this sense, a program which
computerizes the design procedure has been
completed to keep consistency in the design.

The off-design performance analysis program has
been developed to analyze easily the performance
characteristics of a counterflow type cooling
tower with various operating conditions. Through
the experiment on various operating conditions,
the off-design program has been verified.

2. BASIC THEORY
2.1 Merkel equation

rate
the difference between

Heat transfer
represented by

in the cooling tower is
the

208

enthalpy of moist air at bulk water temperature
and the enthalpy of moist air.

Merkel equation describes the heat transfer
characteristics of a filler at the design condition. It
needs several assumptions: (1)effect of
evaporation does not exist, (2)thermal and mass
diffusion coefficients of air/water system are the
same. The analysis combines the sensible and
latent heat transfer between air and water droplets
in the tower.

Total heat transfer rate per unit volume of a
filler(dV) from the interface to the air is the sum
of sensible heats) and latent headfy ).

dgs UgadvT T QD
dg, hgdm hyKadvw oW (2)
Energy conservation principle with  the

assumption that the interface temperature is same
as the air temperature derives the following
equation.

Lc,,dt Kadvh h 3)

Integration of Eq.(3) results in Eq.(4).

KaV f’é prdt (4)
L  hch

2.2 Counterflow type cooling tower

Left-hand side of EQ.(4) is a dimensionless
parameter called NTU(number of transfer unit)
which is the characteristic value of the filler and
represents the heat transfer capacity, that is, the
required heat transfer area. It is a function of air
and water temperature, independent of the size of
the tower or the shape of the filler. Counterflow
cooling diagram shown in Fig.1 is convenient to
integrate Eq. (4). The curves indicate the drop in
water temperature (Point A to Point B). The
temperature difference between the water entering
and leaving the cooling tower(A-B) is the range.
The difference between the leaving water
temperature and the entering air wet-bulb
temperature(B- C) is the approach of the cooling
tower.
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Enthalpy (kJ/kg)

Water temperature (C)

Fig. 1 Enthalpy-temperature diagram of air
and water

The equations are not self-sufficient, therefore,
Tchebycheff integration is applied to get the
approximate value.

5 Cpwdt
t hch

lcwti t,

pw *1

where is the air enthalpt the interface with bulk
water temperature, and means the air enthalpy
with the air stream temperature.

The enthalpy of point C and D in Fig.1 can be

represented as Eq.(6) based on the energy balance.

(6)

The slope of the air operating line CD equdlS,

the ratio of the water flow rate to the air flow rate.
Packing characteristic curve represents the heat
transfer characteristics of the filler, which is
shown in Fig.2. It is a typical correlation of the
performance characteristic of a cooling tower
showing the variation of availablgaV/L with

L/G for a constant air velocity on logarithmic
coordinates. If the air flow rate decreases with
constant water flow, the heat transfer at the filler
will diminish as in Fig.2.

Packing characteristic curve represents the heat
transfer characteristics of the filler, which is shown

209

Fig. 2 Characteristic curve of a cooling tower

in Fig.2. It is a typical correlation of the
performance characteristic of a cooling tower
showing the variation of availablgaV/L with
L/G for a constant air velocity on logarithmic
coordinates. If the air flow rate decreases with
constant water flow, the heat transfer at the filler
will diminish as in Fig.2.

The cooling tower characteristic curve in Fig. 2
corresponds to the following relation from the
experimental results [7].

Kav g "§ .

c— (7)
L Al Al
where A is the frontal area, and, m,andn are
experimental constants.

3. DESIGN AND OFF-DESIGN ANALYSIS

3.1 Design analysis

The design procedure of a cooling tower is as
follows;

(DInput design conditions: water inlet & outlet
temperature, water flow rate, air inlet temperature.
(2)Assume the ratit/G, and evaluate the exit air
enthalpy using Eq.(6).

(3)Calculate required NTU from Eq.(4).
(4)Calculate characteristic NTU from Eq.(7).
(5)lterate until the required NTU equals the
characteristic NTU.
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(6)Set design NTU. Table 1 Design data (base case)

3.2 Off-design analysis Item Unit
Off-design performance analysis is required to Circulation water flow rate | m’hr | 3.9
check whether the equipment operate normally. Hot(inlet) water temp. °C 37
Because the equipment does not always operate Cold(outlet) water temp. | °C 32
on the design condition in the field, the off-design Inlet air wet bulb temp. °C 27
performance analysis is inevitable to the efficient Relative humidity % 60
and energy Sa\/ing operation_ Nominal capacity kcal/hr 19,500

The procedure of the off-design analysis of a
cooling tower is as follows;

(1)Evaluate the ratioL/G at the off-design
condition.

(2)Evaluate the exit air enthalpy by assuming inlet
water temperature.
(3)Calculate outlet
approach.
(4)Calculate required NTU using Eq.(4).
(5)Evaluate characteristic NTU with characteristic
curve of design stage.

(6)lterate until the required NTU equals the

(7)Set corresponding/G and characteristic NTU.

3.3 Verification

Field test was run to verify the off-design
performance analysis procedure. The temperature
of the water reservoir is raised to a setting value.
The heated water is drawn into the tower and
cooled by air. Flow rate and inlet & outlet
temperature of water, and temperature and
humidity of inlet air are measured.

The design data used in the test are summarized in

war temperature and

characteristic NTU. Table 1. The capacity of the tower is
Table 2 Off-design performance ddéxperiment and prediction)
Design condition Case | Case Il Case Il Case IV
Water flow rate(x1®m?/s) 0.9 3.0 2.98 3.02 1.1
Inlet air dry bulb tempSC) 32.8 27.2 29.3 25.4 26.7
Relative humidity(%6) 70 64 40.3 34.7 50
Inlet air wet bulb temp3C) 28.1 22 19.6 15.6 19.3
Hot water temp.{C) 40 38 39 30 34.5
Cold water temp.(Exp°C) 34 34.5 35.4 28.5 30.4
Cold water temp.(Cal’C) 34 36.1 35.8 27.8 30.9

Table 3 Comparison of the design data (curcaltulation, CTI Bluebook, company’s own design)

Iltem Unit Case | Case I Case | Case IV Case V
Circulation water flow rate m>/hr 680 600 772.5 800 220
Hot water temp. °C 53 45 43 37 43
Cold water temp. °C 35 35 32 32 32
Wet bulb temp. °C 27 28 28 27 28
Cell quantity ea 1 5 3 2 2

(L/G)ca/(LIG)cm 0.975 1.033 0.932 0.993 932

(NTU)ca/(NTU)cr 0.969 0.944 1.006 0.962 1.006

(L/G)ca/(L/G)company 1.625 1.188 1.186 1.15 1.717
(NTU)ca/(NTU)company 1.409 1.245 1.275 1.268 1.53
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19,500kcal/hr, which is designed by the DHTech
corporation, Korea(Model No. DCT-5R).

Both measured and calculated outlet water
temperature are represented in Table 2, and it
shows that the off-design analysis predicts the
performance fairly well. By comparing the
measured and predicted values, the design and
off- design analysis procedure is verified.

Existing design data and the results of this study
are compared in Table 3. Existing design data,
hand calculated data using CTI Bluebook, and
data from this analysis program are shown. CTI
Bluebook is the handbook for the design of
cooling tower, say, NTU by CTI(Cooling Tower
Institute) of U.S.A.

Results of this study are well consistent with the
data of CTI Bluebook, and also predict the
existing data with moderate error. The existing
data are relatively subjective because the selection
of the characteristic curve is dominated by the
design engineer. Case | and V of the existing data
are far away from the CTI Bluebook and this
study. This seems to be due to the engineer's
choice on the factors irrelevant to the thermal
performance of a cooling tower such as the size of
the tower and fan consumption.

The selection of the characteristic curve in Fig.2
changes everything such as thermal performance,
cost, and power consumption. This is the reason
why the design procedure should be computerized
to prevent the engineer's subjective criteria.

3.4 Off-design performance of a cooling tower

It is very difficult to maintain the actual operating
conditions of a cooling tower at the design
condition. Also the off-design performance on the
various operating condihs should be provided
to the customer. The impance of an off-design
performance analysis cannot be overemphasized.
Through the validation procedure of the current
study, the performance characteristic of a cooling
tower with various operating conditions is
reviewed in the following sections. The design
data in Table 1 are used as the reference condition.

3.4.1 Variation of wet-bulb temperature

The influence of a wet-bulb temperature on the
performance of a cooling tower is studied under
constant water flow, affow, and water inlet
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Inlet air wet bulb temp. (C)

Fig. 3 Effect of wet bulb temperature on the
exit water temperature

temperature. Water outlet temperature as a tower
performance is represented in Fig.3. Also air flow
rate is changed by 20% from the design point.
Even with the wide range of wet bulb temperature
change more than I5, water temperature varies
within a relatively small range, 5 6 E .
Considering that the heat capacity of water is
much higher than that of air in cooling tower
operation, it can be predicted that the effect of a
wet-bulb temperature on the water temperature is
not so critical.

Water outlet temperature decreases and the effect
of the wet-bulb temperature becomes more
sensitive with increasing air flow. When the wet-
bulb temperature is too high, little effect on the
performance is seen even with 20% increase of air
flow.

These trend will be different for each cooling
tower and each operating condition, respectively,
so it should be suggested to the customer that the
off-design analysis be done to predict the extent
of change. For example, it could be suggested that
increasing air flow be not helpful on the
performance if the wet-bulb temperature of inlet
air is above a threshold value.

3.4.2 Variation of range of water temperature
Cooling performance with range of water is
shown in Fig.4. Larger range means higher water
outlet temperature. This means that increasing
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cooling load can be met by the larger range for a
given heat exchanger. If the range is changed, the
user has to set the water inlet temperature to a
different value for the required performance.
Water outlet temperature decreases with
increasing air flow.

3.4.3 Variation of water flow rate

The effect of a water flow on the performance is
represented in Fig.5. Even with20% variation
of water flow, the outlet water temperature
changes within E.

35
% sor . air flow rate
— = AcaV
—QQQaV|
= = =QcaVv
25

2 3 4 5 6 7 8
Cooling range (TC)

Fig. 4 Effect of cooling range on the exit
water temperature

35
—— -_E—%
< 30 air flow rate
A — -/\Cav
- om -Qcav
25
-30 =20 -10 O 10 20 30

Water flow rate variation (%)

Fig. 5 Effect of water circulation rate on the
exit water temperature
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Cooling capacity becomes higher with increasing
air flow, but it does not practically change when
the water flow rate increases about 20%.

Sensitivity of such parameters on the cooling
tower performance will be different for each

cooling tower, therefore off-design analysis is

inevitable and the feedback of actual performance
data from the field is also necessary for the setup
of a characteristic curve of a cooling tower.

4. SUMMARY

(1)Cooling  tower design  procedure s
computerized and the results are compared with
existing design data. The procedure is necessary
to prevent the subjective judgement of a design
engineer and the appropriate selection of a
characteristic curve is also important.
(2)Off-design analysis isetup and verified. This
can be used for the evaluation of a cooling tower
performance on every different operating
conditions.

(3)The effects of some parameters such as wet-
bulb temperature, water flow, range of water
temperature are studied by off-design analysis.
The changes of inlet air wet-bulb temperature and
range of water temperature affect the cooling
tower performance considerably but the effect of
water flow on the performance is not so high. Off-
design performance should be carefully reviewed
at the design stage because it will be different for
every equipment and operating condition.

NOMENCLATURE

A :frontal area [m2]

a : area of water interface per unit volume
[m?/m?]

: specific heat [kJ/kg ]

: mass flow rate of air [kg/s]

: enthalpy [kJ/kg]

: overall mass transfer coefficient [kg/$Jm
: mass flow rate of water [kg/s]

: mass [kg]

: heat transfer rate [kJ/s]

. dry bulb temperature []

: water temperature []

- overall heat transfer coefficient [kKW/m]|

: cooling tower volume [}

<C—T-HLeZrxIonL
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W : absolute humidity

Superscripts
D : at bulk water temperature
N : at interface

Subscripts

a :air

G : between interface and air
L :latent heat

S :sensible heat

w : water

=

,2: inlet and outlet of cooling tower
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ANALYSIS ON THE PERFORMANCE OF SHELL-AND-TUBE
HEAT EXCHANGERS WITH CONVENTIONAL
AND SPIRAL BAFFLE PLATES

Young-Seok Son* Sung-Kwon Kim? and Jee-Young Shih
School of Mechanical Engineering, Dong-Eui University
Dept. of Mechanical Engineering, Graluate School, Dong-Eui University
995 Eomgwangno, Busanjin-Gu, Busan, 614-714, Korea

ABSTRACT
In a conventional shell-and-tube heat exuler with vertical baffle plates, fluid
contacts with tubes flowing up and down in a shell, therefore heat transfer is
deteriorated due to the stagnation portions occurring near the contact regions of the
shell and baffles. It is, therefore, nea@ysto improve heat exchanger performance by
changing fluid flow in the shell. In thistudy, a shell-and-tube heat exchanger with
spiral baffle plates is considered to irape the performance of the conventional shell-
and-tube heat exchanger. In this typehefat exchanger, fluid contacts with tubes
flowing rotationally in the shell. Therefore, it could improve heat exchanger
performance considerably because stagnategions in the conventional shell-and-
tube heat exchanger could be eliminat€éde shell-and-tube heat exchangers with
conventional and spiral baffle plateseasimulated three-dimensionally using a
commercial thermal-fluid analysis code, CFX4.2, and the results are compared. It is
proved that the shell-and-tube heat exchamggr spiral baffle plates is superior to the
conventional heat exchanger in terms of heat transfer.
Keywords:Heat exchanger performance, Sheltdube heat exchanger, Conventional
baffle plate, Spiral baffle plate.

1. INTRODUCTION They are widely used in process industries, in
Heat exchangers are devices that provide the flowPOWer plants as condensers, steam generators, and
of thermal energy between two or more fluids at fé€d water heaters, and in air conditioning and
different temperatures. Heat exchangers are used if¢frigeration systems [1, 2].

a wide variety of applications such as power The thermal and flow analyses of heat exchangers
production, process and chemical industries,nNave been performed [3, 4]. The flow and heat
cooling of electronic systems, environmental transfer characteristics of a conventional shell-and-
engineering, waste heat recovery, manufacturingtub® heat exchanger have been studied
industry, air conditioning, and refrigeration. experimentally [5-8] and numerically [9, 10].

There are many types of heat exchangers. A shellln shell-and-tube heat exchangers, vertical baffles

and-tube heat exchanger is built of round tubesr® installed in the shell side to increase the
mounted in a cylindrical shell with the tubes convection heat transfer coefficient of the shell-

parallel to the shell. One fluid flows inside the Side fluid by inducing turbulence and a cross-flow
tubes, while the other fluid flows across and along VE!OCity component. Also baffles support tubes for
the axis of the shell. Shell-and-tube heat Structural rigidity, preventing tube vibration and
exchangers offer great flexibility to meet almost S299ing. However, the stagnation area occurring
any service requirements. They can be designed foP€2ar the contact regions of the shell and baffles in a

high pressure difference between fluid streams.conventional shell-and-tube heat exchanger has an
unfavorable effect on the heat transfer between the

*Corresponding  author.  Phone:+82-51-890-1648, Shell a_nd tube sid_e fluids. Fins are attacheq to the
Fax:+82-51-890-2232, E-mail:ysson@deu.ac.kr tubes in order to increase heat transfer efficiency,
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but there exists a limit in the enhancement of heat

Fluig ~ Baffle Fluid
exchanger performance. G Plate Shell
The efforts to improve the shell-side flow Coolant
characteristics are made using the spiral baffle
plates instead of vertical baffle plates in a
conventional shell-and-tube heat exchanger. The
new design of the shell-and-tube heat exchanger
with spiral baffle plates is proposed to eliminate
the stagnation area in the shell-side flow in a o Flow Stagnation region
conventional shell-and-tube heat exchanger. Tube  Pass
Rotational flow in the shell side caused by the gigyre 1: Conventional shell-and-tube heat
spqul baffle plates ellmlnates_ th_e_ stagnation region exchanger with vertical baffle plates
and improves heat transfer significantly.
In this paper, three-dimesional numerical analyses
are performed for the shell-and-tube heat Plate
exchangers with conventional and spiral baffle Fluid \ / Fluid

Coolant

Baffle Shell

plates using the commercial thermal-fluid analysis
code, CFX4.2 [11]. Shellnal tube side flow fields,
pressure drops, and heat transfer characteristics in /

Coolant

the heat exchangers are analyzed. The results of
the shell-and-tube heat exchanger with spiral baffle

/ \ Coolant

plates are compared with those of the conventional SFay Flow
shell-and-tube heat exchanger. PiPe  T4pe Pass
2. NUMERICAL ANALYSIS Figure 2: Shell-and-tube heat exchanger with

spiral baffle plates

2.1 Numerical model

Shell-and-tube heat exchangers are built of round

tubes mounted in a large cylindrical shell with the

tube axis parallel to that of the shell. In a

conventional shell-and-tubbeat exchanger with

vertical baffles, the shell-side stream flows across

pairs of baffles, and thdtows parallel to the tubes

as it flows from one baffle compartment to the next

as shown in Fig. 1. The stagnation region occurring

in a conventional shell-and-tube heat exchanger

has an unfavorable effect on the heat transfer

between the shell and tube side fluids.

The spiral baffle plate is one of the methods to

improve the shell-side flow characteristics. The

baffle has a spiral shape like a screw and does notigyre 3: Schematic internal view of the shell-and-
shell side rotates circumferentially along the spiral plates
baffle plate, and it contributes to the elimination of

the stagnation region and enhancement of the headhe|| pass and four tube passes system is assumed,

transfer significantly. _ _ and there is one tube per tube pass
Fig. 3 shows the basic model with 7 spiral baffle

mm, and the physical dimensions are same as those  ¢gnditions

of the conventional heat exchanger, shell diameterrhe model of CFX4.2 uses conservation of mass,
and axial Iength of 114.3 mm and 667 mm, tube momentum’ and energy pr|nc|p|es
diameter and thickness of 28.4 mm and 2 mm. OneThe continuity equation is
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wW . ¢
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W 1)
The general momentum equation is
&
& & &
W W B Y )

where | is the stress tensor as in equation (3).

v PGZ% N
3

&
where ( is the fluid density,U is the fluid

L& &
Pi’ UG P U

velocity, t is the time, andB is the body forceP
is the pressure,/ is the viscosity, and/ is the

For the boundary conditionsiniform velocity and
temperature are given at the inlet boundaries of
tube and shell. Pressures are given at the outlet
boundaries, and the gradients of other variables are
set to zero. Inlet velocity for turbulent case is set as
ten times higher than that of laminar case.
Boundary conditions are summarized in Table 1,
and water flows in both tube and shell sides.

2.3 Numerical method

CFX4.2 uses finite volume method [12], and the
SIMPLEC algorithm [13] is employed. The
discretized equations are under-relaxed using the
relaxation factors 0.7 and 0.65 for energy and
momentum equation, respectively. Orthogonal
coordinate system and body fitted grid are used for
computation. The grid shape is also important in
the accuracy of the solution. CFX4.2 employs
multi-block grid structures and uses elliptic
smoothing that provides smooth meshes to ensure

Proceedings of SIMS 2004
Copenhagen, Denmark, September 23-24, 2004

bulk viscosity. The k- Hturbulence model is . -
included. good grids of smoothness and near orthogonality
The energy equation is [11]. During computation, it is assumed that the
convergence is reached when the error in
WA & . W continuity, the mass source residual which is
W "TUH KT W (4)  defined as equation (7), has fallen below 0.1.
whereH is the total enthalpy(static enthalpy plus R : ‘ : ap)w D ay) p‘ 7)
kinetic energy) as shown in equation,(B)is the all domain
static enthalpyk is the thermal conductivity, and
is the temperature. Table 1: Boundary conditions
1 Unit | Laminar | Turbulent
H h ZU?
2U ) Tube uvVv | m/s 0 0
inlet W | m/s | 0.07893 0.7893
Thermodynamic equations of state are added to| M€ K 303.15 303.15
solve these sets of equations &s (T,P , Tube p Pa 0 0
h hT,P . Heat conduction equation for solid | Outlet St . .
regions is as follows. ’ m’s
g Shell [V [ “mis | -0.03316 -0.331€
w Mo KT 0 ©) T K 373.15 373.15
W ° shell 1 p 1 py 0 0
outlet
Table 2: Summary of grid independence study
No. of No. of | Computation Mass balance (kg/s) Energy balance (W)
cells iteration | time (days) | Inlet | Outlet | Error (%)| Inlet| Outlet Error (%
166,976 600 7 0.5643 0.5643 0.0 94855 93717 1.2
214,208 1400 18 0.3069 0.3069 0.0 75370 74710 0.8
276,540 1000 21 0.3070 0.3070 0.0 75370 71080 5.6
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3. RESULTS

To select appropriate number of cells guaranteeing

accuracy and efficient computation time, grid

independence study has been performed. Table 2

shows the effects of the number of cells on the

results. As seen in the table, the coarse grid G
provides small error in the mass and enthalpy (a)
balance at the inlet and outlet, however, the

difference in the absolute values between the

coarse grid and the intermediate grid is so ©
significant. Fine grid shows relatively large error in

enthalpy balance because the number of iteration

was limited considering the excessive computation

time. Intermediate grid offers nearly same values

as those of fine grid, and relatively small error in

the enthalpy balance. Therefore, among the coarse,

intermediate, and fine giéd intermediate grid was ¥ Stagnation
selected considering both the accuracy of the region

solution and the computation time.

Figure 4 shows velocity vectors on a transverse . (b)
plane atX = 0.023 m for (a) the whole plane and

(b) Z = 0.237 ~ 0.478 m plane in a conventional Figure 4: Velocity vectors on a transverse plane at

Stagnation
region

shell-and-tube heat exchanger. This plane shows X =0.023 m for (a) the whole plane and
the flow fields in the two tubes and the shell, (b) Z=0.237 ~ 0.478 m plane — with
which is moved by 0.023 m from the center in the conventional baffle

radial direction. As seen in the figure, the tube-side
fluid flows at nearly uniform velocity. The shell-
side fluid flows up and down along the baffle
plates. However, it flows parallel to the tubes
within a baffle window, because the resistance is
lower in the axial direction compared with the
cross-flow direction. Stagnation regions occur near
the contact regions of the shell and baffle plates,
which could partially explain the ineffectiveness of G
heat transfer in the conventional heat exchanger. @

Figure 5 shows velocity vectors on a transverse

plane atX = 0.037 m for (a) the whole plane and

(b) Z=0.241 ~ 0.435 m plane in a shell-and-tube

heat exchanger with spiral baffle plates. This plane

shows the flow fields in the one tube and the shell.

The shell-side fluid flows along the spiral baffle

plates accompanying rotation. The magnitude of

the velocity vector is seen very small in the figure

because only the component in this plane could b \
seen. However, it is also the evidence of the

rotation of the flow field itself along the spiral

baffle plates. Stagnation region seems to be (b)
reduced evidently ascompared with the z

conventional shell-and-tube heat exchanger.
Figure 6 shows velocity vectors on a vertical plane
atZ = 0.15 m in a conventional shell-and-tube heat
exchanger. Again we could observe that the shell-

Spiral baffle

Figure 5: Velocity vectors on a transverse plane at
X=0.037 m for (a) the whole plane and
(b) Z2=10.241 ~ 0.435 m plane — with
spiral baffle
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G
G

Figure 6: Velocity vectors on a cross-sectional
plane aZ = 0.15 m — with conventional
baffle

Figure 7: Velocity vectors on a cross-sectional
plane aZ = 0.19 m — with spiral baffle

side fluid flows up and down along the baffles. The Petween the tube and the shell. The flow vorticities
flow field at the bottom of the shell is quite stable Occurring at the shell side between the tubes
in this cross-section, so the heat transferincrease the heat transfer between the tube and the
enhancement is not substantial. shell. _

For the shell-and-tube heat exchanger with spiralTable 3 summarizes the analyses results for the
baffle plates, the velocity vectors on a vertical Shell-and-tube heat exahgers with conventional
plane aZ = 0.19 m are shown in Fig. 7. The shell- &nd spiral baffle plates. The sizes of tube and shell
side fluid flows rotationally along the spiral baffles, @nd the boundary conditions are all the same. The

Table 3. Comparison of the performance of thdl-simel-tube heat exchangeith conventional and
spiral baffle plates

Type of baffle Conventional Spiral

Flow Laminar | Turbulent| Laminar] Turbulent

Inlet temp.Th,)), K 373.15 373.15 373.15 373.15
Shell Outlet temp.Tho), K 369.55 369.77 369.11 368.64
side Inlet pressurdt;, ), Pa 669 67900 9880 980000

Outlet pressuré, o), Pa 0 0 0 0

Temp. drop(/ Ty), K 3.60 3.38 4.04 4.51

Pressure drop{ P,), Pa 669 67900 9880 980000

Inlet temp.Ty), K 303.15 303.15 303.15 303.15
Tube Outlet temp.T..0), K 325.90 324.13 324.30 326.76
side Inlet pressure®.;), Pa 21.2 1630 35.2 3050

Outlet pressuré. o), Pa 0 0 0 0

Temp. rise( T,), K 22.75 20.98 21.15 23.61

Pressure drop{ P.), Pa 21.2 1630 35.2 3050
Heat transfer rateQ), W 4680 43163 4351 48569
Log mean temperature diff'(T, ), K 56.28 57.37 56.76 55.39
Overall heat transfer coefflj, W/nK 348.0 3148.0 379.5 4340.9
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heat transfer coefficient is calculated as follows.

shell and tube side fluids, even though they

increase pressure drop significantly.

Uu Q/A'T, (8)
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LATVIA BY USING MESAP PROGRAMMING MODEL
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Abstract

In order to develop different energy and fuel production and consumption scenarios and
comparisons in Latvia, sufficiently detailed data characterising energy supply system need to be
collected and analysed. Since there are large regional differences in Latvia regarding energy and
fuel consumption and structure, the data need to be region-specific. Summarised national fuel and
energy balance does not give sufficiently representative overview. Thus information were
collected and used as baseline data for modelling with MESAP model. The results of modelling
process were practised for strategic analysis of energy problems in Latvia. Besides planning
departments of ministries, consulting companies, developmental agencies, research institutions
and energy enterprises can use it.

Keywords:modelling, prognosis

a decision support system for energy and
INTRODUCTION environmental management on a local, regional or
global scale. MESAP consists of a general
Analysis of all programmes and prognosis information system based on relational database
available in Latvia so far show that the issues oftheory, which is linked to different energy
fuel and energy are hardly touched upon. In ordermodeling tools. In order to assist the decision
to develop different energy and fuel production making process in a pragmatic way MESAP
and consumption scenarios in Latvia and tosupports every phase of the structured analysis
compare them, MESAP programme was used [1]. procedure (SAP) for energy planning. MESAP
offers tools for demand analysis, integrated
DESCRIPTION OF MESAP PROGRAMM resource planning, demand — side management and
simulation or optimization of supply systems. In
The Modular Energy System Analysis and addition, MESAP can be used to set up statistical
Planning (MESAP) software has been designed asnergy and environmental information systems to

Phone: +371 9176421, Fax: +371 7089749, E-mail: sesi@rtu.lv
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produce regular reports such as energy balancesalculation module is able to calculate annual
and emission inventories. necessary investments, fuel costs, fixed and
The main design principles of MESAP are: variable costs for each technology, as well as

- centralized data management with & gnacific production costs. It allows calculation

standardized data interface  and ¢ 4 costs of energy system.
information system capabilities;

- flexibility in the time and regional scale;
- avallablllty_ of dlffere_nt sm_table FUEL AND ENERGY BALANCE OF
mathematical methodologies for different LATVIA
scopes of analysis;
- user friendliness concerning data entry, Table 1 summarised data on

: . total inland
;Zgi‘fgﬁgﬁ? checking and  report consumption of fuel and electricity.
- decision support for the scenario technique

through transparent case management. Energy Total Local | Imports
MESAP is based on an independent databasp—RESource
management system. Database collects and stores jall Coal 2.9 2.9
data necessary for the modeling process. Databaselis Wood 3.7 3.7
one of the basic elements or module layers o Peat 1.0 1.0
MESAP. MESAP system includes several moduleg _Heavy oil 6.2 6.2
that can be used for energy planning and analysis. Natural gas 60.0 60.0
Figure 1 shows the architecture of MESAP. With the help  Electricity 17.6 7.4* 10.2
of MESAP moduleéPlaNet, using the built-in scenario Other 6.9 6.9
technology, the possible development of the energy Total 148.3 62.1 86.2

system can be simulated. Modeling of energy

development scenarios in Latvia used this module. 1aPlé 1. Fuel and Electricity Consumption,

2002, PJ [2], [5], [7]

INCA PlaN TIMES PROFAKO X CalQl H
Investment Eneragyeéystsm Energy Sysfem  Operatiopal traCtorGAMS : atoGren=ral *- PrOdUCEd in Hydro POWGI‘ plants
Calculation Simulation| Optimizatio Planning fo Model Equatign
Electricity and Interface Editor ) ) . A )
District Heating Due to rapid increase in oil product prices,
e consumption of heavy oil has significantly
_DATABASE - .
[ Datasheet | decreased over the last few years, and utilisation of
e ] natural gas has grown. Renewable energy
resources accounted for 4lifethe fuel balance of
Latvia of 2002. Share of wood fuel is increasing.
RES-Edit Interf: . . . .
= [emet | Excel,cov, ASCH Utilisation of coal and peat is gradually falling, but
[ Case Managd DataLink there is increase in consumption of other fuels,

including liquefied gas and diesel. These processes

are presented in the Figure 2.

Time Series Navigatorallows the definition of In the electricity balance of Latvia, hydro energy

time series, creation, update, and documentation dekes the major share. The amount significantly

data values.Case Manager allows creation, varies depending on the climate. E.g. hydro energy

description, and registration of scenarios, and t@cgoumed for 407% of the tOth' supply in 19931

carrying sensitivity analysis. For visualisation of 88% in 1998, 43% in 1999, 45% in 2000 and 37%

results, creation of tables and grapAsalyst in 2002_. It_ is assumed that the_ annual average
" roduction in hydro power plants is 2200 GWh or

module is used. Input data and the results can b% C

: .4 PJ of electricity.

imported and exported from/to MS Excel.

Simulation modulesPlaNet-Flow and PlaNet-

Cost calculate energy and emission balance for

any energy system, and the necessary capacities

for energy transformation technologies. Cost

Figure 1: MESAP modeling architecture
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Figure 2: Fuel Balance 1995-2002, PJ

Electricity balance of Latvia in the last few years is

presented in Figure 3.

OHydro B CHP
M Block plants etc. O Small hydro plants
7 — WWind generators B Imports
6 - —
5 _
< 4 -
Z3
2 ,
1 |
O _
1997 1998 1999 2000 2001 2002

Figure 3: Electricity Balance of Latvia, 1997 -

2002, PJ [5]

ENTRY OF BASELINE DATA IN THE

MODEL

Heat Demand

Total heat demand in Latvia increased by 8,5% in

2002, if compared to 2000, and accounted for 7,5

million MWh. Distribution of the demand by
regions is presented in the following Table.

Region 2002
Centrs 3691,8
Kurzeme 938,7
Latgale 14443
Vidzeme 561.,4
Zemgale 552.3
Ziemelvidzeme 3115

Total 7500,0

The following distribution of heat demand among

consumer groups is used:
- industries 29,5%;
- households 63,6%;

- other consumers 6,9%.

This distribution varies in different regions. The
following Table presents distribution of heat
demand among consumer groups in different

regions.
Centrs
Industries 16
Households 64
Other consumers 20
Kurzeme
Industries 27
Households 54
Other consumers 19
Vidzeme
Industries 23
Households 56
Other consumers 22
Latgale
Industries 45
Households 42
Other consumers 13
Table 3: Distribution Efficient
Consumption among Consumer Groups
2002, % [6], [7]
Zieme¥idzeme
Industries 35
Households 43
Other consumers 22
Zemgale
Industries 27
Households 43
Other consumers 30

Table 2: Heat Demand By Regions, Latvia,

2002, GWh
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Table 3 (continued): Distribution of Efficient
Heat Consumption among Consumer Groups in

2002, % [6], [7]

Heat losses

In 2002, heat losses accounted for 17,8% in Latvia.
This amount has been used for all regions.

Fuel types
The following fuel

types are used for the
production of heat in the district heating systems:
natural gas, heavy oil, coal, diesel, peat, and wood.
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Heat is produced in CHP plants and boiler plants. Region Total |Industries| House- | Others
Electricity D d holds
ectricity beman Centrs | 7858] 2969 364f 124p
In 2002, electricity demand in Latvia was 5 046| Kurzeme | 2475 744 1265 467
million kWh, which is by 7% more than in 2000. Latgale 3047 1370 1253 424
Distribution of electricity demand among regions | Vidzeme 2501 750 1066 686
of Latvia is presented in Table 4. Zemgale 1494 372 755 366
: Ziemel- 1690 442 581 667
Region 2002 vidzeme
Centrs 2325,3 Total [ 19065| 6647 | 8566] 3852
Kurzeme 899,6
Latgale 653,2 Table 6: End Consumption of Fuel in 2002,
Vidzeme 436,1 GWh
Zemgale 394,8
Zieme¥idzeme 337 DESCRIPTION OF ENERGY
Total 5046 PRODUCTION SOURCES OF LATVIA

Table 4: Electricity Demand by Regions, GWh In the calculation model, the following energy

producing units are separated as specific processes:
Table 5 shows electricity production and supply CHP plantsTEC-1, andTEC-2 small CHP plants,
sources, and the produced electricity in 2002. hydro power plants of the Daugava cascade, small
hydro power plants, wind power plants, and boiler
plants grouped according to fuel type. If several
fuel types are used, the boiler plant is theoretically

In 2(())(12, electricity losses in Latvia accounted for gy ided into parts. Further in the text, each of these
16.7%. This amount has been used in calculationsygcesses is described in more detail including the

Electricity losses

for all regions. main indicators necessary as input data for the
model.
Total supply 6,5
Electricity production 3,7 TEC-1 and TEC-2
Latvenergo 3,6 TEC-1has four turbine sets, six steam boilers, and
Hydro plant$ 2,4 two water boilers. Installs electric capacity is 129,5
CHP 1,2 MW, and heat capacity - 616 MW.
Block plants etc. 0,1 TEC-2is the largest CHP plant in Latvia. It has
Wind generators 0,002 four turbines and four water boilers. Installed
Imports 2.8 electric capacity is 390 MW, and heat capacity -
1237 MW.
Table 5: Electricity Production and Supply
Sources in Latvia, 2002, TWh Item Unit TEC-1 | TEC-2
_ Electricity output| GWh 240 923
End Consumption of Fuel Heat output GWh 921 1825
Total end consumption of fuel was 19.1 million supplied GWh/ 0.26 0.48
MWh in Latvia in 2002. Of these, 6.6 million were electricity/ GWh
consumed by industries, 8.6 million by householdg, supplied heat
and 3.8 million by other consumers. The following Total efficiency % 72 80

Table presents distribution of end consumption

among regions. Table 7: Main Operation Indicators of TEC-1

and TEC-2, 2002

Small CHP plants

- Latvia has so high electricity losses — the goqqeq the apovemention@&C-1and TEC-2 of

electrical system was built in soviet time and in g
this time were other norms of efficiency the electricity supply companyATVENERGO

1
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there are several other CHP plants belonging to Fuel Efficiency, %
industries and heat supply companies. Coal 0.55
In 2002, these plants produced about@Wh of Natural gas 0.9
electricity. Diesel 0.9
The following Table summarises data on fuel typeg Heavy oil 0.84
in these CHP plants, specified by regions. Peat 0.69
Region | Natural |Heavy oil Peat Wood 0.5
gas Table 16: Boiler Plant Efficiencies, 2002
Latgale 80,5 7.2 12.3 o
Vidzeme 1.0 99.0 0.0 Emission Factors
Kurzeme 19.4 80.6 0.0 The model determines amounts of ,SCO, and
Zemgale 83.0 17.0 0.0 NO, emissions.

In order to find emission factors, the Second
National Report of Latvian under UN General
Convention on Climate Change was used [3].

The indicator of supplied electricity/supplied heat On 10 December 1997, Latvia signed the Kyoto
in these plants, compared T&C-1and TEC-2 is protocol, which requires reduction of greenhouse
rather low - 0.020n average. gas (GHG) emissions. According to the protocol,
Latvia needs to reduce emissions of greenhouse
gases by 8% by the period 2008-2012. CO2
The Daugava Cascade consists of three hydraaccounts for major part of GHG (about 90% in
power plantsPlaviny Keguma andRigas Their ~ 1995). One of the CO2 emission sources is
total installed capacity is 1517 MW. In 2002, combustion of fossil fuel. Heavy oil causes by 37%
output of these hydro power plants was about 2434more SO2 emissions than the natural gas (78:56,9
GWh of electricity. kg/GJ). Combustion of coal makes 95 kg CO2/GJ.
Small hydro power plants and wind power Thgs,_to foster fulfilment of }_<yoto requirements,
plants utilisation of coal and heavy oil should be reduced,

o _ replacing these fuels with natural gas and wood,
On Latvian rivers in 2002, there were small hydro where possible.

power plants with total installed capacity of about

Table 8: Fuel Mix in Small CHP Plants in 2002,
Specified by Regions, %

Hydro power plants of the Daugava Cascade

30.1 MW. Annual output is about 60.2 GWh. PROGNOSIS ON FIXED MODEL
Latvenergo owns a wind power plant in Ainazi, paARAMETERS (ELECTRICITY, HEAT
with total installed capacity 1.3 MW. In 2002, it AND END CONSUMPTIdN) ’

produced 2.1 GWh of electricity. Capacity of the

wind power plant in Ventspils rajons Uzavas
pagasts is 1 MW. Electricity Consumption Prognosis

Boiler plants Table 8 shows electricity consumption prognosis.
. _ _ In the period 2000 to 2020, a small and gradual
In 2002, 4,2 million MWh was produced in b0|Ie_r increase is expected. It will mainly be caused by

pIa_mts of general use, an_d 0.9 r.“'”'O” MWh ~ N the consumption growth in household and service
boiler plants belonging to industries. The following o tors. Life standard will increase, and consumers

Table summarises data on average efficiency Ofiy by more household appliances, and limit their
boiler plants using different fuels.

needs less. No significant changes are expected in the
sector of industry. Consumption will also increase in
other sectors, e.g. commercial sector, transport, street

. lighting.
2 - small CHP plants has very low installed gring

electrical load compared with installed heat load

® - the output of electricity from HPP is low
compared with installed load because the river
Daugava has a small fall, HPP were built in soviet
time, too
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End consumption in households will rise a little due to two

8000 factors:
7000 - Increase in living standard. People will not limit
6000 their consumption so much;
5000 - Part of the consumers using district heating will
4000 disconnect and install their own local heat
3000 sources.
2000 End consumption by other consumers will also increase
1000 due to:

o - New consumers;

200 2% o0 201 2020 - A significant part of consumers of this

- — - : sector will choose local heat supply.
Figure 4: Electricity Consumption Prognosis,

GWh =% ‘Industry —4—Households

00 —#—=Other consumers
Heat Demand Prognosis o T TS o el
Prognosis say, that the heat demand (Figure 5 o
could decrease by about 35% in the period 2000 tg [ st
2020 There are two basic reasons: o ——
l.decrease of the heat load connected to diStCT  opsm—mataieys *
heating systems ; o
2.efficient heat consumption will be reduced 0
significantly by installation of automatic regulation in 00 a5 amo s 20
heat substations. The process is already ongoing, an

it will even speed up due to implementation of heat Figure 6: Fuel End Consumption Prognosis,
meters. Consumption of domestic hot water will be GW
the first to decrease, as installation of DHW regulation|y order to develop different energy and fuel

equipment requires less resource. Efficient heatyroduction and consumption scenarios by using a
consumption for heating will fall when independent \jesap programming model and comparisons in
heating connection will gradually replace current | atia sufficiently detailed data characterising

system. Energy efficiency measures in buildings will energy supply system need to be collected and
also contribute to the reduction of heat consumptiongpglysed.

by reducing the overheating effect.

CONCLUSIONS

12000
11000
10000 —_ The information of energy and fuel production in
8000¢ —_— Latvia were collected and used as baseline data for
7000 . .
80 modelling with MESAP model. The results of
4000£ modelling process were practised for strategic
ook analysis of energy problems in Latvia. Besides
) S R B planning departments of ministries, consulting

2000 2005 2010 2015 2020 companies, developmental agencies, research

institutions and energy enterprises can use it.

Figure 5: Heat Demand Prognosis, GWh

Fuel End Consumption Prognosis REFERENCES
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Numerical Simulation of Combustion Direct Injection Diesel Engines.
Application to Additional Heating Systems.
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Abstract

This paper focuses on the simulated performance and puler@Essions of a direct injection diesel engine.
A zero-dimensional — two-zone combustion modelasadibed and used to develop a new correlation to
predict indicated performance. The combustion maahel its hypothesis are presented first. Numerical
results are then compared with experiments on ectdinjection diesel engine for validation. The model
shows that engine performance is well correlatgith different running settigs. A new correlation to
predict the indicated efficiency is thus proposed anthiigsest is demonstrated. Finally, this study leads to
enhance a simulation tool previously created.

Keywords:combustion modelling, simulation tool, cold start, car heating.

Nomenclature

AHS Additional Heating System T Temperature [K]

BTDC Before Top Dead Center Tm Torque[N.m]

Co Specific heat at constant pressure [J/kg/K] u Internal energy per mass unit [J/kg]
Cy Specific heat at constant volume [J/kg/K]  Ugis Mean piston speed [m/s]

ds Engine bore [m] Y Volume[m?]

Ea Activation energy [J/mol/K] W Work [J]

EGR Exhaust Gas Recirculation X Burned mass fraction [-]

h Enthalpy per mass unit [J/kg]
hy Heat transfer coefficient [W/fK]
k

Greek Letters
Reaction rate constant ffmol/s] '

Variation

LHV  Low Heating Value [J/kg] K Indicated efficiency [-]

m Mass[kg] K Volumetric efficiency [-]

N Engine rotation speed [rev/min] / Equivalence ratio [-]

P Pressure [bar] oy Ignition delay [s]

Q Heat[J] Zmp Engine compression ratio [-]

R Gas constant [J/kg/K] 1 Quantity of air at stoechiometry [kg/kg]
S Area [m?]

corresponding author : e-madledric.garnier@emn.fphone number: (+33) 2.51.85.88, fax (+33) 2.51.85.82.99
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Introduction

PwaII (kW)

The quality of combustion significantly improved
over the last few years thanks to severe
antipollution standards (EURO IV in Europe).
Consumption benefits arus results of reduced
heat losses towards the coolant circuit and the
cabin heating system [1]. During unfavourable
atmospheric conditions, acceptable comfort for the
user is therefore provided with an Additional
Heating System (AHS). Various studies describe
cold start thermal deficit and compare the
effectiveness of several technologies used by
equipment suppliers [1,2,3].

Technical and financial constraints for AHS
development have forced the emergence of
computer aided engineering. The only constraints
remain computing time, flexibility in use and
adaptation to different engines. Pirotais [4,5,6]
developed a complete simulation tool based on a
single zone combustion model linked with nodal
method for predicting available heat flux. Its
objectives were to simulate the effects of different £
AHS and analyse global car behaviour during cold
starts. The interactions between the engine and
cabin heating systems aselved by computing the
instantaneous heat transfer from the combustion

50

RPM

T (N.m)

Figure 2 - Cartography of thermal losses towards

the coolant circuit [5].

—— Standard configuration+thermoplunger on water

- - - - Standard configuration+burner on water

— — -Standard configuration

chamber. The global model architecture (Fig. 1)

requires cartography of heat losses towards the

coolant loop (Fig. 2), depending on engine load
and speed conditions described by a driving cycle.
An example of simulation results regarding a warm
up test is presented in Fig. 3.

Fuel mass Engine speed Mean wall temperature

Me Nm <Tw>

A\ 4
One-zone combustion model
Engine Torque &
Results post-treatment
Nm Y me
T
Cartography ex

Tm Tadm

<Tw>—

Figure 1 - Global model architecture [6].
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-50 -

0 1000 2000 3000

Time (s)
Figure 3 - Predicted impact of additional heating
systems [4].

Cartographies are unfortunately unable to take into
account variations of other mean parameters
(injection timing and profile, mean wall
temperature...) without a fastidious battery of
simulations.

The objective of this study is to enhance the global
simulation tool previously presented [4,5,6]. A “2-
zone” combustion model is developed for a greater
precision and pollutant formation aspects.
Simplified architecture is obtained thanks to a new
correlation linking enginesettings or parameters,
and thermal power lost in the coolant circuit. The
final simulation tool architecture is presented in
Fig. 4.

The first part of this paper describes the
combustion model hypothesis and structure. A
description of experimental set-up used to validate
the model is then demonstrated. The final part
proposes the development of correlations and
perspectives.
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reduce computing time. Future studies will be

Fuel mass, rotation speed, wall temperature, etg... more descriptive on this point.
A 4 Equations
Come(‘)‘rSrte'?;ignnOde” The energy conservation applied to each zone
gives the differential equations of burned and

unburned zones temperature.

Tex
Wind § _dy dq;,u dm dx, -
IMEP - P u, LMy
. dT, © d7 dT d7 a7 (1)
a7 m,.c,,
Figure 4 - Final model architecture.
J § dy dQ, dm dy, -
- P Up—— MMy ——
dT, @ d7 d7 "dT d7: (2
Two-zone model description a7 M,-Cyp
The ideal gas law gives the expression of the
General outlines cylinder pressure.
Two-zone models describe more precisely the p m,.R,. T, m.R.T,
combustion process than single ones because vV 3)
chemical reactions are taken into account. The oy

unburned zone is crossed by the flame front wherelThe mass and volume conservation give relations
products are formed. They are included in theaboutV,, V,, m, andm,.

burned zone, whose temperatigis assumed to V., 4)
be homogeneous (Fig. 5). The pressure is assumed Y
to be uniform in the whole chamber. m m my, (5)

During adm|55|9n, compression and exhaUSt.The burned fractiork, follows the largely used
phases, the gas is homogeneous. Its composition '[?redictive Wiebe's relation, [8]:

assumed to be constant after combustion (the effec

of temperature on molar fractions are not taken 8 8T T M 1
into account). X 1 exp. a,. —— s (6)
© ©'T1 1
Fuelinjector Parameters of this relation arg @ixed at 6,908
for a final burned fraction of 0,999), the crank
Inlet Exhaust angle for start of combustion, and combustion
duration 0. The form factor N} describes the
energy distribution during combustion processes
Burned zone : . . .
% ; Volume that is Gaussian if equal to unity. In the present
Unburned zone——> control caseM,, = 0.9.
Ignition Delay

Ignition delay is defined as the time between start
of injection and start of combustion. Many
correlations are proposed in literature. They are
validated on different kinds of engines and running
conditions. Assanis and al. [9] developed a
correlation based on steady-state and transient
Figure 5 - Two-zone combustion sketch operations for direct injection diesel engines, that

suits to the present studyg, depends on the

Mass losses such as blow-by are thus not takerequivalence ratio, the mean temperaflirgk) and

into account in order to simplify equations and
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the pressureP (bar) over the ignition interval determined within future studies on current

according to the following equation: automotive engines. Wall areas of burned and
_ SE. - unburned zones are calculated thanks to the burned

W 2410°./°% P P exp—2 , (7) fraction correlation presented in Eq. 6, [11].

@R T 2
EJ/R, is held constant at a value given by Watson §5d 2 4V, -
(1980) and used by Assanis. Finally combustion Spu R S N1 VX (11)
starts when condition (8) is reached. ’ ¢ 2 d, -
ty W
dt 8§5d? 4V -
3—— |1 (8) S 25 A 12
0 w2 d, Ve W
Wall temperature Chemistry of combustion

the whole chamber. However, Pirotais showed thatc, | .., fuel with properties found in [12]. The

a unique temperature based on a balance carriedompustion equation is:
out on the 3 main areas of the chamber is

acceptable [6]. The spatiaverage considers the / 21 79 c
piston, the cylinder liner and the cylinder head Kty 0210 Q78N) 0 ¢ CQ

(with valves). The average time is obtained with gHo @N @O @CO
integration of the temperature on the entire cycle. @H, ©H QO QOH (13)
The simulation tool then reconsiders this mean QNO
wall temperature after each cycle for heat losses '
calculation (Fig. 6). where - is the equivalence ratio. GOH,O, N,
and Q come from the complete combustion, CO,
Ni, H,, H, O, OH, and NO from dissociation and
T Combustion model / recombination reactions# represents the mole
<Ty> correlation fraction of the constituent i, andis the fuel
guantity for one mole of products at stoechiometry.
T ) Species conservation relations combined with
o> <4— Global nodal V\}::g equilibrium constants expressions give a non linear
Thead model Ten ~ SyStem solvable with different methods. Olikara

and Borman [13] described a complete method
_ _ using a Newton—Raphson algorithm. This method
Figure 6 - Computation of mean wall temperature s 550 used in this study. Specific heat and molar
enthalpies expressions are temperature dependent

Heat transfer according to relationsf Kee and al. [14].
The expressions of the wall heat transfer and the

convective coefficient are presented in Eq. 9 a”dModeIIing of nitric oxides formation
10. The heat transfer between the cylinder trappedy, the present study the nitric oxide formation is
mass and the surrounding ligas calculated using  g5sumed to follow the largely used extended

the Hoci;gnberg relation [10] (Eq. 10). Zeldovitch mechanism [15]. The following three
P — equations are considered (Eq. 14).
dt hy .S, (T, T, 1) (9) N, O N NO
h, 130(10°%P)%.u,, AT, %V * (10 K, 7,600.expd 38000 (14.2)
) . i
This correlation is relatively well adapted to direct © T
injection diesel engines since high pressure NO OI N O,
injection systems allow reduction in soot particles 19500 . 14.b
formation. Thus the radiative part of heat transfer K, 15 u].OS.T.eXp§-— . ( )
is not taken into account in Eq. 10. However, the ©

convective heat transfer will be accurately
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NO H I N OH Comparison
These measurements are compared to the results of
§ 23650 (14.c) the previously described model. An example of
1 pressure diagrams comparison is plotted in Fig. 7.
ki represents the reactlon rate constants.
Correlations were taken according to Heywood
studies [16].

ky, 2 uU0’.ex p

According to chemical dissociations and assuming
that [N] concentration remains constant, the
evolution of [NO] concetmation is expressed in

Eq. 15.
1d NOV 2@ AR
\% dt :
§ R (15)
© R R:
where
R ki N,2.0, @ > @ Fig. 7 — Comparison between the experimental and
numerical pressure diagrams
R, k,, NOb,o, @ > @ Hmerical presstre diag
R, k;; NO. |-| . @ > @ Computer modelling gives good agreements with
’ experiments for pressure diagrams and efficiency
E N / coefficients. The indicated efficiency, Indicated
NGO, Mean Effective PressurdMEP and volumetric
and indexe denotes equmbrlum. efficiency , comparison are shown in Tab. 2.
Time step Model | Experiment
A 0,1 crank angle resolution gives a good i (%) 50,2 49,7
compromise between computing time and IMEP (bar) 4,9 5
accuracy. v (%) 85,2 85,7

Table 2 — Engine performances comparison
) (1500 rev/min, 40% load)
Comparison of calculated and

measured data In the whole range of tests, the low average error
between numerical results and measured values
Test bench proves reliability of the model.

Any prediction model has to be validated thanks to

diagrams measured on the test bench.Simulation results and correlations
Experimental results on a naturally aspired single-

cylinder direct injection diesel engine are Objectives

available, [17]. The main design parameters areAs already mentioned, the previous simulation
presented in Tab. 1. The complete description ofprogram of Pirotais [6] needs a complete

tests can be found in [17]. cartography of thermal losses towards the coolant
loop. The aim of this study is to remove this step
Constructor Listter — Petter by using a correlation for indicated performance,
Bore 95.2 mm deduced from two-zone modelling results.
Stroke 88,94 mm

Theoretical analysis

D'Splacem?m : 633 C'ﬁ IMEP can be expressed from volumetric
Compression ratio 19.22:1 efficiency, equivalence ratio and indicated
Cooling system Forced air circulation efficiency definitions (Eq. 18-22).

Table 1 — Engine technical features
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LHV P, Each parameter follows a linear dependence with
IMEP K. K. /. VR, T, (18)  engine speed (Eq. 24).
m*® " atm
with b A B-.N (24)
m.. _ wherep represents,, . or -o A andB; are linear
K alr aspired (19) results from fitting database (Tab. 3).
rnair ,atmospheric conditions
N Parameter A B;
j Mieselineced ), (20) 0 53,3 -2,1.16
r.nalir,alspired . 34,6 5,3.16
W, -0 5,9.10° 1.10°
IMEP =% (21) Table 3 — Linear coefficients for Eq. 24
Cc
K Wi 22) Considering the whole range of load and rotation

speed, the maximum error between simulated and
correlated indicated efficiencies remains under

Speed and load variations 10% (Fig. 9).
The experimental design method was applied to
determine which parameters have a significant

I’ndiesel injected * L HV

effect on indicated efficiency. The results revealed 1y~
that speed, load and injection timing have major 104 -
influence. The effect of rotation speed and load are 9l -
studied first. The results are presented in Fig. 8. < ol -
: S |-
1 1 1 -e— 1500 rpm o 7
| | || —m— 2000 rpm 64 -
S0F - - — - —@~ ' ___ )= 2500 rpm|
| —— 3000 rpm 54 -
|
49 4 1
3000

2500 00
Rotation speed [rpr%]0 1500 0  Equivalence ratio [-]

I
co

Fig. 9 — Error between simulated and correlated
indicated efficiencies

Indicated efficiency [%]
N
~

N
o)

This correlation only takes into account speed and
load variations. For combustion engine behaviour,

0.3 0.4 0.5 0.6 0.7 0.8

Equivalence ratio [-] it should be completed by adding other physical
Fig. 8 — Evolution of efficiency with different parameters. Nevertheless the accuracy of the
engine speeds and loads present correlation proves that this predictive

method can be explored.
When the equivalence ratio is under 0.5-06, @ o
efficiency increases with a negative exponential Injection timing variations
trend. It decreases for higher values. Consideringlnjection timing and combustion duration are
transient conditions and low loads during cold startPhysically linked [16]. However the experimental
driving tests, this study focuses on the first part of design method shows that combustion duration has
the curves. a minor effect on indicated performance compared
to injection timing. A sensitivity study on injection
The relation deduced from results for equivalencetiming is then shown.

ratio under 0.5 is given in Eq. 23. Fig. 10 presents the evolution of pressure curves
§ /- with injection timings between 5 and 25 degrees
K K Dexp~ —, (/ 05 (23) BTDC. As is well known, peak pressure increases

© bt with injection timing [7].
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comparison of the effects on emissions can become

e I e A | decisive for the AHS future classification.

| [— 5deg. BTDC |,

! '| — 15 deg. BTDC||

100-----—-7----- /” - ---4— 25deg. BTDC},
| |

| |

| |

Cylinder pressure [bar]
Iy [2] [e0]
o o o

N
o

| | |
| |
| | |
820 340 360 380 400 420
Crank angle [deqg]
Fig. 10 — Pressure diagrams for different injection

timings Fig. 12 — Nitric oxide formation (N = 1500

Fig. 11 shows the evolution of efficiency with the rev/min, 3= 0.5)

injection timing in a larger range. Maximum value . .

appears around 15 deg. BTDC. These results shodeONclusions and perspectives

that injection timing must appear in global

indicated efficiency correlation. Studies are A correlation for the prediction of indicated
currently carried out to define how this parameter efficiency has been demonstrated. This correlation
must be taken into account in the reduced model. was based on numerical results from a two-zone
combustion model detailed in this paper. For the

l l i l 1 direct injection diesel engine addressed in this
50 R i S paper, simulations proved that performance and
§49 77777 S N engine settings can be correlated. Future studies
% ! | | | aim to validate the present method in a larger range
R R AR e of engine types and specially car engines (turbo-
° l l l l : charged, direct injection, etc...). Correlations must
g A also include other parameters such as injection
§46.**"l*""l""*l""*l*""l"* -1 timing.

- ! ! ! ! ! Further studies on the convective transfer
o A coefficient must also be realised. Technical
l l l l l literature proves how difficult it is to well express

0 5 10 15 20 25 30
Injection timing [deg. BTDC] the wall heat transfer. The most accurate
Fig. 11 — Indicated efficiency evolution with ~ correlation must be adapted and validated on
injection timing (1500 rpm — 50% load). turbocharged direct injection diesel engines.
Exhaust Gas Recirculation (EGR) will be taken
Nitric oxide formation into account. Its effects on NO, soot emissions and

As already shown, the main purpose of this paperon engine efficiency must appear in the final

is to predict engine performance. Last objectives ofconclusions of the study. A single fuel injection

this study are AHS development and type was computed here considering the
characterization of their effects on the warm up €xperimental engine equipment. According to real
phase, including emissions. Simulations of NO frends several injections can be used for pollutant
formation are thus computed. An example is givenformation reduction.

in Fig. 12. The diagram trend agrees with

Rakopoulos results [19] and validates the model.

After reduction of the combustion model and its

introduction in the global simulation tool, the
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Abstract

Recent interest in natural refrigeranesstcreated a new impetus for studies of, @®a working fluid in
vapour compression systems for refrigeration andaxiditioning. Two major drawbacks to its use are the
very high pressure differences required across thepoessor and the largdfieiency losses associated

with the throttling process in the refrigeration cydtas shown how these disadvantages can be minimised
by the use of a screw machine both to compresgdbeand use the expansion process to recover power.
Both these functions can be performed simultaneouslygwsily one pair of rotors, in a configuration that.
partially balances out the forces induced by the presifierence and hence, reduces the bearing loads to
an acceptable level. A further feature is the us®tois which seal on both contacting surfaces so that the
same profile may be used for the expander and tmpiessor sections. This enables the rotors performing
both these functions to be machined or ground in the same cutting operation and then separated by
machining a parting slot in them. Computational Fluid Dynamics and Structural Analysis are used in this
paper for investigation of the fluid and solid interaction in such machines.

Key Words: Screw Compress&crew Expander, Computational Fluid Dynamics, Mathematical Modelling

Nomenclature

C - turbulence model constants z - axial coordinate
f - body force * - diffusion coefficient
i - unit vector H - dissipation of turbulent kinetic energy
I - unit tensor / - variable
k - kinetic energy of turbulence O - Lame coefficient
m--mass . _ P - viscosity
m - source in the pressure correction equation  k  _ | ame coefficient
p  -pressure - U  -density
P - production of turbulent kinetic energy V - Prandtl number
9 - source t[erm _ 't -time step used in the calculation
Q - source in the energy equation
S - control volume surface Indices
t - time
u - displacement in solid add - added or subtracted
Vv - fluid velocity eff - effective
V  -volume rec -receiver
X - spatial coordinate T - turbulent
Proceedings of SIMS 2004 241 WWW.SCansims.org

Copenhagen, Denmark, September 23-24, 2004



SIMS 45

ducti In this paper, it is shown how twin screw
Introduction machines can be designed to carry out both the

Nearly 20% of the electricity produced in expansior) and compression processes in one pair
developed countries is used to drive compressors. Of rotors in such a nmmer that the rotor forces
The majority of these are required for air- created by these two processes can be partially
conditioning and refrigeration systems. There are balanced to eliminate the axial forces and reduce
therefore considerable environmental advantages the radial bearing forces. The disadvantages of
to be gained by improving the efficiency of such fwin screw compressors for such high pressure
systems and the compressors that drive them. applications are thereby reduced.

A further requirement for environmental
protection is the need to minimise the use of
refrigerants which may lead to the breakdown of
the ozone layer in the upper atmosphere.

As a result of the latter requirement, in the last
few years there has been agth of interest in the
use of natural fluids as refrigerants, in place of the
halogenated hydrocarbons now widely used. One
of these natural refrigerants is g@hich is totally
free from ozone breakdown effects. Despite the
environmental advantages of €@s a working
fluid in vapour compression systems for
refrigeration and air conditioning, there are two
major drawbacks to its use. These are the very high
pressure differences required across the
compressor, which may be as high as 60 bar, and
the large efficiency losses associated with
throttling over such a large pressure drop in the
near critical region. To overcome the latter, some
form of power recovery from this expansion
process is essential if the resultant coefficient of
performance (COP) is to be acceptable.

Figure 1 Typical CO2 cycle with throttle valve

A number of proposals have therefore been
made to use various types of positive displacement
machine, mainly of the vane type, in such a
manner that compression in one part of them is
combined with recovery of work from
simultaneous expansion another part. However,
how well they operate with high pressure
differences across the vanes has not yet been
confirmed.

For many vyears, the authors have been
investigating the use of twin screw machines as
both expanders and conggsors of conventional
halocarbon refrigerants. These have many
potential advantages over other types of positive
displacement machine. Unfortunately, when
applied to CQ@ the huge bearing forces

Figure 2 CO2 cycle with combined machine

Analysis of a typical C@ system,
schematically given in Figure 1, has shown that in

Proceedings of SIMS 2004
Copenhagen, Denmark, September 23-24, 2004

associated with the pressure distribution within
them have hitherto made them appear to be
unsuitable.
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an idealised reversible cycle Figure 2, recovery of
the throttle losses, by controlled expansion, will

increase the COP by as much as 72%. In a
practical system, this gain would be reduced by the
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compression and expansion efficiencies, which considering twin screw machines capable of
would reduce the expansion work and increase the operation over the pressure range required in
compression work. CO, refrigeration systems, the following factors

CFD analysis has been used here to model the must be taken into account

pressure and temperature changes within the Both the screw compressor and the expander
machine. This has been developed further to consist essentially of a pair of meshing helical lobe
estimate how the solid components deform as a rotors contained in a casing, with an open port at
result of these changes and hence how the fluid- one end for admission of the working fluid and at
solid interaction resulting from the deformation the other for its expulsion. The rotors and housing
alters the performance. The results of such together form a series of working chambers in
numerical simulation are presented in the paper. which the trapped volume changes from zero to a
maximum as the rotors revolve. Thus, the working
fluid within them is either compressed or
Background expanded, according to the direction of rotation.

Screw compressors are efficient, reliable and
compact machines and consequently both the
majority of all positive displacement compressors
now sold and those currently in operation are of
this type. One of the main reasons for their success
is the advance in manufacturing techniques, which
enable compressor rotors to be manufactured, with
very small clearances, at an economic cost.
Internal leakages haveedifeby been reduced to a
fraction of their values in earlier designs. However,
pressure differences across screw compressor
rotors impose heavy loads them and create rotor
deformation, which is of the same order of
magnitude as the clearances between the rotors and
the casing. Consequently the working pressure
differences at which twin screw machines can
operate reliably and economically are limited.
Current practice is for a maximum discharge
pressure of 85 bar and a maximum difference
between suction and discharge of 35 IRinder,

[7], presented a comprehensive analysis of the
effects of such pressures aAdbon, [1], gave a
good review of current trends in the design,
manufacture and use of high pressure screw
compressors. CO(R744) in refrigeration cycles
requires both maximum pressures and pressure
differences beyond these limits. Accordingly,
hitherto screw compressors have not been
considered for this purpose.

Other types of positive displacement
compressors are used today for compression in
CQO, cycles. Typically, these are single and two-
stage reciprocating compressors. A vane
compressor study was presented4h. In such
applications the authors concentrate on either the
thermodynamic aspects of the £Q@ycle or
mechanical design aspects of its compressors. In

Figure 3 Screw compressor (a) and Screw
expander (b) working principles
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The compression process is shown in Figure which is cheaper but more limited in scope, is to
3a. Here, the suction port is located at the low carry out both functions in a single chamber,
pressure end, where the trapped volume is largestcontaining only three ports, as shown in Figure 4a.
while the compressed gas is discharged through the The second is to use separate inlet and exit ports
high pressure port at a position where the trapped for each function, as shown in Figure 4b, with a
volume is reduced in size. The expulsion of the division in the casing between the expander and
gas is complete when the trapped volume is zero compressor chambers. The common feature of
since the clearance volume in these machines is both these arrangements is that the rotors and the
negligible. casing for both functions can be each machined or

Reversing the direction of rotation, as shown in ground in a single manufacturing operation.

Figure 3b, causes the direction of fluid flow Both the three port arrangement, as shown in
through the machine to reverse. Gas, then entersFigure 4(a) and the foymort arrangement shown in
through the high pressure port and is discharged Figure 4(b) have the advantage that with
through the low pressure port. It then acts as an approximately equal pressures on each end of the
expander. The machine will also work as an rotors, the axial forces on them are more or less
expander when rotating in the same direction as a balanced out. However, there is an important
compressor, if the suction and discharge ports are additional feature of the arrangement shown in
positioned in the same axial position but on the Figure 4. This is the location of the high pressure
opposite sides of the casing to those shown, since ports, facing each other, in the centre of the casing.
this is effectively the same as reversing the By this means the radial loads on the rotors, due to
direction of rotation relative to the ports. the pressure difference along them, are also
partially balanced. This leads to reduced bearing
If the rotor profiles are generated to form a loads and hence, to the ability to design such
seal on both contacting surfaces, then expansion machines to withstand higher differential pressures
and compression can be performed with equal than if the expander and compressor were designed
efficiency in a single pair of rotors rotating in the and built as separate machines. It also results in
same direction, simultaneously in one machine, by smaller mechanical friction losses.
correct positioning of the appropriate inlet and exit
ports along the length of the casing.. There are two
methods by which this may be achieved. The first,

Figure 4 Combined compressor-expander with single chamber (a) and with split chambers (b)
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This is of particular importance when
considering the design of refrigeration
compressors for use with natural refrigerants such
as CQ, where the permitted sustainable bearing
load limits the maximum operating pressure
difference.

A large mass, but negligible volume, of oil is
injected into the casing to seal and lubricate the
rotors and also to reduce the temperature rise of
the working fluid and hence that of the rotors.
Thus thermal distortion of the rotors is small. The
net result of reduced axial and radial loading and
thermal distortion of the rotors, in the combined
machine, is that the range of pressure differences
for which it can be used is increased. This makes
it possible to consider shh a machine for use in
CQO; refrigeration applications.

3-D CCM Calculation

Improvements in both, computational speed
and numerical methods over the last thirty years
have greatly increased the scope and power of
Computational Fluid Dynamics (CFD), and
Computational Continuum Mechanics (CCM), in
engineering design. Consequently, vendors of
CFD and CCM software packages have developed
facilities for their use in a wide range of
engineering applications. Because none of the
standard packages were capable of analysing the
complex geometry and processes within screw
machines, designers of them have hitherto made
little or no use of them.

A CCM method simultaneously enables
calculation of the fluid flow and structure
behaviour to determine the effects of changes in
the compressor geometry on internal heat and
fluid flow and vice versa. Such an approach can
produce reliable predictions only if calculated
over a substantial number of grid points on a
sliding and stretching moving mesh.

Grid Generation

The authors have developed an automatic
numerical mapping method for arbitrary screw
compressor geometry, as explained5h, which
was later used for the alysis of the processes in
screw compressors. This method took advantage
of the work done by Peric and Demird4ig] and
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[2], who showed that by the use of moving frames
on structured and unstructured grids, a common
numerical method could be used for the
simultaneous solution of fluid flow and structural
analysis. On that basis, the authors have
developed an interface program called SCORG
(Screw COmpressor Rotor Geometry Grid
generator), which also enables a grid, generated
by the program, to be directly transferred to a
commercial CFD or CCM code through its own
pre-processor. A number of commercial
numerical solvers are currently available, of
which the authors decided to employ Star CD’s
COMET for screw machine calculations. That
code offers the possibility to calculate both the
fluid flow and its effects on the solid structure
simultaneously by the application of CCM.

The interface employs a novel procedure to
discretise rotor profiles and to adapt boundary
points for each particular application. An
analytical transfinite interpolation method with
adaptive meshing is used to obtain a fully
structured 3-D numerical mesh, which is directly
transferable to a CFD code. This is required to
overcome problems associated with moving,
stretching and sliding rotor domains and to allow
robust calculations in domains with significantly
different ranges of geometry features.

Governing Equations

The compressor flow and the structure of the
compressor parts is fully described by the mass
averaged conservation equations of continuity,
momentum, energy and space, which are
accompanied by turbulence model equations and
an equation of state, as shown in [3]. The latter is
required to take account of temperature and
pressure changes in tleerew machines, which
alter the working fluid density. In the case of
multiphase flow, where oil is injected in the
working chamber, a concentration equation is
added to the system. The numerical solution of
such a system of partial differential equations is
then made by inclusion of constitutive relations in
the form of Stoke’s, Fick’s and Fourier's law for
the fluid momentum, concentration and energy
equations respectively and Hooke's law for the
momentum equations of a thermo-elastic solid
body.

All these equations are conveniently written in the
form of the following generic transport equation:
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d vudv 3 Uyv v,) s 3
\ S (1)
grad/ ds 3g, ds q, 4V 3,
S S \

Here /stands for the transported variable, e.g.
Cartesian components of the velocity vector in
fluids v;, enthalpyh, etc. *,is diffusion coefficient.
The meaning of source termg, and g in all
transport equations is given
Table 1.

The resulting system of partial differential
equations is discretised by means of a finite
volume method in the general Cartesian coordinate
frame. This method enhances the conservation of
the governing equations while at the same time
enables a coupled system of equations for both
solid and fluid regions to be solved simultaneously.

in

Boundary Conditions

This mathematical scheme is accompanied by
boundary conditions for both the solid and fluid
parts. A novel treatment of the compressor fluid
boundaries was introduced in the numerical
calculation, as presented in [6]. The compressor

was positioned between two relatively small
suction and discharge receivers. By this means, the
compressor system baues separated from the
eroundings by adiabatic walls only. It
communicates with its surroundings through the
mass and energy sources or sinks placed in these
receivers to maintain constant suction and
discharge pressures. The mass source, which exists
in the pressure correction equation, is calculated as
the difference between the cell pressuifeom the
previous iteration and the prescribed pressure in
the receiverp as:

drn§ prec p (_w
't

dt ©p const 1prec

The volume source for the receiver cells which
exists in the energy equation is calculated from
the mass source as:

dmg
dt ©p const

Mygq @ |

m_, h
,1add add

Quaa 3

add

The enthalpy of the fluid added to or
subtracted from a cell is calculated on the basis
of the thermodynamic property values achieved
in the previous iteration.

Table 1 Terms in the generic transport equation (1)

Equation / *, 4s -
Fluid T 2 _ g @
Momentum Rt o gradv §Peﬁ divwv p@lﬁ iy To, P o
Solid T ) o N
Momentum K gradu Kdw-X T 125 DO” f,
E K i ke gradp T aradv + h
W T : +
nergy © ewT W ewT pv W gradv
Concentration ¢; W, . 0 s,
S — 0 0 0
pace 3
Turbulent p
kinetic K P L 0 Py
energy 4
2
o R ClP—H C,
Dissipation H P v 0 K ”
" C, Udivv
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The solid part of the system is constrained
by both Dirichlet and Neuman boundary
conditions through zero displacement in the
restraints and zero traction elsewhere. The
connections between the solid and fluid parts are
explicitty determined if the temperature and
displacement from the solid body surface are
boundary conditions for the fluid flow and vice
versa.

Presentation and Discussion of the Results

A personal computer, with an Athlon 1800
MHz processor and 1.5 GB memory was used for
the calculation. The compressor operation was
simulated through 24 time steps for one interlobe
rotation giving an overall number of 120 time steps
for one full rotation of the male rotor. The time
step length was synchronised with a compressor
speed of 5000 rpm. An error reduction of 4 orders
of magnitude was obtained after approximately 50
outer iterations at each time step, which took
approximately 10 minutes of computer running
time. The overall compressor parameters such as
the torque, volume flow, forces, efficiencies and
compressor specific power were then calculated.
Additionally, pressure-time diagrams of the
compression process, the flow and pressure
patterns in the compressor chambers and the rotor
deformation are provided.

A balanced rotor two-chamber combined
compressor expander is considered here for a high
pressure C@ application. Gears are not used to
synchronize the rotors since a fair amount of oil is
injected in the system to seal and lubricate the
rotors and cool the ga¥he oil also maintains the
temperature of the rotors at a similar level to that
of the main fluid.

As already explained, the two chamber porting

arrangement, shown in Figure 4, results in the Figyre 5 Radial and axial forces for compressor,

rotors, as shown Figure 5. Also, since the radial

loads on the compressor and expander sections are  additionally, in the combined machine, the

located almost opposite each other near the centregeformation of the rotors is substantially smaller
of the rotors, the radial loads on the bearings are than in the case of only compressor or the
thereby reduced as shown in Figure 6. expander, as can be seen from Figure 7.
Hence the mechanical friction losses become Deformations presented in this figure are
smaller. The reduction of the bearing load is of Magnified 5000 times. Together, the reduced rotor
particular importance when considering the design deformations and the rotor profile used, which
of CO, since it is the value of the sustainable results in a stronger female rotor, increase the
bearing load which limits the maximum range of pressure for which a screw machine can

permissible operating pressure difference. be used for CO2 refrigeration applications.
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Figure 6 Position of radial and axial forces for
compressor, expander and ambined compressor-expander

Figure 7 Deformations of the compressor rotors (left) and
combined compressor-egander rotors (right)

Conclusions

The ability to use a single pair of screw rotors
for simultaneous compression and expansion in
separate chambers of the same casing makes it

possible to use such machines
compression
systems with CO2 as the working fluid.

A full 3-D CFD fluid flow and structure

in  vapour
refrigeration and air conditioning

simulation has been carried out to determine how
pressure and temperature change during the
process and how these influence the internal
distortion within high pressure screw compressor-

expanders. Preliminary rdtsishow a reduction in

both the radial and the axial forces and thereby a
reduction in the mechanical losses. In addition the
system efficiency is increased due to partial

recovery of the energy in the expander section of

the machine.
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NEW METHODS FOR NUMERICAL INVESTIGATION OF DYNAMIC
PROClESSES

Roman Slonevsky
Roksolana Stolyarchuk
National University “Lvivska Politechnika”
Institute of Applied Mathematics and Fundamental Sciences
79013 Lviv, Ukraine

Abstract
The construction of explicit fractional-ratidmaethods for numerical treatment of stiff
systems of dynamic processes is discussed. The new formulas of A-stable and L-stable rational
approaches are used for one-step (multistephaaistof arbitrary order of accuracy and stability
properties are investigated. The results of numerical testing on stiff systems of ODEs are
presented.

Nomenclature restrictions for applications of implicit methods.

Theoretically these methods under the determinate
conditions have posses stability properties, but
during their practical realization this properties can

A - positively constant matrix
D - domain of existing solution
D, ( V) -operator function

be looses. .
E - identity matrix The most wide development on today has Gear’s
f - function of a right-hand part of system implicit multistep methods [3,4]. However, for
h- step them Dabhlquist’'s barrier takes place [1], which
x - independent variable means that A- stable multistep methods cannot
y(X) - solution of problem have higher than second order. Except for that the

characteristic equations have ‘parasitic’ roots,
which influence on the stability domain of
methods.

The new directions in construction of numerical

Introduction methods for investigation of stiff systems we can
The mathematical models of dynamic processes in find in Wambecq A. [5,6]. He used the Pade

different physical objects have been described by transformation ~ for  construction  nonlinear
system of ordinary differential equations (ODESs) fractional-rational numerical methods. However,
and formulated as. Modern linear numerical thejr (distributiors were impossible due to

methods for solution Cauchy's problem are share ,,qrations of division on vector systems of ODESs

on explicit and implicit methods [1-4]. With ., yector. But Sottas G. [8] has been shown, that

opening the stiff phenomena for the Systems of \yampecq's methods are unstable for stiff systems
ODEs [1] became not effective an explicit of ODEs.

numerical methods. In this connection an implicit The
numerical methods have been widely developed as merical methods of solution stiff systems of
single-step Runge-Kutta and Rozenbroc — type gpeg has shown the urgency of construction new
bmaegggdsoﬁn?hn;uI';Iesgeegtrgselém?osr'\ Agfthﬁzﬁlm:g:()ds types and more effective numerical methods.
algebraic equations that is one of the main

( - corresponding eigenvalue
/ - diagonal matrix

resulted brief analysis of the modern
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Structure  of  fractional-rational
approaches for stiff problem

We consider system of the ordinary differential
equations
)

where y+RY f:R"' o R", on an interval
X ¢ [0,x,] with initial conditions

y©) vo- (2)
We assume existence of continuous and multiple
differentiated unique solution of the problem
(1),(28 in domain ‘
D 0dxdxc:yl, Mo Ty,

max|y ()] g

We divided an interval of argument changeon
some part§Xx,, X, .J,(n O,N,).
Firstly we consider a scalar problem (1), (2) at

N 1 and assuming that the following
inequalities take place

fe, M,fey)p O (4)
We also assume that we know the solution of a
problem in grid node, . Let construct an approach
of the solutiony(x, h) in vicinity of a point x,
by the help of fractional-rational function

yc f(xy) ,

®3)

P 4
' bh
y(x, h)lz,(x, h) >—  ©
I'ch
| |
i 0
where b, independent coefficients from
h x X,.
Coefficients b, ,¢; we shall define from
corresponding conditions
z,(%,)  Y(X,), z8X,) )
Y 6) 0 ZP(%)  YP(x,)
We present the relation (5) as
P P
: cih'z,(X) : b h' (7)

i0 i0
and takep derivatives of (7) on argument
Then the k-derivative 0, p) can be written as

TAbn s, @©

k0 )
Lei(] Aleh’ Dz D(x k
j i0 i

j 0
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where C! - number of combinations fronk
elementsonj ,andA' i(i ) Ti (j 1) ,
c) 1,A 1.

Next we write downp 1 values of (8) in a point

X, ath 0, taking into account thaa)  j!

k

I clite;zf P(x,) kib, 9)
jio
Using (6) and having entered a
designatioy®(x,) y®¥) we can receive
coefficientsb, from (9)
b el Ii Clitc,y* " | or
TN At
j 0
! k ) T o
., (k 0,p) (10)

b, jlo—c(k Y iYn
The system (10) defines linkage between unknown
coefficients b, and c¢;, that is necessary for

performance of condition (6).
For obtain approaching dhe solution in the grid
node x, ; we use the value of fractional-rational

function z,(x) ath x,,; x, and designate it as
Y

p p
(e, an

| 1 0
The formula (11) hagp 2 unknown coefficients,
overwise the system (10) contains only 1
equations. That's why, for obtain unknown
coefficients by and ¢, it is necessary to accept
p 1 free parameters in (10). Depending on a

choice of separate coefficients for free parameters
and their values from (11) and (10) it is possible to
receive various formulas of approaches the
solutions possessing certain properties of a
adjusting and stability.

We now fix as free parametecs for accept from

(10) coefficientsb and then after their substitution

in (11) we can receive following expression of
fractional-rational approaches formed as a result of
a choice of free parameters

p
I i
[p] j'ocjh Tp "
p
ynl p )
1 ch

i0

: 12)
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k1 0 That means the theorem is prooved.
T 1% (13)
U

For constructing of solution of system’'s ODEs we

whereT, ;, - is a partial (p j) Taylor's sum g6 the structure of relations (11) and (12). In this
concerning in grid node,, . case the vector-function and Teylor's approaches
The formula (12) includes all partial Taylor's sums &lso are vectors. Therefore coefficients are
from pto the zero order, whereT,, v,. vectors of dimensioN, and parametersc, -
Therefore, if we input designation square matrixes of the siz& uN, where N-
P _ J— dimension of system (1). In (12) division is
Z ( : cih)y'ch' , (i 0Op), (@4 considered as product of an inverse matrix of a
o denominator (it is supposed it nonsingular) on
than formula (12) may be rewrite as vector - numerator.
yivl ‘:’ ZT, . (15) In (12) yi?} and T, are N - dimej\nsion. vectors
jo and c;- square matrixes of dimensiGhuN .

It is possible to consider it in the certain sense Further we shall accept, thgt E , whereE - an
averaging with weight coefficients of Teylor's identity matrix of dimensiorN uN .
approaches from zero up fporder of accuracy.

Definitionl. The approach (12) is adjusted with

p- order if for a difference between the Taylor's  Stability of fractional-rational
formula p-order of accuracyr,, and fractional- approaches

rational approach takes place the following relation The development of numerical methods of the
‘Tp,n ylPl| omP 1, hoo. (16) solution of stiff systems has included the stability
_ investigations [8-13]. We consider the selection of
Theorem 1 If coefficients ¢ (i 0, p) in (12) values of matrix coefficients, for maintenance of
1 and required type of stability approaching.
It is known [14], that in vicinity of the solution

ch' z0O,h 10 at h 0 0 than approach (12) is  Y(X Yo) . the system (1) is well approximated by

are satisfy conditions C
p
I
I

0

i0 linearized system with Jacobi matrix of the right-
adjusted withporder of accuracy irrespective of a  hand-side of system. Therefore, Jacobi matrix is an
choice of concrete values of coefficiertis ilinportahnt characteristic of sy?ft_e_m’s behavior.
Proof: We shall check the fulfilment of (16) a;om these reasons, matrix coefficienfswe set
p . ) J—
: ¢ih'Tp i © E .o BRI, ( 1p), (19)
A _
Ton WL Tow D an s
g h' whereJ, .—| ., [ - scalar parameter. In this
il oW, 2
After simple transformations of (17) we obtain case the approach (12) we rewrite as
] P
‘Tp‘n YL 1 Tp,n : Qﬁl‘]rl;rp i,n
pl FI) 1 (P 17) p2 pr]l | l? iqi ¢
191
L A O(hP 2) e ! oy,
ju(p 1) _ K
> It is necessary to choose the values of parameters
I qhi L (i Lp) for maintenance the stability of
b approaches (20).

o(h? 1) The stability we shall investigate on model system
Y AY O (21)

where A - positively determined constant matrix.
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An approach (20), which is the solutions of system
(21) after simple transformations taken form

(DI oA

io (]
p ) S
: () Dh'A
jo

i

Yoi \
. (22)

where [, E.

By using (22) we will estimated the stability of
approach (20).

Let for matrix A exists such matrixB, that
B!AB /,where/-isa diagonal matrix. Then

by substitution
Y BZ

we obtainN independent the equations
zc ¢ , i LN,
where ¢- i-eigenvalue of a matrixA. Every

eigenvalue we shall consider as complex number.
Similar substituting (23) into (22) we obtaiN

(23)

independent relations of scalar type
p i
i B iy
L0 Y I
Zk,nl p Zk,n g 24)
(9 g ¢n &4
jo
k LN

Thus, stability of approach (20) can be investigated
by the scalar equation

y v (25)

with complex value of parameter .
Taking into account (22), we can write down an
approach of the solution (25) as

Y1 Do( Wy, , (26)
o Ry
D (1 L2 Lol DY (27)
p p !
L(y'gVv
jo
where vV ho, 0 1.

The stability domain of method is completely
define by the operator functiob,( JJ.

We enter the designation
i
- (D —
AT

— (28)
and rewrite (27) as

D, 1p),
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p
S
1 J'IJ_ /:1' 1
1 1y pv

i0
For example, at§ 0, (j 1, p) we obtain linear
system of the algebraic equations from (28) with

e S in . o

At these values of parameters of approach (20) we
will obtain

Yn

parameterd;: £,

e (D
p> | ( ipiy1?
1 @E jll jl h In) (Tp,n
. (31)
b (D
AT RiJIT )
1 | nopogn
j1 J
The approaches (31) of higher than 2-nd order of
adjusting areA(/) stable and they are expedient

on stiff systems with nonoscillating solutions.

For construction approaches of oscillating
solutions it is necessary to use A-stable formulas.
For operator function D,(1) of A-stable

approaches in complex plare(l), Im(1) must
satisfy a conditiorjp(1) 1 on half-plane

Re(l) !0 and|D( )| 1 on animaginary axis.

It is easy to prove, that operator function of such
approaches can be presented as

Qp( V)
D : 32
p(V Q1 (32)

p
where Q,(1} 1 [a, V', a- Dpositive
k1

numbers.
For reception from (28) operator function of the
specified structure (32) it is necessary to satisfy the
following conditions

§ B, B'0,0, 0. (33
Using (28) and (33), we can received system of the
linear equations, after solving which we shall
determine values of parametets for construction

: -stable approaching (20) . Note, that it is possible
to build the : -stable fractional-rational approaches
of various orders of adjusting with identical
denominators.

For example, approaches of 2-4 order of adjusting
we can represent as
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1 1 5.0
T —hJ T —h°JST,
y[z]l 2,n 2 n'ln 12 n'on
n
E Eth ihZJﬁ
2 12

(34)

1 1
Tan hJTo, 1—2h2J§Tln

2
E ;th

(3]
Yn1
ihz\]g

12 , (35)

1 1 500
go T g 3Py
nl
E 1ny, 1n2?

2™ 1o

., (36)
which has the common operator function

(37)
Similarly we can to construct the:-stable
approaches of higher orders.

Except of :-stable approaches, the important

group is consist the L-stable approaches. We shall

notice, if an operator function of method has
coincide with elements of one of two main under-
diagonals of Pade’s table of approximation
exhibitors [1] that satisfy L-stable methods. It is
possible to build L-stable approaches.

For example, L-stable approaches of 2-3 nd
orders are present as

T2n gh‘Jn-I_ln 1hz‘]nz-I_OH
Yt -3 T 6 ’
" 20 L.,
E =h) =h?J’
3 6 (38)
T3n Eh‘Jn-I-Zn 1hz‘an-I-ln
Y © 3 ) ’
nil 2 1 b s
E “hl ~h?J;
3 6 ., (39)
with common operator function
1 ; vV
D( Y 51
1 -~V -V
3 6 (40)
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They are especially suitable for research stiffly-
oscillating problem.

Similarly, it is possible to build and other formulas
of higher orders approaches, possessing set types
of stability. For realization of concrete approaches
formulas, it is necessary to specify a way of

calculation of partial Teylor's sumg,_,and values

of Jacobi matrix in the net units.

If for calculation of the specified sums we take an
explicit Runga-Kutta nmtods and formulas of
fractional-rational approaches then it is possible to
build single-step fractional-rational numerical
methods. If for approximation of the partial
Taylor's sums we use explicit linear multistep
numerical methods, we can construct the multistep
fractional-rational numerical methods.

Test Problem
We compute the following nonlinear
system of the equations :

ye (b 3y, Ga by, (b ay

Ga byy, 4a 41)
yC (@ by, (b 7a)y, (3a b)y;
(b ayy, 4a

Initial conditionsy; (0) 1,y,(0) 15 onan
interval of argument chandg® dx d20 and
conditionfora 0O,b 0.

The system of the equations (41) has an exact
solution

2ax

y 4 e €
1 2ax 2bx !
2 e e
4 e2a>< ebe (42)
y2 2 e2.’;1x e2bx

In an index point x=0 eigenvalueg, and Q@ of
the Jacobi matrix for system (41) has accept values

a brya b)? 8a b)?
4

@ (43)

During the problem’s solution we yields the
limiting values ¢ 0 2a and (, 0 2b.

The system (41) has been investigated numerically
by proposed rational methods and implemented in
BASIC computer codes (Program “RROSM”) with
different accuracy E-02, E-04, E-06 at values
a 50000 and b 05. In this case the
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eigenlavues at x=0 are ( 49999832, Journal _of Computational and Applied
(, 24999582 and then aspire to limiting Mathematics , 1984, 10, pp.169-174.

| 10000Cand 1 [9] E. Hairer , Lubich & M.RocheError of
values ‘1_ nd G ' Runge-Kutta methods for stiff problems studied
All received results do not exceed the set g differential algebraic eguation8IT, 1988.

allowable error on all an interval of integration. Vol.28, pp.678-700,.
Experimental researches of other various stiff test [10] E. Hairer, Lubich & M.RocheError of
problems also have confirmed efficiency of Rosenbrock methods for stiff problems studied
fractional-rational suggested methods. via differential algebraic eguation8|T,

vol.29, pp.77-90,1989,
Conclusions [11] [11]P.Kaps & A.Ostermarir( £|)-stable

appear in :K. Strehmel,ed.,Proceedings of the
Halle Seminar 1989 , Teubner Texte zur
Mathematik,1990.

[12] Lie 1.The stability function for multistep
collocation method®lumer.Math.,vol.57,
pp.779-787, 1990.

[13] Wanner GCharacterization of all A-stable
methods of order 2m.-4&it,vol.20,pp.367-
374,1980.

[14] Bahvalov N., Dzydkov N., Kobelkov G.
Numerical MethodsFIZMATLIT, Moscow,
2002 (in Russian).

x  Developed theory fundamentals of stable
fractional-rational approaches for numerical
methods of the stiff systems ODEs;

X The type of approaches dep"emHLJ on
coefficients of Taylor's sums. Their
approximation technique based on one-step
and multistep linear numerical methods;

X  Realization of proposed methodology for
solving the stiff problem convincible
implemented in computer code and tested by
several examples.

References

[1] Hairer E.,Wanner G. Solving Ordinary
Differential Equations II; Stiff and Differential
Algebraic problems.Berlin. Springer-Verlag,
1996.

[2] Dekker K.,Verver |.,Stability of Runge-Kutta
methods for stiff nonlinear differential
equationsMoscow, Mir. 1988 (in Russian).

[3] Gear C.W.Numerical solution of ordinary
differential equations. SIAMRev.23,1981.
pp.10-24.

[4] Gear C.W.Numerical initial value problems in
ordinary differential equation®Rrentice Hall,
253p.p., 1971.

[5] Enright W.H.Hall T.E., Lindberg B.
Comparing numerical methods for stiff systems
of ODEs.BIT, 1975, 15. 10-48

[6] Wambecqg ANonlinear methods in solving
ordinary differential equationsJournal of
Computational and Applied Mathematics.
1976, V2,< 1-27-33.

[7] Wambecqg A.Rational Runge-Kutta
methods for solving system of ordinary
differential equations.Computing, 1978,
20. pp.333-342.

[8] Sottas G.Rational Runge-Kutta methods
are not suitable for stiff systems of ODE’s

Proceedings of SIMS 2004 254 WWW.SCansims.org

Copenhagen, Denmark, September 23-24, 2004



Proceedings of SIMS 2004
Copenhagen, Denmark
September 23-24, 2004

SIMS 45

A NUMERICAL INVESTIGATION OF THE EFFECT OF INLET
POSITION ON THE TRANSIE NT TURBULENT FLOW
IN A FUEL OIL STORAGE TANK

Nurten VARDAR *
Yildiz Technical University, Faculty of Mechanical Engineering
Department of Marine Engineering

Abstract

The filling process of a fuel oil storage tank conitag a higher temperature fuel oil is numerically
analysed. The effect of irtlgosition on transient turbulent flow & fuel oil tank is investigated by a
two-dimensionalk , model. A transient stream function-voityc formulation is used for predicting
streamlines and temperature distitions. Streamlines, temperature distributions and transient average
temperature variations are presented for four diffenelet port locations and for two different aspect
ratios. Finally, the effect of aspect ratios on siant average temperature variations in the tank is
discussed.

Keywords numerical, turbulent flow, high viscosity, fuel oil tank

Nomenclature

B width of tank [m] S turbulence kinetic energy due to Reynold
Cim, CONStants shear stress
d depth from the fuel oil surface [m] t time[s]
E dimensionless rate of dissipation of T temperatur¢K]

turbulence kinetic energy ‘T T T,
g gravity acceleration [m7k u,v horizontal and vertical  velocity
Gr Grashofnumber components [m/s]
h height of inlet port [m] u,v dimensionless horizontal and vertical
H distance from the inlet port to the fluid velocity components

surface [m] , x,y  horizontal and vertical coordinates
K tqrbulerjcdqnetwenergy[m /.52] . X,Y dimensionless horizontal and vertical
K dimensionless turbulence kinetic energy .
L height of tank [m] coordmatgs -
o Prandtinumber L thermal diffusivity [n¥/s] _
Re Reynoldnumber i volumetric coefficient of expansion

~

RE Reynold number based on eddy viscosity rate of dis.:,ipation of turbulence kinetic
R flux Richardson number energy [¥m’]

Phone : +90 212 2597070x2312 Fax : +90 212 2582157
E-mail :vardar@yildiz.edu.tr
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kinematicviscosity[m?%s] The stratification of two fluids at different

start-upfunction temperature is an important consideration in the
design of thermal storage tanks. In recent years
considerable research efforts have been devoted to

~

dimensionlessemperature

Vi constants the study of thermal behaviour of the stratified
I dimensionlestime fluids in thermal storage tanks especially in solar
ly dimensionless startup time energy domain. Gari and Loehrke [4], Baines et
W dimensionlesime al. [5], Abu-Hamdan et al. [6] and Nakos [7]
Y vorticity [1/s] investigated the flow conditions into tanks.
: dimensionlessorticity Homan and Soo [8, 9] modelled the transient
< dimensionless stream function stratified flow into a chilled-water storage tank for
laminar flow conditions. Mo an Miyatake [10]
Subscripts numerically analysed the transient turbulent flow
field in thermally stratified water tank. Cai and
0 inflow Stewart [11] investigated the mixing process that
i initial occurs when a cold fluid flows in to a two
t turbulent dimensional tank containing a warmer fluid. A

few studies have been reported for the case of

different fluids such as liquid natural gas or oil
Introduction [12-14]. Vardar [15] numerically analysed the

filling process of a fuel ib storage tank with an

The low grade heavy fuel oil used in Diesel engines IN1ét port close to the bottom of the tank and

on board ships and in power stations include sludgePresented — streamlines, isotherms and transient
contents, catfines and other harmful solid particles. 2/€rage temperature variations for three different
There is an increased demand for efficient cleaningNflow velocities and forthree different cases of
in order to achieve reliable and economical N€&ting.

operation of Diesel engines. The fuel treatment i , i ,
systems include heaters, filters, separators, pumpsN® Purpose of this present work is to investigate
and settling and daily service tanks. The main the effect of inlet position and aspect ratio®,
purpose of using of settling tanks from cleaning on the transient _turt_)ule_nt flow flc_ald and on the
aspects is to act as a buffer tank, to provide atemperature distribution in a fuel oil storage tank.
constant temperature and to settle and drain gross .

water contaminant. Mathematical model

According to the classifation societies a special A simplified two-dimensional tank geometry is
fuel supply is to be provided for the prime movers of shown in Fig.1. The height and the width of the
the emergency source of electrical power, for tank areL andB respectively. The height of the
example the motors driving emergency fire pumps. inlet ish and the distance from the inlet port to the
By the arrangement of the fuel oil tank, the fluid surface iH.
emergency diesel equipment must be kept in a state
of readiness when the outside temperature is low [1]. 1
d

On the other hand the temperature in a tank should
not be below 50-66C, otherwise the fuel oil may y
not be pumpable [2]. Because of that it is important H L
to maintain a constant temperature and a
temperature control system should be installed to
minimise the temperature fluctuations in a tank. Due N Us T
to the potential risk of thermal stratification problem AN 070
in a tank and too low temperature at suction point h

for a feed pump the position of inlet port of a tank is _ i
very important [3]. Figure 1: Geometry and coordinates of the tank
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It is assumed that the side and bottom walls and 1 °%W 2 sw2° sw w2 ®)
fluid surface are thermally insulated and that the S Re %@Yi v i) oN Wi Y
tank is filled with hot fuel oil at an initial Va é

temperature. Cold fuel oil, which is at a lower o _
temperature than the fuel oil in the tank, enters from Egs. (1)-(8) are written in terms of the following

the inlet port at the left hand side of the tank. dimensionless variables :
The governing equations describing transient and , \ XY yyv YV .y Ut “h )
turbulent flow of viscous and incompressible fluid in h U, h ° oy,

the tank are continuity, momentum, energy, T T
& o k h 0 / 10
turbulent kinetic energy andissipation rate of the K S E — H T T Pr D (10)
turbulent kinetic energy equations. A more detailed Uo Yo
explanation about the mathematical model can bep, 0.708 gETH? (11)
- 0. T

found in a previous study of the author [15]. logPr 283 R
Dimensionless equations in stream function-vorticity u 1 E
formulation are given as follows. Re —h.R¢ —°h —— (12)
K K C,K
The turbulent viscosity#, in Eq. (12) is expressed
woowWr W as follows:
w W W
W W Gr wr
. . ——— S (1) k? a 25 °
2 2 C_—: — (13)
W 4 R& W K Cp = Cr C;q,expfl Re/50 2,
W W W oWl Wowt Re |s_ the Reypo number based on eddy
viscosity [16]. Pr, is the turbulent Prandtl number
W WK wK [17] , dimensionless factorC, and C, are
w "X\M w " functions of turbulent Reynold numbe®g [18].
WE WM. WS WM. 5 g E ®3)
© W1l Weoewt

C, C,10 03exp Re’ Rre Re " (14)
E

WE  WE  w§ W - W§ - The values of the numerical constants appearing
L W o W Wo Wt in the above equations are given in Table 2.
2
CIE S B1 CR CZE? (4) C G Cp Cp kL 1y,
144 08 192 009 10 13
12 < (5)
Table 2 : Values of the numerical constants
B 6
Re B S © Initial and boundary conditions
T 1 Grw @) The initial conditions:
ab ReRe Re Pr, RE W .
UV KE : < O0and; 1 (15)
Egs. : ? K E At the inlet [11]:
a 1 Pr 1 1
b 1 Pr, L L, 2h/h YY hin
u =~ -,
hne <P
Table 1: Definitions for a and b in Eq. (7)
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W ViE previous studies and theye found to be in good
W K001 W 0 (16) agreement. [11, 15].

At the left hand wall of the tank a start-up function, Results and discussion
.is used for ramping the inlet boundary condition
on velocity from its initial condition to its steady- The tank is assumed to be filled with stagnant fuel
state value over a dimensionless time period of 0il at 60°C. The fuel oil entering into the tank is
0.2, which is defined as follows [8,9]: 40 °C during the process. Kinematic viscosity of
’ ’ the fuel oil is 3.75X10 m%s and Prandtl number
is 10400 at inflow temperature. The inlet height is
< <Ll (0dH dH) 0.1 m. Because the iﬁflow velocity into the fuel
w3 2w ww 1% oil tanks should not be higher than 1.0 m/s [3], the
e W< oh W Wgtlfg’./‘l @7 inflow velocity is assumetb be 0.5 m/s. Reynold
' ¢ number related to inflow velocity which is
calculated according to Eq. (12) is 133. The value
All of thg other walls of the t_ank are assumed to be yf the parameter of Gr/Rewhich is an important
no-slip, impermeable and adiabatic. parameter for the transient turbulent flow in

) thermal storage tanks, is determined to be 0.055
At the fluid surface: by the Eq. (11).

u Ek - ¥ ™ 0 ag
W W

by

The dimensionless time step is chosen to be 0.05.
In order to examine the effect of the inlet position
and aspect ratios on the transient thermal
Numerical method behaviour of the tank, the average temperatures
are calculated at three different depths of the tank
The mathematical model is solved by a finite and at the surface. The average temperature at a
differences  procedure which is developed for horizontal plane at any depth of the tank is
turbulent flow [15]. The procedure is developed by defined as follows :
modifying a method which is described for laminar

Wi
W

flow by Chow [19]. At any time instant the vorticity, 1 &n
the temperature, the turent kinetic energy and ae  Brp 30 (19)
dissipation distributions are obtained from 0

conditions at the previous time step. Upwind and In order to invest_igate _the thermal b_ehaviours of
central differencing scheme is used to approximatethe tank the dimensionless transient average
the time derivatives. Stream function is computed t€mperatures are plotted versus a new
based on vorticity distribution by solving Eq. (5) dimensionless time:
with successive over relaxation method. Velocity

components are calculated from the known stream t '
functions. BL/u,h BL/h?
The two-dimensional computational region as shown

in Fig. 1 is an open top rectangular tank and it has ayhen this new dimensionless timé¥/ is equal to
height of 20 times the dimension of the inlet 1 o it means that the fuel oil in the tank is
opening. _For_ the simulations 21X41§1nd 41x41 completely replaced by the fuel oil entering the
uniform grid sizes are chosen for two different tank tank [10, 16].

sizes (L/B=2 and L/B=1) &r performing the grid ’

independency tests. Durittige transient process grid  Effect of inlet position on the transient average
S|ze_effect is _ev_|dent but not too significant. The temperature variations

maximum deviations between average temperatures

in the tank depending on time is less than 1.3 %n order to see ththermal behaviours of the tank
even for the grid size of 21X41/51X101. the dimensionless average temperatur@re
For the validation of the method the results of the p|otted versus the dimensionless time. The

present study are compared with the results of theyariations of average temperatures in three depths

(20)
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of the tank (d/L=0.25, d/L=0.5, d/L=0.75) and on the the fluid surface stays constant at initial
fluid surface (d/L=1) for the aspect ratio of L/IB=2 temperature till 1/ 0.95and then begins to
and for four different infepositions (H/h=19, 14, 9  decrease slightly. As can be seen from Fig. 2 the
and 4) are shown in Figs.®2-For each inlet position  transient average temperatures at each depth are
the average temperatures at each depth decreasether different from each other. As can be seen
from 1.0 (dimensionless hot fluid temperature) to a from Fig. 3 the transient average temperatures at
lower temperature after a lag time that depends ond/L=0.75 and d/L=1.0 remain constant at the

inlet position. initial temperature till W 0.6 and then they
g —o— d1L=0.25—0—dL=0.5 ——dlL=0.75 —a—dlL=1 begin to decrease rapidly to the temperature
g 1 - 1 values of 0.18 and 0.33 respectively. For the case
‘é of d/L=0.25 the average temperature values
g 08 almost regularly decrease from 0.87 to 0.11. The
% 06 ‘ average temperature values for the case of
3 ' d/L=0.5 remain constant till#£0.12. After that
; 0.4 i point on they begin to decrease to a temperature
< ! value of 0.18 atll£1.
@ 0.2 !
E | —o—d/L=0.25 —0— d/L=0.5 —A— d/L=0.75 —3—d/L=1
a o ‘ | ; ;

0 0.2 0.4 0.6 0.8 1

Dimensionless timelV/

Figure 2 : Transient average temperature variatio
at four depths fok/B=2,H/h=19

—0—d/L=0.25 —0— d/L=0.5 —A—d/L=0.75 ——d/L=1

Dimensionless av%lge temperature

o 1.2
p=}
©
S 1.0
5 0 ‘ ! ‘ !
© 08 0 0.2 0.4 0.6 0.8 1
© O . . . *
o 06 ! Dimensionless timelV/
[ 9 . . . .
@ i Figure 4 :Transient average temperature variations
2 4. ! at four depths fot/B=2, H/h=9
o
[ | —o— d/L=0.25 —0— d/L=0.5 —A—d/L=0.75 —o—d/L=1
£ 021 | > 1
e | |

0.0 ! 1 0.8

0.0 0.2 0.4 0.6 0.8 1.0

. . . *,
Dimensionless timelV/

o
)

Figure 3 :Transient average temperature variation
at four depths fot/B=2, H/h=14

o
N
|

mensionle$2 average temperature

As shown in Fig. 2, the lag time dtL=0.25 is less
than 0.1 and as soon as the lag time ends, thé&
transient average tempgrature decreases rapidly 0 02 0.4 06
from 1 to 0.37. The lag times are 0.37 3t=0.5 Dimensionless timelV

and 0.56 ford/L=0.75, and the average temperatures . o
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As can be seen from Fig. 4 the transient averagetemperature values are more than 0.8 in the upper
temperatures at each depth of the tank decrease toegion of the tank. Above a temperature value of
the values between 0.55 and 0.3 beginning from0.8 the streamlines indicate that the flow is nearly
W=0 and almost a homogeneous temperatureuniform while the region below is filled with
distribution occurs in the tank ati=1. As shown in  recirculation cells.

Fig. 5 the average temperatures ft=1 drop a

little at the beginning of the process and remain

constant at a value of 0.87 till¥=1. The average

temperatures ford/L=0.25 decrease slightly to a

value of 0.69 after the lag time. The average

temperatures for the other two depttd €0.75 and

d/L=0.5) are almost the same as each other after

n£0.25 and they decrease rapidly to the

dimensionless average temperature value of 0.25 at

WeLl. Therefore the average temperatures at the

region close to the middle of the tank are quite

different from those at the bottom and top regions of

the tank.

Transient flow and temperature fields Figure 7 : Streamlines and temperature fields at

For Re=133 andGr/R€=0.055 the computed results L/B=2, Hih=14
for d|fferent inlet positions are pre;entgd aS As can be seen from Fig. 7 cold fuel oil enters into
streamlines and temperature fields @1 in Figs.  he tank from an inlet upper than the bottom of the
6-9. tank. Two vortices form in the tank separated with
a streamline just belo the inlet level. An
examination of the tempetat results leads to the
conclusion that the flow is relatively well-mixed
in this case H/h=14) compared to the first case
(H/h=19). On the other hand, a stabilizing
temperature gradient exists in a large portion of
the tank in spite of the existence of low
temperature values. This result is found to be
compatible with the results shown in Fig. 3.

Figure 6 : Streamlines and temperature fields at
L/B=2, H/h=19

As can be seen from Fig. 6 cold fuel oil enters into

the tank from lower corner of the left-hand wall of

the tank, then it impinges upon the right-hand wall

and changes its direction the left-hand wall. After

arriving the left-hand wall it returns to right-hand

wall and a second vortex forms in the tank. It can be

seen that the temperature values decrease in th@igure 8 : Streamlines and temperature fields at
lower region of the tank and the dimensionless [/B=2, H/h=9
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. N —o— d/L=0.25 —o— d/L=0.5 —A— d/L=0.75 —a— d/L=1
The streamlines and temperature field in the case o

H/h=9 are shown in Fig. 8. In this case a large vorte@
forms and the dimensionless temperature values arg
between 0.0 and 0.50 in the lower half portion ofg
the tank. In the region above the inlet the flow doesp
not seem to be a regular type and the dimensionless
temperature variations are relatively higher than; 04 1

0.8 -

0.6

those in the lower half portion of the tank. <
o
D 0.2
]
E
(ST ; ! ;
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless timelV/
Figure 10 : Transient average temperature

variations at four depths fawB=1, H/h=19

—o0—d/L=0.25 —0—d/L=0.5 —A—d/L=0.75 —o—d/L=1

1.0
0.8

0.6 1

Figure 9 : Streamlines and temperature fields
L/B=2, H/h=9

less Rrerage temperature

0.4 1

sion

|
|

As can be seen from Fig. 9 two large vortices forng 02 -~~~ lmmm oo
|

in almost whole of the tank in this case and the&
temperature field clearly seems to be irregular. The 00
dimensionless temperature values at the top and at
the bottom of the tank are higher than 0.6 while the Dimensionless timelV/
dimensionless temperature values at the middle
region of the tank are lower than 0.25.

0.0 0.2 0.4 0.6 0.8 1.0

Figure 11 : Transient average temperature

Effect of aspect ratios on the transient average Varations at four depths fé/B=1, H/h=14

temperature variations . .
P In the case ofH/h=14 the dimensionless average

temperature variations at four depths of the tank
are shown in Fig. 11. The lag timeddL=0.25 is
ss than 0.005 and as soon as the lag time ends,

In order to investigate the effect of the aspect ratio
on thermal behaviour of the tank the dimensionless
transient average temperatures are plotted versus th X q
dimensionless time /. For this aim the aspect ratio t e' transient - average *temperature .ecrt.eases
of the tank is now assumed to héB=1. The rapidly  from 1 to 0.4 atll£0.4. The lag time is
transient average temperature values for this type of0-15 ford/L=0.5 and the average temperatures for
tank are calculated for the same depths as the tankhis depth decrease to 0.67 #£0.45. Then the
with the aspect ratio df/B=2. The results for this average temperatures for these two depths begin
case are given only for the casesth=19 and g rise rapidly and after 1£0.8 they remain
H/h=14. As shown in Fig. 10 the transient average constant at 0.89. The average temperatures at the
temperatures decrease slightly as soon as the laginer two depthsL=0.75 andd/L=1) slightly
time ends and then begin to increase slowly agamdecrease to 0.89 till 1£0.8 and then remain
for all depths. After = 0.78 the dimensionless e '

. onstant at this temperature level.
average temperature values remain nearly constanf
at 0.87.
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Conclusion

The effect of inlet position on transient turbulent
flow in a fuel oil tank is investigated by a two-
/ model. The flow and temperature
temperature
variations are presented for three different depths

dimensionalk

fields and the transient average
(d/L=0.25,d/L=0.5 andd/L=0.75) and fluid surface

(d/L=1) in a tank with an aspect ratio lolB=2. The

[8]

9]

[10]

average temperature values are found to be nearly

homogenous at a dimensionless time l¢£1 when
the inlet positions arkl/h=14 andH/h=9 in the case

of L/B=2. The streamlines and the temperature 11]

distributions are presented for four different inlet

port locations in the case df/B=2. Finally, the
effect of aspect ratios on transient

average

temperatures in the tank are also investigated. Theqo

average temperature variations in three depths an

fluid surface of a tank with an aspect ratioLé8=1

are plotted versus the dimensionless times for two

different inlet positionsH/h=19 andH/h=14).
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Analysis of Noise in Ventilatig and Air-Conditioning Systems

M. Nikian and M.Naghashzadegan
Department of Mechanical Engineering
University of Guilan, Rasht, Iran

Abstract

A mathematical model was developed for

thealysis of noise in ventilating and air-

conditioning system. The model produces a statise analysis, calculating sound level at an
observer located in the room, considering twensl power created by a fan and the attenuation

of this sound power through the system. Comparing the sound level with the maximum noise
level allowed in the room, the amountaafditional attenuation can be calculated.

Keywords: Noise Analysis; Computer software; Air Conditioning system.

Introduction

The air-conditioning system serving a room or
space is frequently the major determinant of
noise levels in a room [2, 3]. That is why a
suitable acoustical environment is as important
for human comfort as other environmental
factors such as temperature and relative
humidity. Finding an appropriate sound level
for all activities rather thn the lowest possible
level is the goal of this research [1].

Doing this the system noise level first must be
evaluated and then controlled to achieve a
satisfactory acoustical environment in a room.
Several paths are exist by which system noise
reaches a listener. They are including airborne
transmission of equipment noise to adjacent
areas through the mechanical room
construction; structure borne transmission of
equipment vibration through the building
structure; and duct borne noise created and
transmitted by air-handling systems and their
components

"Corresponding author: Tel/Fax: (+98) 131-
3232204 , E-Mail: naghash@guilan.ac.ir
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Mathematical Model for Noise
Analysis

The method of calculation for acoustic analysis
in ventilating systems is described in various
publications e.g. the ASRHAE guide [4], the
CIBSE guide [5], or the “Design for Sound” [6]
published by Woods of Colchester. The
method described in each publication is
essentially the same and is the method that will
be applied throughout this project.

Objectives

The objectives of the project are therefore to
produce a well structured model which can
allow the user to input relevant details of fan,
room, and connecting duct system to describe a
particular section of air-conditioning or
ventilating system.

Noise Calculations

The most reliable method of determining the
amount of acoustic energy fed into the duct
system is to get the fan manufacturer to provide
sound power levels in each octave band of
frequency. The levels should have been
determined by a standard test method,
preferably British Standard 848, Part2. If this
data is available then it can be entered into the

WWW.SCansims.org
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program using the user input option from the

Fan Menu.

An estimate of sound power generated can be
made by using one of three empirical formulae,

originally developed by Beranek [2]:

SWL 67 10log)y 10log;, (1)
SWL 40 10log), 20log}, (2)
SWL 95 20log;, 10log), (3)

Where:
SWL= overall sound power level (dB)
V  =delivered volume (I/s)
h = rated fan motor power (KW)

Any of three equations may be used, depending
upon which details of the system are known.

Attenuation in the duct system
The following section will describe the attenuation
calculation for the various duct elements.

Plain duct runs
The attenuation of lined ducts can be computed
from a formula developed by Sabine [3]:

IL E

| a‘1.4

(4)

where:

IL = insertion loss (dB)

P = perimeter of lined duct (m)

A = free cross sectional area of ductYm

| = length of lined duct (m)

a= random incidence absorption coefficient
of lining material when fixed to a rigid
backing

Branches/Junctions

For most typical duct branches it can be

assumed that the energy divides between the
main and take-off ducts in the same way as the
airflow does. That is, the total acoustic energy

remains constant but is divided amongst the
branches so that, in any one branch, the
acoustic energy is less than that in the approach
duct. The attenuation in any one branch is

therefore given by:

1O.Iogloﬂo—Wl

flow2 ®)
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where:
flow 1 = vol. flow of air in branch considered
(I/h)

flow 2 = vol. flow of air up to branch (I/s)

Duct terminations

Noise of wavelengths that are long with respect
to the dimension of the duct outlet tend to be
reflected back within the duct rather than path
into the room. Equations, for the relevant
octave bands are given as:

63Hz L 373 7.46log;, (6)
125Hz:IIL  0.27 6.92log;; (7)
250HzIL 161 5.20log) (8)
500Hz:IL  2.38logs; (9)
1000HzIL 0.43 0.81logy, (10)

where:
IL =insertion loss (dB)
A = outlet area (f

At higher frequencies i.e. above 1000 Hz, there
is negligible end reflection and so it is assumed
that there is zero attenuation.

Plenum chambers

In a room (as shown in Fig.1), the sound
pressure level at the outlet point (and hence the
sound power leaving) will compromise of the
energy radiated to that point from the inlet, and
the reverberant energy in the chamber.

The appropriate loss in sound power across the
plenum is given by the equation:

1 -

§cosp (11)

SWL SWL, 10.IongzW R i

where:

SWL, = sound power level entering chamber
(dB)

SWL; = sound power level leaving chamber
(dB)

= slant distance from centre of inlet to

centre of outlet (m)

p=angled makes with the inlet axis (degrees)

R.= “room constant” of plenum (fn

d

R.is defined by the equation:

WWW.SCansims.org
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S A, where:
R ﬁ (12) SWL = sound power level at the duct outlet
(dB)
where: r = dist. of the observation point in the

room from the centre of the duct
termination (m)

DI(Q) = directivity index for angleQ
between r and the duct axis.(=

10log,? ) dB

St = total surface area of the plenum,
including inlet and outlet areas Ym

An = average absorption coefficient of the
internal surfaces of the plenum

A is defined as: D, = the directivity factor at ang@
A, M (13) Reverberant room sound pressure level
S The reverberant sound pressure level is
where : obtained from the second term in the bracket of
S, =inlet area equation (14):
S =outlet area
S = Lined wall area SPL; SWL 10log,,R. 6 (16)
S = Unlined wall area
S =Totalwallarea $ +S$+§ + S where:
SWL= the sound power level at the duct
outlet (dB)
R. =room constant, defined as:
R A (m (17)
1 A

S = total surface area of the roonf{m
A = average absorptiocoefficient of the
room and is defined as;

A SA SA SA . et

S
Figure 1. Plenum chamber Room sound Resultant room sound pressure level
Calculations The resultant room sound pressure le@WV(s)

is the logarithmically combined direct sound
The relationship betweehe sound power level  pressure level and direct sound pressure level,
(SWL) of a source in an enclosed space whose and is obtained from:
acoustic properties are dictated by the room
constaniR. , and the sound pressure level (SPL) SWL 10log, 10SPle/10 1 SPLe/10 (19)
at a point distance and angleQ from the 0
source is given by [2] :

D where:
SPL SWL 10.Iog-§ Q2 i (14) SPly = direct room sound pressure level
$% R i (dB)
SPlg = reverberant room sound pressure

Direct room sound pressure level level (dB)

The direct sound pressure level is obtained from

the first term in the bracket of equation (14): Maximum sound power level per terminal

The need for attenuation is normally assessed
on whether the sound power level at a duct

SPL, SWL 20log,, DI(Q) 11 (15) terminal will meet a specified noise rating in
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the room. Permissible sound power at the
terminals SWL) is defined as:

SWL. NR roomeffect (20)
where:
NR = noise rating set for the room
Room effect =SWL leaving outlet — total
roomSPL

If there are a number of terminals in the room
this gives the total sound power level from all
the terminals. the maximum permissible sound
power output for a single terminab\l.) is
equal to:

SWI, SWL. 10log,, N, (22)
where:
N: = number of terminals in room

SWIL, = permissible terminal sound power
level

Required attenuation
The attenuation required in the system is
defined as;
Attenuation =SW!lg - SWi,, (22)
where:

SWls = sound power level at outlet (dB)

SWL, =maximum sound power level per
terminal (dB)

Verification Problem

In order to ensure that the Noise analysis
program  functions correctly and the
subprograms interact correctly, an example
calculation has been run through the program as
well as being solved manually by the method
described in previous part.

Figure 2 shows the ventilating system on which
the sample calculations are to be based. The
system is designed to distribute 5.1 I/s of air, at
which volume flow the resistance of the system
is expected to amount to 266 Pa. The laboratory

is assumed to have a NR 45 noise rating and the
distance to the nearest listener is 1.5m. The duct

outlet area is 0.09mthe room volume is 308
m? and the reverberation time is taken as 1.75s.
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Results

The results from the solution produced by the
Noise Analysis model are shown in table 1 and
2. Figures 3 to 5 and Table 3 compare the
calculations from the manual and mathematical
analysis of Fan SWL leaving diffuser F,
Reverberant SPL, Direct SPL, Resultant SPL,
NR 45, Allowed SWL at terminal and
Attenuation required in each octave band, that
each solution has produced.

The results compare very well, thus verifying
the mathematical model for noise analysis in
ventilating system. By comparing the sound
level values throughout the analysis with the
corresponding values in the mathematical
model, a very good match is found. These
results verify that the “Noise Analysis model”
data handling procedure and calculation
procedure as well as the interaction between the

various subprograms to be functioning
correctly.

Conclusion

The research has involved developing a

mathematical model to analyses noise in
ventilating and air-conditioning systems. The
first stage was to formulate a method of
calculation by examining existing design
procedures. The next stage was to set up a
series of data bases. The mathematical model
was based on a computer program. Finally the
main stage was to write the actual Noise
Analysis program. The main program consists
of a series of separate program modules, each
being responsible for the separate stages of
noise analysis. Because of this modular
structure the program can be easily modified
and extended, which was one of the project
objectives.

To verify that the program functions correctly,
a verification problem was solved manually,
using the calculation described. The problem
was then solved using the “Noise Analysis
Program”. The results of each solution
compared very well. this indicates that the
program functions correctly with respect to data
entry/storage and calculation procedures.
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Tables
Octave Band (Hz)
63 125 250 500 1000 2000 4000 8000
Straight duct run (A-B) 80.6 | 78.6 | 81.8 | 82.4 81.4 78.4 73.4 71.4
Branch (B) 76.7 | 747 | 76.9 | 70.5 70.5 70.5 66.5 64.5
Straight duct run (B-C) 755 | 73.5 | 76.0 | 69.9 70.1 70.1 66.1 64.1
Junction (C) 725 | 705 | 73.0 | 65.9 59.1 60.1 59.1 58.1
Straight duct run (C-D) 705 | 68,5 | 715 | 64.9 58.1 59.1 58.1 57.1
Elbow (D) 705 | 685 | 71,5 | 63.9 50.1 52.1 54.1 54.1
Junction (E) 675 | 655 | 68.5 | 59.9 39.0 42.0 47.0 48.0
Straight duct run (E-F) 65.9 | 63.9 | 67.3 | 59.1 38.3 41.3 46.3 47.3
Duct termination (Diffuser F) 543 | 56.4 | 63.5 | 56.6 38.3 41.3 46.3 47.3
Table 1: Noise levels leaving each duct section (dB)
Octave Band (Hz)

63 125 250 500 | 1000 | 2000 4000 8000

Input SWL from fan 83.0 | 81.0 | 83.0 83.0 | 82.0 | 79.0 74.0 72.0
Fan SWL at outlet 543 | 564 | 635 | 56.6 | 38.3 | 413 46.3 47.3
Reverberant room SPL 477 | 49.7 | 56.8 50.0 | 31.6 | 34.6 39.6 40.6
Direct room SPL 43.8 | 458 | 549 | 49.1 | 31.7 | 35.7 40.7 41.7
Resultant room SPL 49.2 | 51.2 | 59.0 525 | 34.7 | 38.2 43.2 44.2
NR 45 requirements 70.0 | 61.0 | 54.0 | 48.0 | 45.0 | 42.0 40.0 38.0
Allowed terminal SWL 76.0 | 66.0 | 58.0 | 52.0 | 49.0 | 45.0 43.0 41.0

Attenuation required 0.0 0.0 5.5 4.6 0.0 0.0 3.3 6.3

Table 2: Noise levels resulting in room (dB)
Octave Band (Hz)

63.0 125 250 500 | 1000 | 2000 4000 8000

Computer analysis 0.0 0.0 5.5 4.6 0.0 0.0 3.3 6.3
Manual analysis 0 0 5.2 4.5 0 0 2.8 5.8

Table 3: Comparison the results of resultant attenuation required
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Figures and Graphs

Figure 2: Example ventilating system

——— Computer analysis - - -®- - - Manual Analysis
—&—— Computer analysis - - -X- - - Manual Analysis
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Figure 3: Comparison the results of Relverant SPL and Fan SWL leaving diffuser
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——e— Computer analysis - - -®- - - Manual analysis
—— Computer analysis - - -X- - - Manual analysis
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Figure 4:Comparison the results of Direct SPL and Resultant SPL
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Figure 5: Comparison the results of NR 45 and Allowed SWL at terminal
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Simulated Stress and Stretch of SWCNT

Ana Proykovd and Hristo lliev
University of Sofia, Faculty of Physics
5 James Bourchier Blvd, Sofia 1126, Bulgaria

Abstract

The mechanical stability of open single wall carbon naretutSWCNT) under axial stress
(compression and tension) and twist has been re-examine@amch ©f specific tube-length and
load scaling. SWCNT with different chiralities and lerggtiave been simulated with a classical
molecular dynamics method employing the many-body empiricasoffeBrenner potential.
Stress has been achieved by enforcing constant linemnityebn the edge atoms from both sides
of the SWCNT as suggested by Srivastava and Barnarchawke found opposite length scaling
at fast (1/10 ofig the sound velocity in carbon tubes) and slow (Mg0oading of (10, 0) tubes.

Another finding is that at fast loading short zigzag (10uBgs transform from elastic to plastic
states before they break in the middle, while tubes, lothger 13 nm, break-up directly in the
elastic state. Thus, short tubes behave like metalsnic solids, while long tubes resemble
ceramics or glasses under the conditions studied. All tulbres $piral-like structures when
twisted. Standing waves, generated under specific conditietermine the different behavior of
tubes with various lengths and chiralities.

Keywords Molecular Dynamics simulations, elasticity and inetasti single-wall carbon
nanotubes, nanoscale pattern formation, constant-conguosdlid-solid phase transformations

PACS: 02.70.Ns, 81.30.Hd, 81.40.Jj, 81.40.Vw

Introduction Nanotubes are quasi-3D cylindrical objects made
of rolled-up graphite sheets, Fig.1. The ve€qr=
Since their discovery [1],_irgle-wall carbon ngy + ma (N, mM; n, m - integers, connects

nanoubes (SWCNT) have been considered as crystallographically equivalent sites on the sheet.
members of the fullerene family [2], having a high The angle betweenC, and the zigzag line (n,0)
aspect ratio, a few defects, and unique mechanical specify the tube type: (2n,n) is chiral, (n,n) is
and electronic properties. Their mechanical armchair, (n,0) is zigzag. The tube diameter is
properties, reviewed in [3], are closely related to computed as followsd=0.078 (f + m? + nm) 2
both electron conductivity [4] and adsorption [3].  nm The tube curvature and chirality determine the
Hence, mechanical loads on SWCNTs can be used g\ycNT conductivity The zigzag (n,0) SWNTSs
to design a good dynamical chiller, based on g, 14 have two distinct types of behaviour:
adsorption—de-sorption of water molecules. This the tubes will be metals whev3 is an inteqer
possibility of engineering justifies new simulations ) : ger,
and otherwise semiconductordowever, the

of loading, including twist of tubes, which is _ : _ _
motivated by a possible application of nanotubes b€ (5,0) withd <4 ~is metallic, which should
be related to the band-gap change due to the

as shafts in nano-electromechanical devices.
curvature [6].

’ Corresponding author. Phone: +359 2 8161828, Fax:+359 2 962 52 76, Brap®phys.uni-sofia.bg
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This article presents evidences for different relaxation to occur, relaxed process. In solids with

responses of tubes with different lengths to applied dense packing these two do not differ much. Here
stress and twist: short € 13 nm) zigzag (10,0) we show how carbon nanotubes behave under fast
tubes sustain a large amount of compression andand slow loading.

recover their initial shape when the external force The second question is related to physisorption: a
is set to zero. The longer tubes fold irreversibly PES with many local minima is a better adsorbent

under the same force (strain energy per atom).

We simulate the behavior of open-ended SWCNTs
(no periodic boundary conditions) under heavy
loading. We consider zigzag (10,0), armchair (6,6),
and (10,10) tubes with lengths between 863
and 54,3nm The aim is to answer the following
guestions: What is the amount of stress (twist)
necessary tobreak bonds i.e. elastic-to-plastic
transformation of a SWCNT with a given length
and chirality? What is the change of the potential
energy surface (PES) under such extreme loading?

Fig.1 Rolled-up graphite sheets make tubes.

The first question arises in relation of elastic-to-
plastic transition to the internal atomic response to

than an even one. Broken bonds, due to high stress,
facilitate creation of adsorbing areas in PES.

Up to our knowledge, the scaling of tension
induced plasticity of carbon nanotubes is studied
here for the first time.

Model for mechanical loading

To model formation of carbon tubes, we solve the
Newtonian equation of motiomr, (t) =-N  E,,
with E, being a simplified form of the Brenner-
Tersoff potential [7]:

lVR (rij ) B,V (rij )J 1
ij)
i andj run over all atomic sites;; is the distance
between-th andj-atom; the repulsive terivk is

Valr, )= 1, )02 1(s, - e P54k o)

and the attractive termé is

Vil )= 1,0, )es, (s, - e 3l 3

with D, S;, b; andR{® -
Table 1.The functiofy, , which restricts the pair

potentialsVg andVa to nearest neighbors is:

E, = 1)

parameters given in

Lr<R{
- P (I’ j J(l)) ) )
fij(r)— 1+COSTR(1) /Z’Rij <r<R1.j
i i
0RE <r

Proceedings of SIMS 2004

an externally applied stress. The carbon atoms in
tubes are covalently bonded - the stiffest bond that _
determines the exclusive mechanical stiffness of B =(Bij +Bji)/2 is an empirical bond-order
carbon nanotubes. However, a given material has function; each of the averaged terms has the form:
two kinds of stiffness: one for a fast loading, when

there is too little time for relaxation, ‘unrelaxed’

process, and another for slow loading which allows
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B, = 1+
k(*i,

-q

G (f ik )fik (rik )ea”k [(r'j RO} (- R )]

)

For carbon atoms (index ‘C’), the functi@g is:
Ge(f) = afi+c2/d2 - c2/]d2 +(1+cosr )
f is the angle between the lines, connectinti
with j-th atom and i-th with kth atom. The
potential parameters have been adjusted [7] to quench, each velocity component is set to zero if it

reproduce the bonding structure of graphite, is opposite to the corresponding force of that
diamond, carbon nanotubes and small hydrocarbon component. This affects atomic velocities, or unit-

small step. The value aft =0.2 fs ensures the
energy conservation (in a constant energy run, no
external field) up to 18 eV/atom. The cell linked-
list method and the Verlet neighboring list [8] have
been combined to speed-up the calculations [9].
The tube starting configurations — zigzag, chiral, or
armchair - are generated with the Mintmire’s code
[10] and consequently relaxed (optimized) by a
power quench in a MD run [11]. In the power

molecules. cell velocities (for cell shape optimizations).
The stress is simulated by changing at each time

Parameter | Value | Parameter | Value step only the positions  of the edge atoms of the
R® 1.39 (1) 1.7 open-end tube,r} {r £+ r} [12]. Hence, the

! : edge atoms do not move according to the classical
D® 6.0eV | R® 2.0 equation of motion, while positions and momenta
b 21 T a, 0,00020813 of the rest of the atoms are computed from Eq. 1.

i The coordinate system is centered in the middle of

: 122 | ¢ 330 the tube with the axis along the tube length. Thus,
d 0.5 42 3.5 for compression the sign is (+) for the left side

i 0 atoms and (-) — for the right side atoms. For
a 0.0 tension, the signs are altered. Various values of

constant velocity of the edge atoms have been
tested to check the nanotube responses to fast and
slow loading. Here we report results for 500 and
1000 m/s, e.g. 1/20 and 1/10 of the sound of
velocity in  carbon. The stress waves,
corresponding to these velocities, cause (or not) a
generation of standing waves depending on the
tube length. Due to the standing waves and
beating, some atoms of the tube do not displace
while vibrate with maximum amplitudes, which
produce bond-breaks.

To be exact, the stressat a point is determined by

Table 1: Potential parameters used in simulations.

We use the Molecular Dynamics (MD) method [8],
which is a numerical technique for integration of
ordinary differential equations. In the presence of
an external field= (stress or twist) applied to a
collection of atoms, the Newton’s second law is:

mr (1) =-N, B, +Feu(t), (1)
m is thei-th atom mass. Integration is performed

with the velocity Verlet algorithm [8], which
advances in time the particle positions and

DP : .
velocities as follows: S = DA’ where P is the load being

carried by a particular cross sectioA. In general,

the stress may vary from point to point as it is in
the case of non-equilibrated tubes we study. The
stress has two components, one in the plane of the
area A, theshear stressand one perpendicular, the
normal stresslt is always possible to transform
the co-ordinates on the body into a set in which the
shear stress vanishes. We consider the remaining
normal stresses called the principal stresses. The
stress cannot be measured directly but is usually
inferred from measurements of strain, i.e. a change

r,(t+dt) =r, (t) +dtv, (t) + (2m) "dt°F, (t)
v, (t+dt) = v, (t) + 2m) '[F, (1) + F, (t + db)]

wheredt is the time step (0.2 fs in our simulations).
The dt value satisfies two requirements: a) energy
conservation  dt must be small; b) reversibility
of the classical trajectory dt - dt, dt must

be large enough to reduce the round-off errors
accumulated in very long runs needed for a very
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in size and/or shapeStretch is the change in  Our results for uniaxial stress are consistent with
the data published [12] for (10, 10) tubes with

Iength:e:I—, where | is the change in length  gjfferent lengths. Short tubes (up to i) sustain

0 large amount of compression (~ 30%) without
and |, is the original undeformed length. In  preaking and almost completely recovered their
tensione>0, i.e. the body has been lengthersd) initial shape when the external force is set to zero.
in compression. Under compression several atoms reside off-plane

The twist is realized as follows: at every time step Fig.2 and can only break one or two bonds. Less
we rotate in the opposite directions the edge atoms bounded atoms (lower binding energy) are green in
around the tube axes at angles between 0.001 andhe Figure 2. The red atoms are ‘hot’ and
0.00001 rad/s. Depending on the velocity of occasionally sublimate. If the compression time is
rotation standing waves again appear. short, the pressure is below 100 GPa, the tube
To study the effect of the standing and reflected completely restores its initial shape when released;
waves we applied the external force at times, 0,  otherwise it buckles. Salvetat and co-workers [3]
2,... have already shown in their experiments that the
- K tubes are elastic for low loads. The elastic regime
mr©=-N.E, +n:0q'”’ Fo (). @ is proper for periodic adsorption/de-sorption of
noble gases, which do not form a chemical bond
with the dangling bonds. However, the rate of
of (>2 ps), the tubes have time to relax between agsorption is too low because the number of
the successive loads and obey the Hook's law. defects created in compression is small — green-

yellow spots in the figure.

whered, , is the Kronecker delta. For large values

Results

Defect formation (bond breaking, vacancy), energy
accumulation, and shear of the tubes have been
monitored during the calculations.

Figure 3: In tension two kinks of the curves are
seen for short tubes; one kink - for long tubes. The
maximum of the curves in all cases correspond to
the break of tubes. The strain energy per atom
rapidly reduces after the break.

Tension of the tubes, Figure 3, generates more
defects then compression. Under tension, the tubes
break for 42-44% extension of the different tubes
studied here. This high percentage of extension is
due to the covalent bonding of the carbon atoms
Figure 2: A short tube, (10,0) 12.98m bends  and hexagonal structure of the graphene sheets.
under compression. Inspecting the curve slopes, we notice two kinks
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for (10,0) tubes with lengths less than 26r08 These results indicate a size effect: under tension,
(2400 atoms). We identify the first kink as short tubes behave like metalshile long tubes
transition between the elastic and plastic states resemble ceramics under mechanical loads. The
with broken bonds that do not re-connect when the reason is the energy distribution along the tube axis
external force is set to zero. These dangling bonds and the stress wave propagation, which we study in
fluctuate slowly and attract noble gases. detail for fast and slow processes.

We relate the second kink with the appearance of a We report here different responses of the tubes to
‘bridging’ area in the middle of tubes shorter than slow and fast tension: the longer the tube the larger
26,03 nm like in the Figure 4. The tube is in a extension before break-up under low speeds, while
plastic state. We call a state ‘plastic’ if the syste  at the faster velocity, the length scaling is opposite.
does not restore its initial shape after the force is

set to zero. . No. of | Tension | Tension %

Bonds break when enough energy is accumulated 219239 | atoms velocity time stretch
under tension. The timeg(in ps), needed for a tube (10,0)| 21200 | 500m/s 10,36ps 43,8
to gain energy for elastic-to-plastic transition, | (10,0)| 1200| 1000m/s| 5,60 ps 43,1
depends linearly on the tube length. The slow | (10,0)| 1600| 500 m/s| 15,28ps 44,1
tension is given witii(N) = 0,0102N — 1,6626 (10,0)| 1600| 1000m/s 752ps 43,4
and the fast tension igN) = 0.0045N + 0.2612; (10,0)| 2000| 500 m/s 18,20ps 44,2
N is the number of carbon atoms. The different "(790)| 2000| 1000m/s| 9,40 ps 43,3
slopes point to different redistribution of the (75 0y 3000| 500 m/s| 29,00ps 44,5
energy in slow and fast processes. (10,0) 3000 1000m/s 13,76p3 423

Table 2 Fast and slow tension scale oppositely.

1600 atom SWCNTI£17, 3nm)

Fast loading, i.e. unrelaxed stress process, causes
elastic-to-plastic transition in short tubes before
they break. Slow loading does not initiate elastic-
to-plastic transition for any tube length studied
here. We explain this with the tube- and the stress-
wave lengths becoming incommensurate.

Figure 4: Broken bonds in the middle of the tube —
a plastic state, corresponding to the second kink of
the curve in the Figure 2.

Long tubes form ‘bridges’ nearby the two ends,
Figure 5, and break directly from the elastic state.

3000 atom SWCNTI£30,4nm)

Figure 5: Long tubes break in the elastic state: no

elastic-to-plastic transition occur. _
P Figure 6: The red and yellow atoms are less bound

in a twisted (10,0) tube witks 12,9nm
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The scale in the Figure 6 corresponds to the the standing wave, we perform Fourier transform
difference between the initial energy and the of the atom kinetic energy. The Figure 8 shows a

current energy of every atom. The snapshot typical pattern of beating (~1.8 0Hz) observed
corresponds to 3,@s duration of twist. When off-  for a single atom located near the tube end. The
line atoms occur, the twisted tube can not restore pictures for atoms, located at different sites of the
its original shape even if the external force is set to tube, are similar, although the peaks positions
zero. We have periodically applied and released could be shifted due to the resonance conditions.
the twisting external force on the tube to study the

process of energy accumulation and standing wave IV. Conclusions and comments
formation as a function of the periodFigure 7. '

This study shows that a relatively small number of
dynamical defects can be created in an initially
perfect SWCNT before it breaks-up. This is
discouraging for the producers of defected
nanotubes considered more interesting for nano-
electronic applications. The good news is that once
created, these defects do not migrate: a detailed
study of defect formation and diffusion will be
published in [15]. The atoms, surrounding a defect,
vibrate and might become dynamical adsorption
centers, which will be studied with the code based
on the density-functional theory [13]. Our current
calculations are limited as they are based on

Figure 7: Accumulation of strain energy in a tube classical approximations.

as a function of the period in Eq.2. Beating is !N practice, the SWCNTSs grow in ropes or bundles

well seen for =2000 steps = 0.gs at 6, 10, 14, hence such computations could be of interest as

18 ps. well. However, these computations are expensive
and require intelligent and new approaches.

The standing wave (beating) is a result of Possible solutions are the usage of clusters of
modulation of the stress-wave by reflected waves. computers and/or parallel computations as we have

In order to monitor the motion of each atom due to alréady demonstrated [9]. Our algorithm scales
with the number of atoms N in a systenmCyhl).

We show that fast tension causes metal-like
mechanical behavior of short tubes — they firstly
transform from elastic to plastic state before break.
Long tubes resemble ceramics or glasses under fast
stress, i.e. break directly in the elastic states Thi
result should be remembered when designing nano
tube devices.
Under tension, the atoms increase their
temperature (zero in the beginning of the
simulations). One could think of temperature
induced transformations and related the specific
size effects in mechanical load with the
temperature-driven solid-solid changes in clusters
of rigid molecules. These clusters exhibit various
Figure 8 Beating is clearly seen in the Fourier structural phase changes depending on the
spectrum of the kinetic energy of a single atoth, 3  topography of the potential energy surface (PES)
ring from the edge atoms. and particularly on the distribution of the saddle
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points on the PES [14]. Special research of the
potential energy topography of elongated and
twisted tubes will be performed in the future to
study unrelaxed processes.
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