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This paper presents adbELICA model for a desic- Reject air
cant wheel. Desiccant wheels are used in new con-
cepts for air conditioning systems, which can save pri-

mary energy in contrast to conventional systems. This onaien
model is based on a model, which was presented at
the MoDELICA Conference 2005 [2], however in this % \ Supporting structure

study the model is improved with a new modeling ap-

proach to represent the wheels rotation. This strygyyre 1: Example of an air-conditioning using a des-
tural change made the model faster and able to py&ant wheel

duce continuous output in contrast to the on€abas

et al, [1, 2]. This was an essential step to enhance air B 5,
long term simulations of desiccant systems and con- b AV b =| ’“\w
trol strategies. These simulations are necessary to op- O 1 [ |
timize such systems and to evaluate their primary en- n &
ergy consumption. OUTLEl 1 n INLET
Keywords: Modelica; Simulation; Desiccant Wheel; wall B
Air Conditioning; Sorption <%'”*1”””n ****
- wall_A
1 Introduction INLET g ,  OUTLET
| O

In desiccant air conditioning systems, moist air is de- ‘ L“ ¥ AICY &'—L

humidified by means of a desiccant wheel, see figure 1. FLH air A %é

Water vapor is absorbed by desiccant material as hu- -

mid air passes through the whe_el. Using this te_Chl':igure 2: Schema of the old modeling approach [2]

nology, considerable energy savings can be obtained

compared to conventional air conditioning systems. In

[1] a model library has been developed to evaluate timdel of the desiccant wheel.

performance of the desiccant assisted air conditiqRarly approaches for numerical models can be found

ing process, so that different configurations and syg-3, 7, 8]. These model formulations have the disad-

tem concepts can be easily realized. Because it is Nggntage in that they can not handle desiccant materi-

essary to simulate a period of a year to evaluate &8 with discontinuities in their sorption isotherm (e.g.

air-conditioning concept, fast, dynamic models withjghjum chloride, LiCl). In [2] a MODELICA model is

good accuracy are required. All these requirements jatroduced to overcome those limitations, see figure 2

gue for MODELICA as modeling language. The maifor an overview.

and most complex component of this library is thehis model is discretized in such a way, that a sys-
*email: andreas.joos@tu-harburg.de, Tel:+49 40 42878 307@m of ordinary differential an(_j algebraic? equations _iS
temail: schmitz@tu-harburg.de, Tel:+49 40 42878 3144  generated, which can be easily re-configured for dif-
Fwww.tt.tu-harburg.de ferent set-up’s. Also new relations for further sorption

s
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isotherms can be provided without much effort. But \
due to the modeling approach of the rotation move- i
ment of the desiccant wheel through the two airflowg, flow | )
every half revolution time a state event in the numer-

ical solver is caused. Thereby the maximal step size
of the solver is restricted. This approach is also only
valid, if the change of the boundary conditions of the / ] ] 7
desiccant wheel is insignificant in half a revolution cy- vwheel Fart
cle. Considering the field of application, this is a rather

academic aspect. Although the user should be aware

of this fact. Another disadvantage is that the model :
produces discrete output variables from a continuous t=1 @

Air flow Il

Airflow | connected to
Wheel Part | and

process. To overcome these handicaps a new model Airflow Il connected to
approach of the coated wheel’'s movement through the Wheel Part Il
airflow was developed, implemented and tested. This — o
approach was developed during the work on [4]. Computingd ;) = "tifti
2 MODELICA Model of Casaset al. Dout =y 37),
Airflow | connected to

The model ofCasas et alis described in detail in [2].
This section will only give a short overview of the :
model and highlight the structural criteria that were y
changed in this work. As shown in figure 2 the im-

plementation in MDELICA is based on control vol-

umes for air (AirCV) and for the desiccant materigtigure 3: Function principle of the model fro@asas
(wall_A/B), which can exchange heat and moisture.et al.

MoDELICA can only handle ordinary differential

equations with respect to time. Therefore the baiﬁcto the timet is introduced, which leads to equa-
idea of the first approach was a variable transformgs, (1b).
tion to express the position of the rotating wheel with
respect to the airflows in terms of time instead of an-

gular position. Among the assumptions made in [2],

t=ti+3T @<  Wheel Partll and
: Airflow Il connected to
Wheel Part |

T

= 1
three are elementary in this approach: Iirout = E/S(q),t,BCm) do (1a)
0
1. The states are not a function of the wheel’s radius:
9,X+# f(R)- with
2. The variation of boundary conditions during half t= % = % anddt=d¢
a rotation is negligible:25¢| ~ 0.
2 leads to
3. The angular velocity of the whee) is constant ol
. . 0772
during half a period:22|  ~ 0. — 2
*l Saron =+ [ Spac,)dt (D)
to

Equation (1a) gives the average outlet temperature of

one airstream. To calculate the integral, the tangenfldle advantage of this formulation is, that the wheel
outlet temperature distribution must be known. Thigs only to be split in two halves; one for each air flow.
leads to a tangential discretization of the wheel aAdthe end of half a rotation period, the boundary con-
a modeling of the the motion of the discrete piecelitions of the two pieces are switched; the wheel has
through one airflow into the other. To display thiperformed half a revolution. Figure 3 illustrate this be-
movement the variable transformation from the andhavior.

The Modelica Association 702 Modelica 2008, March 3¢ — 4t 2008



Enhancement of a Modelica Model of a Desiccant Wheel

Another more process engineering oriented point @fitial velocity (2a), the conservation of mass (2b) and
view is that the continuous process of the turnirte radial passage area (2c). The area is obtained by
wheel is represented by batch processes, which eduiiding the longitudinal half sectioR- L by the axial

last half a revolution period. discretizatiom.
Among the application restrictions mentioned, this

model has two other drawbacks. First it produces dis-

crete output variables from continuous input values in VDE =
contrast to the physical process. And second, as will

be pointed out in section 4.2 the models computiRgth

time is quite large, because it causes ev§ry state

event. m=A-p-v (2b)

W (2a)

NI 0

3 Structure of the new MopeLica 2"

Model L-R 20)

Based on the restriction of applicability and the large

computing times mentioned in section 2, a new mcjd?-ads to

eling structure has been developed. The basic idea in

this approach is not to perform the variable transfor- Mppj =
mation, but to use equation (1a). To reach this aim, an-

other way to describe the motion of the wheel througrhe densityppr represents the mass of the carrier ma-
the air flows had to be introduced. terial for the sorbent divided by the volume of the
The construct of the air and desiccant material cowheel, thus including its porosity. This definition was
trol volumes is no longer virtually moved through thehosen, because the phase equilibrium calculation uses
air flow by switching the air connectors every hathe loading of the carrier material with the sorbens and
rotation period. Instead the control volume are Ithe loading of the sorbens with water.

cally fixed and alesiccant fluidvas introduced, which As mentioned before, the new wheel model was con-
flows through thedesiccant C\& in cross flow to air structed by control volumes for air and desiccant mate-
flow direction. rial. Casas et alused for their modehir CV’s with an
Therefore the existing control volumes for air and thexial discretizatiom in flow direction. To include as
desiccant material were used to build a wheel modelch of the existing code as possibi®f theair CV's
with a discretization in axial and tangential directiorare put side by side to get a control volume, which is
This modeling approach is sketched in figure 4(a). Thescretized in two dimensions. Each stream tube in
black lines on the wheel should hint to the discretizéhis construct can not directly interact with its neigh-
tion. In contrast to figure 3 the air connectors of e bors. Listing 1 gives some code snippets to illustrate
CV are attached to the in- and outlet connectors of tthe implementation in MDELICA.

wheel model. Also the desiccant material models areere arem instances of the modehi r CV, which
connected in series to model the rotation by keepiage n times discretizedAir CV. EachAi r CV has an
thedesiccant fluidn a continuously circulating flow. Heat Connect or and Humi di t yConnect or in
Figure 4(b) illustrates how thair and thedesiccant order to couple it with théesiccant CV These con-
CV's interact by exchanging heat and moisture forectors are united in the two moddtieat 1Dt 02D
modeling the (de-)humidifying the air by the sorbenand Hum di t y1Dt 02D. The function of these two
These flows are sketched by the double headed arramelels is to provide a x mmatrix of heat and humid-
between the two CV’s. Air flows along the cylindeity flows respectively, so that an Air2D model can eas-
axis while the solid passes its CV'’s in tangential diredy be connected to a two dimensional desiccant ma-
tion. These two streams are indicated in figure 4(b) arial model to form half a desiccant wheel. Figure 5
the arrows near the two CV’s. shows the twaAir CV’s connected to twdesiccant
For these purposesdesiccant fluidlow had to be in- CV’s, which form a closed loop with a circular flow of
troduced in thedesiccant Cvand set in relation to thethe desiccant fluid

revolution speed. This mass flow is computed by equEhe Desiccant CVis constructed using an analog
tion (2d), which results of the wheel's mean circumfermethod. Its model name in the library 8VCV_2D.

LR - por

2N (2d)
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);

MeanVal ues Mean(nem ;

Heat 1Dt 02D Heat Mat ri x( n=n, mem ;

Hum di ty1Dt 02D Humi di t yMat ri x( n=n, mem

Air flow |

Des. flow ):
AirSplit Split(men;
Air flow 11 equation
for j in 1:mloop
(a) Complete Wheel connect (Split.Qutlet[j], Ar[j]
.Inlet);

connect (Air[j].CQutlet, Mttel.lInlet
[i1);

Air flow connect (Air[j]. Heat Connect or,
Heat Matri x. Heat 1000 j]);
MOISture Flow ¢ ¢ Heat Flow connect (Al I’[j ] . Hum di '[yCDnneC'[ or,
Humi di tyMatrix. HumilO j 1) ;
end for;
end Air 2D

Desiccant flow

(b) Detail scheme of one element from the
wheel in fig. 4(a)

Figure 4: Scheme of the new modeling approach

It hasn stream tubes, which are discretizedtimes.
The mass flow of the virtual fluid is computed in both
SMCV_2D models by equation (2d). The connectors
between thdesiccant CVonly contain the tempera-
ture and the water loading of thtkesiccant fluid The
reason for this is to avoid initialization problems with
a circular incompressible flow. The disadvantage of
this approach is, that the wheel’s rotation direction is
fixed. But this restriction is also true for the real deS|
cant wheel, which was used for the experimental par{gure 5: Dymola representation of the new modeling
Another simplification of this model is that the entrain- approach

ment of air from one air flow to the other is not mod-

eled. So the simulation of fast rotating wheels will lead

to errors. But in their application the wheel's circumd ~ Comparison of the two Models
ferential speed is small in comparison to the velocity

of the air flows. 4.1 Results

The model ofCasas et alcontains sorption isotherms

Listing 1: Excerpt from the Air CV 2D Matrix model i, the medium model for LiCl, which where validated

nodel Air2D with measured values. The steady state results of the
paraneter Integer n = 1 "Axial whole wheel were checked against the manufacturer’'s
Di scretization": data and the transient simulations against the model of
paraneter |Integer m= 1 "Tangenti al Rau et al[5]. These isotherms were also implemented
Di scretization"; in the desiccant material C\bf the new model. To
: validate the implementation the test model shown in
Arcv[nm Air( figure 6 was used. This model consists afesiccant
each n=n, material CVwhich is connected to ahir CV. The des-
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Figure 6: Test model for the comparison with thgigure 8: Test model for comparisons of the whole
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Figure 7: Comparison of a single element of the moqullgure o:

Influence of the tangential discretization to
from Casas et aland the new one

the accuracy

iccant fluid flow is set to zero in this model, so that th§ete control volumes are instantiated in flow direc-
results can be compared to the single blow simulatiofsn of the desiccant fluid Figure 9 shows standard-
done byRau et al[5] andCasas et al[1, 2]. Figure 7 jzeq outlet temperature® and water content¥ of the
shows the results of the three models. It is obvioWsg air flow through the desiccant wheel model. They
that the sorption isotherms implementation in the neyye plotted against the tangential discretizatiorThe
model is equivalent to the model Gisas etal.Inthis  eference value is the corresponding simulation result
aspect it is adequate, because the mathematical imglgm a calculation withm= 50. The values were com-
mentation of those isotherms was already adaptedyifted from the steady state results from a step response
the use in MODELICA. after 5000s. It can be seen, thatrat= 8 the rela-
For all results, which are discussed below, modeige error is smallee-2%. Later the consequences on
were used, which contain an instance of a whole déise CPU time will be discussed, but it can be seem
iccant wheel model and sources and sinks for the g§m table 1, that depending on the required accuracy
flows. One of those test configurations is presentednishould be chosen as 5 or 8.

figure 8, in this case with the new model. Figure 10 shows a detail view on the step response of
The accuracy of the new model depends on the tam outlet temperature of three test models, one with
gential discretizatiorm. The behavior of thalesic- the desiccant wheel forr@asas et al.and two with
cant material CVapproaches that of the real wheel agheel models from this work with different numbers
the computational grid is refined, viz. the more disf tangential CV’s. The complete simulation time was
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Figure 10: Comparison of complete the model fro

Ell ure 11: Impact of tangential discretizatiom on
Casas et aland the new one 9 P 9

computing time, compared with the model from [2]

5000s. The new model produces continuous output

variables in respect to the solver step-size in contrastdigh. but due to the large time steps in regions with
the discrete output of the old one. The model with tigghall gradients, the overall computing time is lower
tangential discretization oh= 8 has a slightly Iargerfor the new model with a tangential discretization of
deviation from the one witm = 50 than the model of M = 5,8 and 10 for simulation times larger than 300
Casas et al. But as will be shown in the next sectionS€conds in this example.

it has a remarkable advantage Concerning Computms behavior is eXpeCted toleadtoa Iarge decrease in
times. And compared with measurement errors, t@mputing time, especially at long time simulations of
accuracy is sufficient. air-conditioning systems.

Table 1 gives an overview of the equations, which are
created by the different test models, so the number of
equations is a little larger than in the stand alone wheel
The computing times discussed in this section corigodel. The table also shows the computational time of
spond to calculations on one core of an Genuine kfre test model for a simulation time of 5000 s. Due to
tel(R) CPU T2300 @ 1.66 GHz on a laptop with 1 Gkhe above mentioned effect of the state events during
RAM. the simulations o€asas et als model, the new model
Figure 11 shows a comparison in computing time bgith m = 5 is nearly 20 times faster even though it
tween the previous approach and the new model. Tdihsists of about 10 times the number of equations. In
old model has no tangential discretization, but h@sis case with the old wheel’s test model 4166 state
to modify theconnect statement between the aievents occurred during simulation time.

flows an the wheel’'s control volumes every half period.

Whereas the new one needs to be divided in at least

five to eight partsrin fig. 11) per control volume to 5 Summary and Outlook

produce good output values. This leads to the behavior

presented in the plot. The old model produces at ev@gcause of the enhancement of the desiccant wheel
half revolution time an event while switching the sidespodel from Casas et ala MoDELICA model could
which wastes computing time while reinitialization obe created, which combines good accuracy with ac-
the equation system. This leads to the nearly line@ptable computing times. It was successfully used in
characteristic consisting of numerous small steps. Thether work of Applied Thermodynamicsike [4, 6],
new model contains a multiple-(m times) of equa- as the heart of a library for desiccant systems. Sev-
tions compared the the old one, so the computing tiragal simulation of complete climate periods were per-
for one step is much higher, but due to the model strdormed as well as studies concerning different con-
ture time steps larger than half the revolution time at®| strategies of those systems. For the analysis of
possible. In highly dynamic regions, like the begircontrol strategies the models were exported to Mat-
ning of the plot in figure 11, the computational effofab/Simulink to find and optimize control parameters.

4.2 Computing Time
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m No. of equations CPU tinfdn s

1 1681 ~1

2 3043 ~4
5 7129 20
8 11215 48
10 13939 78
15 20749 186
20 27559 289
30 41179 810
50 68419 2154
Casas et al. 1184 827

8For a simulation time of 5000 s in Dymola using Dassl|

Table 1: Number of equations and CPU time of thlgeferences

test model against the tangential discretization
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@ Angle

w  Angular Velocity
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