
Mathematical Modeling of Solar... 119
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ABSTRACT. A solar operated liquid desiccant (CaCl2), evaporative air condi-
tioning system is mathematically modeled. Several modifications were intro-
duced to improve the system performance. Three indices; desiccant replace-
ment factor DRF, system thermal ratio STR and solar utilization factor SUF
were defined to evaluate the system performance at various operating condi-
tions. The long term system performance at the weather conditions of Jeddah,
Saudi Arabia is investigated and also the effect of varying solar collector area
and the height of the proposed thermal storage tank are studied in terms of
DRF, STR and SUF. It is found that the monthly-averaged daily value of
DRF is highest during the summer while the lowest value occurs in the win-
ter. SUF shows an opposite behavior to DRF. The monthly variation of the
efficiency and STR vary slightly during the seasons. These results showed
that the system performance is good at humid weather  conditions.

1. Introduction

In hot weather conditions, air conditioning is strongly needed. Fortunately, in those hot
regions solar energy is abundant and free for long periods of the year. Research on us-
ing solar energy for cooling systems has started in the fifties[1-3]. Recently, solar cool-
ing systems using desiccant materials have been analyzed, investigated and experi-
mented[4-14]. Solar energy is utilized for the reconcentration (regeneration) of liquid
desiccant because of its suitability for the required range of temperature (50-60ºC).

In the present work, an integrated desiccant-vapor compression air conditioning sys-
tem, Fig. 1, is considered. A mathematical model is prepared for the simulation of heat
and mass transfer processes in packed beds, air washers, solar air heaters, rock bed
thermal storage and other system components. A computer program package is pre-
pared and tested using the model to predict the system performance at various para-
metric conditions in terms of DRF, STR and SUF. The effect of weather conditions,
solar collector area and the height of the rock bed thermal storage on the system per-
formance have been studied.
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2. System Configuration

The system configuration, Fig. 1, is made up of three loops: the conditioned air loop,
the liquid desiccant regeneration air loop, and the liquid desiccant loop.

The conditioned air loop consists of an air dehumidifier packed bed (ADPB), an air
to air heat exchanger, two air humidification washers, and a cooling coil using a vapor
compression refrigeration machine. The processes of the conditioned air loop are shown
on the psychrometric chart, Fig. 2.

 

FIG. 2. The psychrometric processes of air conditioning system using vapour compression/liquid desiccant air
conditioning system.

The liquid desiccant regeneration air loop consists of a liquid desiccant packed bed
(LDPB), an air to air heat exchanger, an air to liquid desiccant heat exchanger, a solar
air heater, and an auxiliary heater. The air process is presented on the psychrometric
Chart, Fig. 3.
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FIG. 3. Psychrometric processes for the regeneration air loop of the proposed air conditioning system.

In the liquid desiccant loop ABC, the moist liquid desiccant from the packed bed of
the conditioned air loop (B) is passed to the packed bed of the liquid desiccant regenera-
tion air loop, where it is dried to the required level (C) and recirculated back to the
packed bed of the conditioned air loop. This assures a continuous supply of liquid desic-
cant to the conditioned air loop.

3. Modeling of Packed Beds

The mathematical modeling of both beds (ADPB) and (LDRB) are the same except
for the specification of the inlet conditions of the air and liquid desiccant.

3.1 Governing equations of packed beds

The nondimensional governing equations, that are used to model the performance of
the packed bed, Fig. 4, are derived in details in[15]. These equations are as follows:

  

dW

dX
W W= γ1( – )*

l (1)

dY

dX
W W= γ2( – )*

l (2)
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FIG. 4. Geometry of the packed bed.

and the dimensionless boundary conditions for either ADPB or LDRPB are:

X = 0; W = Wi ,  Ta = Tai (5)

 X = 1; Y = Yi , Tl = Tli (6)

where the following dimensionless parameters are used:
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and θ is a reference temperature difference (assumed 10ºC in the calculations). The oth-
er symbols are defined in the nomenclature list.

The governing equations (1)-(4) represent a two-point value problem. The four first
order nonlinear differential equations are integrated employing a fourth order Runge-
Kutta integration scheme between X = 0 and X = 1. The Nachtsheim-Swigert iteration
scheme[16] is used to get Tl and Y at X = 0. The solution is found to be stable for a wide
range of operating conditions.

The properties of water, air and liquid desiccant (CaCl2) at various states required for
the solutions of the equations (1)-(4) and the other system components, are determined
using the correlations given in ref. [17]. The bed heat transfer coefficient h, mass trans-
fer coefficient hD and transfer surface area As are calculated for Rasching Rings with 25 mm
nominal diameter. Details of the calculation of these parameters and the superficial
mass velocity, interfacial surface area and the modeling of heat exchangers can be
found in[17,18].

4. Modeling of Air Washers

The governing equations to predict the performance of the air washer (Fig. 5) are de-
rived in a similar way to those of liquid desiccant packed beds.
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FIG. 5. Schematic drawing of an air washer.

The nondimensional form of the governing equations are written as:

with the following boundary conditions:

Xt = 0  ; W = Wi , Ta = Tai } (19)
Xt  = 1  ;  Tw = Twi
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The dimensionless parameters are defined as:

where W* is the equilibrium humidity ratio of air in contact with the circulated water in
the tower.

The same numerical schemes used to solve equations (1)-(4) are used to solve the
three nonlinear first order differential equations (16)-(18) subject to one-point boundary
value problem.

5. Modeling of Solar Air Heaters

Modeling of air heaters is carried out as given in[19-22] to predict the air outlet tem-
perature.

6. Preparation of Computer Program and System Performance Calculations

A computer program LDACS (Liquid Desiccant Air Conditioning Systems) is pre-
pared for the system in Fig. 1, using the mathematical simulation equations given in the
previous sections. The program is tested by carrying out several runs at various operat-
ing conditions.

However, the preliminary testing of the computer program, based on the system con-
figuration in Fig. 1 showed the necessity to use several heat exchangers to enhance the
overall efficiency of the desiccant regeneration loop.

The results also, showed in a later stage the need to use a storage tank to store the so-
lar thermal energy collected by the solar collectors for use at times when solar energy is
not available or less than required by the system. Several bypass valves are added to the
system to improve its control and to make its performance more efficient.

The modeling of the new added components was carried out in detail and can be
found in[17].

The system in Fig. 1 is now modified and the final arrangement is shown in Fig. 6.
To evaluate the performance of the system some parameters should be introduced.

Since the use of liquid desiccant reduces the cooling load of the vapor compression
machine, one may define the desiccant replacement factor (DRF) as follows
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Part of cooling load replaced by the

DRF =
liquid desiccant system (21)

cooling load using only vap. comp. refrigerator

= QCLD / QCC

where QCC is the cooling load of the vapor compression refrigerator and QCLD is the
part of the cooling load which is replaced by the present liquid desiccant system.

The daily system thermal ratio (STR) is defined as follows:

FIG. 6. Present system of air dehumidification using liquid dessicant.
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where t is the solar time measured from midnight, Qs is the solar irradiance received by
the collector covers, QHA and QHS are the rate of auxiliary heat supplied to the system,
and ηcd is the daily efficiency of solar collector. The value of ηcd is calculated as follows

(23)

In the above equations the time period from t1 to t2 is 24 hours and the starting time t1 is
any time during a day which is selected 0 for simplicity. When operating on the mean
day of each month, the previous expressions for STR and ηcd provide directly the
monthly-averaged values STR and ηcd.

Similarly, the yearly-averaged daily (STR)y is defined as follows:

(24)

where H is the monthly-averaged daily value, with the subscripts CLD, S, HA and HS
having the same meaning as before.

The daily solar utilization factor (SUF) is defined as

SUF = ηcd Hs / (ηcd Hs + HHA + HHS) (25)

where Hs, HHA, and HHS are respectively the daily solar radiation received by collector
surface and the daily heat energy provided by air and solution auxiliary heaters, respec-
tively. In a similar manner to STR and (STR)y , SUF and (SUF)y are defined.

7. Performance of the Overall System at Basic Design and Operating Conditions

The computer program LDACS (Liquid Desiccant Air Conditioning System) is modi-
fied to predict the transient performance of the liquid desiccant system shown in Fig. 6.

The initial values of the design and operating parameters given in the appendix are
per unit area of ADPB.

7.1 Performance of the air dehumidification loop

The variation of the humidity ratio of the air flowing in the ADPB with the bed
height is shown in Fig. 7. The value of W becomes almost constant at about 90% of the
bed height which suggests that the height of the bed could be reduced to save the unnec-
essary extra initial cost of the bed without affecting the dehumidification process of the
air.

STR = daily cooling load obtained by desiccant system

daily heat input to the system
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FIG. 7. Variations of humidity ratio of air and salt content in liquid desiccant flowing in the ADPB for the
date of basic run. 

Figure 7 also depicts the variation of the salt content Z (i.e. CaCl2) in the solution
with the bed height. This variation has a trend opposite to that of W.

The air dehumidification loop processes are plotted on the psychrometric chart, Fig. 8
where the state points on the figure are the same as shown in Fig. 6. The desiccant re-
placement factor DRF for the present basic run is found equal to 0.846, i.e. 84.6% of the
cooling load is removed by the desiccant liquid and 15.4% of the cooling load is provid-
ed by a vapor compression refrigeration machine.

FIG. 8. Plot of air processes in the air dehumidification loop.
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7.2 The liquid desiccant regeneration loop

The variations of the humidity ratio of the air and the salt content of the liquid desic-
cant solution, with the bed height are shown in Fig. 9.

FIG. 9. Variation of humidity ratio of air and salt content in liquid desiccant flowing in the LDRPB for the
data of basic run.

The time dependence of the temperatures of the air entering and leaving the solar air
heater and the average rock bed temperature are shown in Fig. 10.

FIG. 10. Time dependence of collector inlet temperature T22, collector outlet temperature T23, and rock bed
average temperature Trb using data of basinc run.
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The temperature distribution of the rock bed along the bed height is given in Fig. 11
for solar  times 0, 6, 12, 18 and 24 hr.

FIG. 11. Variation of temperature in rock bed along the bed height at 6, 12, 18 and 24 hr solar time using the
data of basic run.
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7.3 Overall performance of the system

Under the data of the basic run given in the Appendix, the performance of the system
is proved to be satisfactory. All basic laws such as conservation of mass and energy
equation are satisfied for all components and processes at any instant of time of the op-
eration. The system is found to have the following:

desiccant replacement factor, DRF = 0.846
system thermal ratio, STR = 0.295
solar utilization, SUF = 0.485

To improve the solar utilization factor a large collector area should be used, but this
of course, would be on the expense of the initial cost of the system.

8. Effect of Weather Conditions on the System Performance

The system performance is now studied at the monthly-averaged daily ambient tem-
perature and humidity ratio T9 and W9, respectively.

The results are shown in Fig. 12, and indicate that the highest value of DRF during
the year is 0.825 and occurring during August and September. The lowest value of DRF
is 0.74 and occurring around January. The distribution of the SUF with the months of
the year is the opposite to that of DRF. The high value of the SUF during January is due
to the low humidity ratio of the ambient air which causes low latent cooling load and
thus the present area (50 m2/m2 of ADPB) of solar collector becomes adequate to pro-
vide about 92% of the heat energy required to run the system. On the contrary, during
August and September, the humidity ratio of the ambient air is quite high causing rea-
sonably large value of the latent cooling load. At this large value of the latent cooling
load, the present area (50 m2/m2 of ADPB) of solar collectors is capable of providing
about 56% of the heat energy required by the system.

Examining the monthly variation of STR showed that its value varies only in a narrow
range, mainly between 0.20 and 0.25. The highest value of STR is found near July
(Summer) and its lowest value is found in December (Winter).

Similarly, the monthly variation of ηcd is found to be a reasonably narrow range like
STR. Its variation fall between 0.44 and 0.48, i.e. with 0.04 difference.

In conclusion, the results in Fig. 12 show that the performance of the system as indi-
cated by DRF and STR is good at humid weather as that of Jeddah.

9. Effect of the Solar Collector Area

Of course, changing the area of the solar collector Ac  would not affect the desiccant
replacement factor DRF of the system. However it affects both the solar utilization fac-
tor SUF and the system thermal ratio STR.

Figure 13 depicts the variation of SUF with the ratio Ac/Ab for January (Winter) and
July (Summer). It is clear that during January using Ac/Ab ~ 60 or more makes SUF =
1.0, i.e. all heating  is carried out in full by solar energy. Using same value of Ac/Ab of
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60 provides SUF = 0.7 during July. The yearly-averaged value of SUF  lies between the
values of January and July.

FIG. 12. The monthly variation of DRF, STR, SUF, and ηcd.
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FIG. 13. Dependence of SUF and STR on the ratio Ac/Ab for the average day of January, July, and yearly
average day.

Figure 13 also shows the slight change in the values of STR of January, July and the
yearly-averaged day. Generally, the value of STR decreases as the area of collector is in-
creased. This is expected due to the increase in the heat loss from the solar collectors as
the collector area is increased. The reason is that by increasing Ac more thermal energy
is supplied by the collector to the system and this makes the average temperature of the
air leaving the storage tank to the collector higher during day time, and therefore more
heat loss from the collectors is expected. The final conclusion is a slight drop in the col-
lector efficiency and thus a slight drop in STR as Ac/Ab is increased.

10. Effect of the Height of the Rock Bed Thermal Storage

The effect of changing the height of the rock bed thermal storage on the long-term
performance of the system is considered. Bed heights of 1, 2, 3, and 4 m are studied
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with the other design and operating conditions held constant as given in the Appendix
and using the weather data for Jeddah[23].

Figure 14 presents the variation of the SUF and STR of the system for the average
day of January, July, and the year with the rock bed height Lrb for the same area of solar
collectors. Increasing the rock bed heights means using large volume of rock bed to
store the surplus thermal energy collected by solar collectors. This leads to reducing the
input air temperature to the collector, thus improving the collector efficiency, and as a
result also improving SUF. The improvement in SUF, however, diminishes as
Lrb is  increased, and it becomes negligible as Lrb is increased beyond 3 m. Similarly, STR
is improved with the increase in Lrb due to the improvement of the efficiency of the so-
lar collectors as explained before.

FIG. 14. Dependence of SUF and STR on Lrb for the average day of January, July and the year.

11. Conclusions

A mathematical model is prepared to simulate the performance of the integrated solar
operated, vapor compression assisted, liquid desiccant air conditioning system.  Three



A.M. Radhwan et al.136

indices: DRF, STR, and SUF are introduced to evaluate the performance of the system
at various design and operating conditions.

A FORTRAN computer package LDACS is prepared, and extensively tested, using
the present mathematical model. The package is also used to predict the long-term per-
formance of the system when operated at the weather data of Jeddah. In addition, the
package is used to study the long-term performance of the system when changing the
area of the solar collectors and the height of the thermal storage tank. The package may
be used to predict the performance of the present system at other  parametric conditions
and thus helps to optimize the system.
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 List of Symbols

Ab cross sectional area of ADPB, m2.
Ac area of solar collectors.
As heat transfer and mass transfer area in packed bed, m2/m3.
Cp specific heat at constant pressure, J/kg ºC.
DP Dew Point.
DRF desiccant replacement factor.
G solar irradiance, W/m2.

superficial mass velocity of dry air in packed bed, kgda/m
2 s.

mass of air flow rate in solar collector per unit cross sectional area of ADPB,
kg/m2.s.
superficial mass velocity of salt in liquid desiccant flowing in packed bed,
kgs/m

2.s.
h heat transfer coefficient in packed beds, W/m2 ºC, also, enthalpy of air, J/kg.
H monthly-averaged daily total radiation on a horizontal plate.
hD mass transfer coefficient, m/s.
hfg latent heat of evaporation for water, J/kg.
k thermal conductivity.
L height of packed bed.
Lt height of packed bed of air washer.
m flow rate, kg/s.
m mass flow rate per unit cross sectional area of ADPB, kg/m2.s.
Pws saturation pressure of water at a given temperature, kPa.
Q rate of heat transfer.
QCLD part of cooling load provided by liquid desiccant system, W.
QHA rate of heat supplied to the auxiliary air heater, W.
QHS rate of heat supplied to the auxiliary solution heater, W.
s tilt angle of solar collector.
STR daily system thermal ratio.
SUF solar utilization factor.

˙ ′Ga

˙ ′Gc

  
˙ ′G
l

Æ
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t time, also solar time.
T temperature, ºC.
W humidity ratio of air, kgw/kg dry air.
X dimensionless distance.
x distance along packed bed, m. also, mole fraction of water in liquid desiccant.
Y moisture content in liquid desiccant, dry base, kg H2O/kg salt.
y mole fraction of water vapor in air.
Z salt content in liquid desiccant, kg salt/kg solution.

Greek Symbols

α absorptance of absorber plate of solar collector.
α1 to α8 dimensionless coefficients, Eqn (20).
γ1 to γ8 dimensionless coefficients, see eqs. (7) to (15).
ε effectiveness of a heat exchanger.
η efficiency of solar collector.
ηcd daily thermal efficiency of the solar collector.
θ reference temperature difference (assumed 10ºC in calculations); also, solar

incidence angle on a tilted surface.
µ dynamic viscosity, Pa.s.
ρ density, kg/m3; also reflectance.
φ relative humidity of air;  also latitude angle.

Superscripts

* equilibrium conditions.
′ superficial.
. rate.

Subscripts

1,2 state point of air.
a air.
c cold fluid.
DP Dew Point.
gr ground reflected.
h hot fluid.
i inlet condition;
l liquid desiccant.
l liquid.
L1,L2 State point of liquid desiccant.
o out.
rb rock bed.
s saturation condition of air; also, solution (water or liquid desiccant solution);

also, salt; also; solar.
t on a tilted surface.
v water vapor.
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w water.
∞ ambient.
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Appendix

Basic design and operating conditions of the present liquid desiccant air conditioning system.

A. Room and Ambient Conditions
A1. Dry bulb temperature, T1 = 25ºC
A2. Humidity ratio, W1 = 0.011 kgw/kgd.a.
A3. Air flow to room per m2 of cross section area of ADPB = 0.45 kg/s.m2

A4. Ambient dry bulb temperature, T9 = 41ºC
A5. Ambient humidity ratio, W9 = 0.024 kgw/kgd.a.
A6. Fraction of fresh air mixed with state 3 = 0.25

B. Air Washer
B1. Packing material = Ceramic Rasching

rings, 25 mm
nominal diameter.

B2. Height of bed = 1 m
B3. Air flow rate per unit cross sectional area of bed = 0.45  kg/s.m2

B4. Water flow rate per unit cross sectional area of bed = 0.9 kg/s.m2

C. The Air Dehumidification Packed Bed, ADPB
C1. Packing material = Ceramic Rasching

rings, 25 mm
nominal diameter.

C2. Bed height = 0.75 m
C3. Air flow rate per unit cross sectional area of bed = 0.45 kg/s.m2

C4. Solution (liquid) flow rate per unit cross sectional area of bed = 0.9  kg/s.m2

C5. Solution temperature at bed inlet, TL1 = 30ºC
C6. Solution concentration at bed inlet, TL1 = 1.3 kgw/kg salt

D.   Other Data for the Air Dehumidification Loop
D1. Dry bulb temperature of supply air to the room, T8 = 15.0ºC
D2. Humidity ratio of supply air to the room, W8 = 0.0106 kgw/kgd.a.
D3. Effectiveness of heat exchanger between processes 2-3 and 5-6 = 0.7

E.    Liquid Desiccant of Regeneration Packed Bed, LDRPB
E1. Packing material = Same as C1
E2. Bed height = Same as C2
E3. Air flow rate per unit cross sectional area of bed = Same as C3
E4. Solution (liquid) flow rate per unit cross sectional area of bed = Same as C4
E5. Solution temperature entering the bed, TL5 is controlled to

maintain Y
L6 = Y

L1

F.   Solar Air Heaters (Collectors)
F1. Collector area per unit cross section area of ADPB, Ac/Ab = 50 m2

F2. Collector air flow rate per unit area of collector, G′c = 0.03 kg/s.m2

F3. Latitude angle of Jeddah, φ = 21.5º
F4. Day of testing = June 21

G.   Rock Bed Thermal Storage Tank
G1. Cross sectional area per unit area of solar collector, Arb /Ac = 0.075
G2. Average diameter of rocks = 0.025 m (25 mm)
G3. Voidage of the rock bed = 0.4
G4. Bed height = 2.0 m
G5. Density of Rocks = 2640 kg/m3

G6. Heat capacity of rocks = 840 J/kg ºC

.
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H.   Other Data for the Solution Regeneration Loop
H1. Effectiveness of heat exchanger #1, ε1 = 0.7
H2. Effectiveness of heat exchanger #2, ε2 = 0.8
H3. Effectiveness of heat exchanger #3, ε3 = 0.75
H4. Air temperature to the LDRPB, T13 = TL5
H5. Ratio of air flow rate to H.E. 2 to that of the ADPB, m17/m4 = 3.0
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nOH���« qzU� W‡I�dD� ¡«u‡� nO‡OJ� ÂU‡EM� W‡O{U�d�« W‡�cLM�«
W‡O�LA�« W‡‡�U‡D�U� tK‡OGA�Ë

*Í—U� tÒK�« W�«b�  Ë  **bO��« bL�� vHDB� , *Ê«u{— bL�� w(« b��
W�œuF��« WO�dF�« WJKL*« − …b‡� , e�eF�« b�� pK*« WF�U� , WOJO�UJO*« W�bMN�« r�� *
X�u‡‡‡J�« − …U‡‡‡‡‡‡‡‡‡‡HB�« , X�u‡‡J�« W‡‡F�U� , W‡‡OJO�UJO*« W‡‡�b‡MN�« r�� **

nO?H?�?��« W?I�dD� ¡«u� nO?OJ?� ÂUEM� w{U�— Ã–u/ œ«b?�≈ - Æ hK�?��*«
ÂUEM�« d�uD� Èd� b�Ë , WO�LA�« W?�UD�« WD�«u� tKOGA�Ë nOH& qzU� WD�«u�
q�«u� W�ö� n�dF� - ÂUEM�« ¡«œ√ .uI?��Ë , qC�√ ¡«œ√ v�≈ ‰u~uK�  «d� …b�
q�U�Ë , (STR) ÂUEMK� W�—«d(« W��M�« , (DRF) nOH�?��« ‰ö�≈ q�U� : ©W�œ√®
¡«œ√ W�«—œ Èd?� q�«uF?�« Ác� Â«b��?�U�Ë Æ (SUF) WO?�L?A�« W�U?D�« Â«b�?��«
d?O�Q� W?�«—œ v�≈ W‡�U{≈ , …b?‡� W‡M�b� ŒU?M�Ë ·Ëd� X% ¡«u‡N�« nO?OJ� ÂUE�
ÂUEM�« vK� Í—«d?(« s�e�?��« Ê«e� ŸU?H�—«Ë WO?�L?A�«  UF?L:« W?�U�?� dO?G�

Æ Õd�I*«
qB� (DRF) q�UFLK� WO?�uO�« WLOIK� ÍdNA�« ‰b?F*« Ê√ ZzU�M�«  dN�√ b�Ë
dN�√ b�Ë Æ ¡U?�A�« qB� ‰ö� WLO?� v�œ√Ë nOB�« qB� ‰ö� WL?O� vB�√ v�≈
ÍdN?A�« dOOG?��« Ê√ k�u� ULMO� , (DRF) q�UF?LK� W��U?F� UÎL?O� (SUF) q�UF*«
ZzU?�� X�{Ë√ b?�Ë Æ WM��« ‰u?B� ‰ö?� UÎH?OH� ÊU?� (STR) q�UF*«Ë …¡U?HJK�

Æ W��d�« WO�UM*« ¡«u�_« w� «ÎbO� ÊuJ� Õd�I*« ÂUEM�« ¡«œ√ Ê√ Y���«




