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This paper presents real time performance analysis of a silica gel based desic-
cant wheel dehumidifier. Thermodynamic model is also validated through com-
parison under a wide range of operating conditions for subtropical climate con-
ditions. Initially, a mathematical model is developed by using various set of equa-
tions for desiccant wheel dehumidifier in engineering equation solver. After-
wards, a parametric analysis of the system is performed including various design
and climate parameters such as: inlet air humidity ratio, inlet air temperature,
regeneration inlet humidity ratio, regeneration temperature, and rotation speed
of the wheel. Then, an experimental set-up of the system is established in Taxila
Pakistan for the real-time performance assessment. The results revealed that the
optimal rotation speed of desiccant wheel ranged from 15-17 rph. The maximum
model based and experimental effectiveness is 0.45 and 0.43, respectively at re-
generation temperature of 80 °C. The maximum and minimum root mean square
error values for effectiveness are 3.2% and 2.1%, respectively. Thus, the compar-
ison between experimental and model results showed a good agreement.

Key words: solid desiccant wheel, comparative performance analysis,
engineering equation solver, parametric analysis, dehumidification,
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Introduction

The effective control of indoor humidity is a significant aspect for thermal comfort
of domestic, commercial, and industrial buildings. Thermal comfort includes temperature and
relative humidity as key parameters of the conditioned space. However, acute levels of rela-
tive humidity in various applications can disturb individuals comfort [1]. Furthermore, uncon-
trolled moisture in air additionally influence the human health issues [2]. While negative ef-
fect of higher humid levels on building materials also causes electrochemical corrosion, vol-
ume changes, and chemical disintegration [3]. Therefore, in order to overcome negative ef-
fects of elevated humidity levels, indoor humidity should have to be controlled either by con-
ventional or non-conventional methods.
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In humid climates, controlling high humidity levels is a major contributor to energy
consumption in HVAC appliances due to high latent load [4]. Most conventional cooling sys-
tems intended for effective control of air temperature rather than humidity. The air dehumidi-
fication using conventional techniques such as vapor compression systems is achieved by
cooling the outside air below its dew point temperature. However, the dehumidified air is
needed to be reheated again to comfort temperature that causes additional energy input [5, 6].

Therefore, the researchers focus is shifted towards more energy efficient methods,
such as desiccant dehumidification for controlling indoor humidity without additional energy
consumption [7, 8]. Both liquid and solid desiccant based systems are utilized for dehumidifi-
cation application [7, 9]. Desiccant based dehumidification offers utilization of waste heat as
well as appropriate for solar thermal assisted application [9]. However, the solid desiccant
wheel is generally used to control the humidity of air in the cooling systems [10].

Dehumidification process is strongly affected by temperature, moisture and air
speed along with rotation speed of the wheel. However, the regeneration air temperature must
be changed in accordance with the regeneration properties of material used for dehumidifica-
tion [11].

Several studies focused on simplified techniques for performance evaluation of des-
iccant wheels [12, 13]. In these research studies experimental co-relations were proposed
based on supplied manufacturer data. However, air face velocity and wheel revolution speed
were ignored in modeling. In another research study the performance of desiccant wheel is
evaluated at constant air velocity and wheel speed and found that effectiveness remains un-
changed over wide operating conditions [14]. Similarly, evaluation of desiccant dehumidifica-
tion capacity through humidity ratio as well as temperature effectiveness indices is proposed
in the studies [15-17].

Although desiccant wheel is a key component of desiccant evaporative cooling
(DEC) system, but analysis of complete cooling system is often focused instead of compre-
hensive analysis of individual desiccant component [18-23]. Furthermore, precise prediction
of desiccant wheel performance in transient energy system simulations for DEC systems is al-
so of prime importance. However, majority of parametric analysis are based on theoretical
studies using governing equations with certain assumptions which do not represent the actual
performance under real conditions.

Similarly, the manufacturer data in terms of performance curves is based on design
conditions and sometime does not capture the complete local conditions when subjected to
transient analysis. Additionally, keeping in view that climate imposes its own conditions. The
current study analyzed the complete climate range in subtropical climate conditions which
could be equally applicable to many countries in the Asian region.

Therefore, the current model development and its validation through comprehensive
experimentation are carried out for all influencing operating conditions in subtropical climate
of Taxila city, Pakistan. Additionally, it is also observed that built in thermodynamic models
of desiccant wheel like in TRNSYS library are capable of producing regeneration temperature
as an output, while outlet temperature and humidity is often desired against a regeneration
temperature. Finally, the proposed model can precisely measure the outlet conditions on pro-
cess as well as regeneration sides and offers an effective future application for energy system
simulation programs that are compatible for coupling with engineering equation solver like
TRNSYS.
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Mathematical model of desiccant wheel

The mathematical model of desiccant wheel is based on various set of algebraic
equations for determining absolute humidity and temperature on process as well as regenera-
tion side. Furthermore, additional correlations are also used to find moist air specific proper-
ties under wide range of operating conditions such as specific enthalpy to temperature, and
relative humidity to humidity ratio. Total amount of moisture adsorbed in the desiccant wheel
is determined through adsorption isotherms [24]. Adsorption material strongly influences
these isotherms along with inlet humidity [25, 26]. Adsorption isotherms characterize the
amount of water absorbed by desiccant wheel and depend upon adsorbent material. Therefore,
to determine the equilibrium amount of moisture adsorbed, geq, as a function of relative hu-
midity, Freundlich eq. (1) is used:

Oeq = C(RH )|1r/1n 1)

The isosteric heat of adsorption is found by using Clausius-Clapeyron relationship,
whose range is in between 2100 kJ/kg and 2300 kJ/kg. The surface diffusivity is linked with
temperature via Arrhenius eg. (2) which is used to calculate the activation energy for diffu-
sion. This activation energy is about 80% of isosteric heat of adsorption and offers a good re-
alistic estimate [27]:

Eat (2)

R Tsin + Treg
2

Additionally, sensible heat exchange between the process and regeneration side
through wheel rotation per unit time is determined by eq. (3) [26]:

_ pdprc (Treg _Tsin ) NL
ﬁsans

Majority of mathematical models for desiccant wheel can be categorized into two

Dy =2.27-10" exp

Hy

®)

types.
— The model that considers the heat and mass transfer resistance offered by the bulk gas,

while ignoring the resistance offered by the solid material of the wheel.
— The model that considers both resistances such as solid side and bulk gas molecules
The current model is modified and calculates the mass transfer by considering the
surface diffusion as dominant factor. Therefore, the amount of water vapor adsorbed by the
adsorbent material is given by eq (4):

q :1.129\/@,0&1 AnsTeq @

where t; is the adsorption time which is computed by t; = 3600 Bs/Nw. Subsequently, hourly
measurements of water exchange from process air to the regeneration air through the desic-
cant wheel are determined by eq. (5):

Qm =aSLogw N (®)
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The conditions at outlet of process and regeneration stream depend upon heat and
mass transfer as given in the egs. (3) and (5). Absolute humidity ratio on process outlet side is
calculated by eq. (6):

Q
Wsin _m_m (6)

S

W,

sout —

where s is the mass-flow rate of process air and is determined by eq. (7):

ms =p,U S (@)
Enthalpy and temperature of the process air at outlet are determined using egs. (8)
and (9):
hoour = hsin + Hy ®)
 hygye — 2501W,

Toout = st 4 273,15 9
U 1.86W,,, +1.006 ®)

The dehumidification effectiveness of the desiccant wheel is defined as the ratio of
dehumidification achieved from desiccant wheel to the inlet humidity when ideal humidity at
outlet is considered to be zero. The parameter is given as eq. (10) [17]:

£g = Wsin _Wsout (10)

Wsout _Wideal
where Wigea is the specific humidity of the air at desiccant wheel outlet. If its value is consid-
ered to be zero it will represent an ideal wheel that will completely dehumidify the air. The
present model is modular that is flexible to adopt different values of design parameters. How-
ever, geometric and thermodynamic properties of desiccant wheel subjected to theoretical and

experimental parametric analysis are mentioned in tab. 1 [25, 28].

Table 1. Thermodynamic and other properties of desiccant wheel

Parameters Design values Parameters Design values
Desiccant wheel material Silica gel [Snti?;ﬁ;e_ﬁiaeﬁf desiccant wheel, Aus 11
Wheel diameter, D [mm] 350 Adsorption isotherm constants:
Wheel thickness, L [mm] 200 n[-] 15
Fractional area of process zone 0.465 Cl] 0.24
Overall cross-sectional area, A [m?] 0.008 Density of adsorbent, p,q [kgm~3] 1200
Channel pitch, a x b [mm] 2.2x2 Activation energy, Eat [kdkg] 1720
Bulk density, pad [kgm2] 270 Diffusion coefficient, Do [m?s] 2.27-107
Specific surface area, Asp [m?m—2] 3000 Specific heat capacity, Cpc [Jkg K] 921
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Experimental analysis and model validation

The numbers of experiments are carried out to study the effect of various parameters
in climate condition of Taxila city, Pakistan. Model results for each parameter are compared
with published data, as well as experimental results. However, effectiveness is considered as
critical parameter and validated with experimental results. The range of parameters for theo-
retical and experimental analysis is given in tab. 2.

The values during the parametric analysis of the model are same as ASHRAE study,
except thermodynamic and geometric properties of the wheel. Furthermore, during compara-
tive analysis and model validation baseline values of variables are considered.

Table 2. Range of parameters

Theoretical analysis Experimental analysis

Parameters Nelues | varaions | values. | variations
Temperature of ambient air, Tamo [°C] 30 - 26 -
Humidity ratio of ambient air, Wamb [gkg™] 10 - 11 -
Inlet temperature of process air, Tsin [°C] 31 20-40 25 25-45
Inlet humidity ratio of process air, Wsin, [gkg™] 8.0 4-12 12 12-18
Superficial velocity of process air, s [ms] 2 1-35 2 -
Regeneration air temperature, Treg [°C] 81 45-120 80 50-80
Inlet humidity ratio of regeneration air, Wreg [gkg ] 125 - 12 -
Rotation speed, N [r per hour] 15 15-36 17 10-40

Experimental set-up

Experimental set-up consists of a desiccant wheel, hot water tank, heating coils, and
humidifiers along with sensing and measuring instruments. The hot water tank is equipped
with electric heaters, temperature, and flow controller. The casing of the wheel is divided in
two sections, one is the regeneration zone regenerated by warm air stream and the other is a
process or adsorption zone where the inlet air stream is dehumidified. As the current study is
designed to perform real time parametric analysis so heating coils and humidifiers are present
on both process as well as regeneration streams. Process air enters at Stage 1, passes through
the heating coil and humidifier to achieve the desired moist air properties at Stage 2. After-
wards, air passes through the desiccant wheel that absorbs the moisture present in the air. Fi-
nally, dehumidified warm air is obtained at Stage 3.

Similarly, regeneration air appears at Stage 4, passes through heating coil and humidi-
fier to achieve the desired regeneration air properties. Afterwards, air passes through the main
heating coil at Stage 5 to raise the regeneration temperature to the desired regeneration value.
Experimental data is considered for analysis after system reaches its steady state condition. A
complete overview of the experimental set-up along with instrumentation is shown in fig. 1.

The process and regeneration air are supplied by individual axial fans. Desiccant wheel
is equipped with variable speed motor. The relative humidity and temperature at every section
are measured by hygrometer and temperature probes, respectively. The temperature of both air
streams in the range of 20-80 °C are measured by using K-type thermocouples with sensitivity of
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0.01°C and accuracy of +0.01. Relative humidity is measured with type
EFK-ELS sensor calibrated with standard hygrometer. Air velocity and wheel revolutions are
measured by anemometer and tachometer respectively. The physical system is as shown in fig. 2.
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Figure 1. Schematic of experimental set-up along with measuring and sensing instrument
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Figure 2. Physical set-up of desiccant dehumidification system

Results and discussion

In current study, a real time parametric analysis of silica gel desiccant wheel dehu-
midifier is carried out along with model validation under a wide range of design and operating
conditions. Desiccant wheel performance is primarily affected by the inlet conditions of pro-
cess and regeneration air, regeneration temperature and wheel speed. Therefore, subtropical
climate conditions of Taxila city, Pakistan are considered to select the range of the tempera-
ture and absolute humidity in summer season as shown in fig. 3. It can be observed that tem-
perature and absolute humidity beyond the comfort conditions varies from 15 °C to 40 °C and
12 g/kg-18 g/kg, respectively. Furthermore, comparison of each parameter with published da-
ta and validation with experimental data is presented.
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Figure 3. Subtropical climate of Taxila city, Pakistan in summer (a) temperature variation (b) absolute
humidity variation

Parametric and experimental results with validation

Effect of inlet conditions of process air

The inlet parameters W;sin and Tsin of process air influence the properties of process
air at outlet. The effect of Wsin on Wsout and AW is shown in fig. 4(a). The analysis is per-
formed on different rotation speeds of the desiccant wheel i. e. 15, 26, and 36 rph. At higher
values of Wsi» moisture removal is higher. Thus, as the inlet humidity increases the amount of
moisture removal is enhanced and represented as AW. Additionally, it can be seen that the de-
humidification of air has higher value at lower rotation speed. This shows that the moisture
removal capability of desiccant wheel decreases with increase of speed. Furthermore, the
model results are compared with the previous published study of ASHRAE [25] as shown in
fig. 4(b) and are in good agreement. Moreover, a comparison of experimental results along
with model results are also shown in fig. 4(c). The proportional increase in Wi, results in the
increase of Wsout. Furthermore, at lower values of Wsin, the moisture removal is less as com-
pared to higher values of Wsin, and maximum moisture removal is about 7.5 g/kg. The average
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experimental value of Wsout is 8.48 g/kg and average Wsout from model results is 9.67 g/kg.
Hence the difference in both average values is 1.27 g/kg.

Similarly, the effect of Tsin on the Weout along with AW of the dehumidification pro-
cess is shown in fig. 5(a). Moisture removal capacity is higher at lower values of Tsin and
tends to decrease with higher values. The comparison of model results with the previous pub-
lished study of ASHRAE [28] also exhibit similar trends as shown in fig. 5(b). Furthermore,
validation of experimental data with model results is shown in fig. 5(c). The average model
and experimental values of Wsot is 6.14 g/kg and 6.22 g/kg, respectively and are also in good
agreement.

Additionally, Wsin also influences the Tsout @s shown in fig. 6(a) along with AT.
Here, Tsout Of the process air rises with progressive enhancement in Wsin due to increased
moisture removal in the process side. It can also be observed that AT of the air is higher at
higher values of Wsin and lower values of N (rotation speed) of the wheel. Comparative results
of the model with the previous published study of ASHRAE are presented in fig. 6(b).
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Furthermore, experimental and model based outcomes to highlight the effect of Win
on Tseut are shown in fig. 6(c). The average difference between experimental and model values
of Tsout is 1.87 °C, and also in acceptable range.

Effect of inlet conditions of regeneration air

Regeneration air plays an important and critical role on the process air outlet condi-
tions. The effect of Treg 0N Wsout with AW is shown in fig. 7(a). Higher Treg, higher the mois-
ture removal capacity of desiccant material because desiccant wheel being better regenerated.
On the other hand, the rotation speed also plays a key role on Wsout. The comparison of model
results with the previous published study of ASHRAE for this parameter also exhibit similar
trends as shown in fig. 7(b). However, the trend line concerning to ASHRAE data tends to
straighten after regeneration temperature is further increased above 110 °C. Experimentally,
the effect of Treg ON Wsout With validation is shown in fig. 7(c). The average Wsout Obtained
through experimentation is 6.83 g/kg while from model results is 6.13 g/kg. Hence, the differ-
ence in both average values is as low as 0.7 g/kg.
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Additionally, the effect of Treg 0N Tsout with AT is shown in fig. 8(a). It can be ob-
served that, increases in Treg increases Tsout due to the increased heat of adsorption with addi-
tional latent to sensible heat conversion.

At higher values of Treg and lower values of N, difference of temperature AT of the
process air dominates. The model results also exhibit similar trends when compared with
ASHRAE as presented in fig. 8(b). While the experimentally determined effect of Treg ON Tsout
along with model validation is shown in fig. 8(c) and the average experimental and model
based values of Tsout are 54.24 °C and 58.7 °C, respectively.

Effect of wheel speed

This section deals with effect of wheel rotation speed, N, on the Wsou: Of the process
outlet air with different Wsin, Tsin, and Treg. The effect of speed, N, on Wsoy along with AW at
different Wsin is shown in fig. 9(a). The rotation speed plays a key role on dehumidification
process. The AW increases with rotational speed till it reaches 17 rph, then decreases again.
The reason is that at high speed wheel does not have sufficient time to remove moisture from
the air. Additionally, AW of the air is low at low Wsi, as compared to its higher values. More-
over, experimental results to study the effect of N on Wsot at different Wsin are also shown in
fig. 9(b).
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Figure 9. Effect of rotation speed of the wheel on process outlet humidity ratio with inlet humidity
ratio; (a) model results, (b) experimental results

Moreover, the model based and experimental effects of the wheel speed on Wgo,t at
different Tsin are also shown in figs. 10(a) and 10(b), respectively. At lower values of both Tsin
and N, more moisture is removed by the wheel. The optimum speed for this parameter is
around 15 rph and experimental results also validate the predicted value.

Furthermore, the effect of speed, N, on Wsoy at different Treq is shown in figs. 11(a)
and 11(b). At high Ty maximum moisture is removed by the wheel as compared to lower Treg
because it is easier to desorb the adsorbent. Similarly, higher values of N causes decrease in
AW of the process air due to small time offered for regeneration. It can also be observed that
optimum rotational speed is 15 rph.

Dehumidification effectiveness of desiccant wheel

Dehumidification effectiveness of desiccant wheel subjected to various inlet condi-
tions of Tsin, Wsin and optimum wheel speed of 17 rph is presented in fig. 12. It can be ob-
served that in fig. 12(a) effectiveness is low corresponding to lower values of Wsin. However,



Chaudhary, G.-Q., et al.: Experimental and Model Based Performance ...

THERMAL SCIENCE: Year 2019, Vol. 23, No. 2B, pp. 975-988 985
~E--T,=25°C —e— T =25°C "7 =25°C
~=#--T_=30°C —4— T =30°C =-#=-T,=30°C
~ek=: T, =35°C —+— T, =35°C ==k=-T_ =35°C
-9 T, =40°C —8— T, =40°C ~-#=-T, =40°C

= 10— ;T—' 10 10—
| o IU)
| 3 6
6 3 2 ° it
¥ 4 ii""-:: 4
50° % 10 20 30 40 50°
N [rph] (b) N [rph]
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Figure 11. Effect of rotation speed of wheel on process outlet humidity ratio with regeneration
temperature; (a) model results (b) experimental results

when Wsin increases effectiveness also increases till it reaches its peak. In this regard, the
highest experimental value is 0.42. Similarly, experimental results to study the effect of re-
generation temperature on effectiveness with different values of Tsn are presented in
fig. 12(b). It shows that effectiveness of the desiccant wheel decreases when Tsin increases
with positive impact of increasing regeneration temperatures. Moreover, comparison of exper-
imental and model based results are shown in fig. 12(c). Both results are in good agreement
with maximum root mean square error value of 3.2%.

Conclusions

The model based and experimental dehumidification performance analysis of solid
desiccant wheel is evaluated for various design and climate parameters. Fundamental heat and
mass transfer equations are used to predict the performance of the desiccant wheel for both
process as well as regeneration sides. Furthermore, an experimental set-up is constructed at
Renewable Energy Research and Development Center, Taxila city, Pakistan, for extensive
experimental analysis and model validation. The experimental results showed a very good
agreement with predicted model results for various critical parameters. Moreover, the devel-
oped model is capable to predict the drop in absolute humidity, temperature rise in process air,
and actual desiccant wheel effectiveness with a good accuracy. Optimal rotational speed of
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the desiccant wheel ranges from 15-17 rph, due to strong dependence upon inlet conditions.
Furthermore, dehumidification capacity and outlet temperature of the desiccant wheel in-
creases with increase in inlet humidity. Maximum model based and experimental values for
effectiveness are 0.45 and 0.43, respectively, at a regeneration temperature of 80 °C. While
the resulted minimum and maximum root mean square error values for effectiveness are 2.1%
and 3.2%, respectively.

Finally, the validated model can be further used for transient analysis of solar assist-
ed desiccant evaporative cooling system.

Acknowledgment

Author wants to acknowledge the financial support of the research project by Uni-
versity of Engineering and Technology, Taxila city, Pakistan, under faculty research grant
program.

Nomenclature

Aws —surface area of desiccant wheel, Qm —amount of water vapor absorbed by
[m?/kg-wheel] the wheel during an hour, [kgh]

C - adsorption constant, [-] q — mass-flow rate of water vapor

Cpc - specific heat capacity, [Jkg K] absorbed, [kgs™]

D - diameter of the wheel, [m] Qeq —amount of moisture absorbed, [kg]

Dst  — surface diffusivity, [m?s] R —gas constant, [Jkg K]

Ea — activation energy, [kJkg1] RH:rin — relative humidity of regeneration air

Hi —amount of sensible heat, [kJkg] at inlet, [%]

hsin  — specific enthalpy of process air at inlet, RHsin — relative humidity of process inlet, [%]
[kIkg™] S —cross sectional area of wheel, [m?]

hsout — specific enthalpy of process air Treg — regeneration temperature at inlet, [K]
at outlet, [kJkg] Tsin — process inlet temperature, [K]

| — radiation intensity, [Wm2] Tsout — process temperature at outlet, [K]

L —wheel thickness, [mm] AT —temperature difference

ms —mass-flow rate of process air, [kgh] t1  —adsorption time, [s]

N  —rotation speed, [rph] Us - face velocity of air, [ms]

n — adsorption constant, [-]
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Wreg — absolute humidity ratio of regeneration Greek symbols

air at inlet, [kgkg™] .
Wiin — absolute humidity ratio of process air fis . —fractional area of each zone, [-]

pa  —density of air, [kgm-3]

B ! . . pad  — density of adsorbent, [kgm~3]
Weou Ztt)sooulﬁg h[llirgllg',tf]/ ratio of process air paw  — density of desiccant wheel, [kgm~]

AW — difference in absolute humidity at ed  —dehumidification effectiveness, []
inlet and outlet

at inlet, [kgkg™?]
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