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Abstract:

Moisture control is essential for appropriate indoor air quality, mainly in humid regions. Liquid desiccant
dehumidification system is among the latest techniques used to minimize the humidity indoors and maintain
thermal comfort, requiring less energy than dehumidification through conventional refrigeration. In the current
work, a four-stage dehumidifier is constructed, which consists of a dynamic packing soaked in the solution
containing the desiccant. The linear motion of packing is induced by a cam spring follower mechanism powered
by a motor. Celdek 7090 is used as packing along with Calcium Chloride of different concentrations as
desiccant. Experiments are conducted for varying air velocity, desiccant concentration, and inlet dry bulb
temperature. Input parameters are noted and performance parameters such as coefficient of performance,
moisture removal rate, dehumidification efficiency, and humidity and temperature drops are evaluated. Results
indicate that an increase in the desiccant concentration yields larger dehumidification, though 40% desiccant
concentration led to adverse effects on the system components and hindered the flow. Rise in the inlet
temperature slightly raised the dehumidification. System gave maximum moisture removal rate,
dehumidification efficiency, and coefficient of performance equal to 4.83 g/s, 72.74%, and 4.35 respectively.
Results also showed that increasing air velocity reduced the dehumidification efficiency. Air quality check
conducted on the exit air, it is found that air quality is good and meets ASHRAE standards.
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1. Introduction

Due to the rise in the world’s population, there is a significant increase in the energy consumption. Air
conditioning (AC) alone comprises 50% of the overall building energy utilization [1]. It is thus critical to improve
the energy efficiency when controlling the temperature and humidity within the occupied spaces. In AC, the
temperature is maintained below dew point temperature to remove moisture by condensation [2]. Due to water
collection, there is a risk of growth of the mold and bacteria, with the consequent undesirable health effects.
Therefore, to remove more moisture, reheater is required [3]. Desiccant dehumidification is an alternative
approach which can provide high air quality and meet thermal comfort conditions [4]. Liquid desiccant
dehumidification system (LDDS) is an alternative option where that dehumidifies the air with the use of liquid
desiccant. Humid air is driven through the duct and interacts with the packing, where there moisture
condensates [5]. This is due to the vapor pressure difference between the desiccant and the air. As the
concentration of the desiccant increases, there is a drop in the vapor pressure of the desiccant and the
moisture diffuses from the higher to the lower concentration [6]. Some of the packings which are commercially
available are Celdek and Aspen packing. Celdek packing gives high wettability value. Wettability is the
desiccant holding capacity of the packing. Lithium bromide (Li Br) and Lithium Chloride (Li Cl) are commonly
used desiccants which yielded good dehumidification, but they are corrosive [7]. This issue can be overcome
using less corrosive desiccants such as Calcium Chloride (Ca Clz2) and potassium formate (HCO:2K) [8].
Thickness of the packing and desiccant concentration are decisive on the dehumidification performance [9].
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Outside climate is another factor which determines the dehumidifier performance. In the majority of the
systems, the packing is static, single stage, and the type of flow between the air and the desiccant is either
counter or cross flow [10]. Counter flow can result into higher performance. Some articles in the literature focus
on multistage and dynamic dehumidifiers.

Air can be driven through one or more packings. Similarly, the packing may be static or dynamic. Dong et al.
[11] studied a corrugated, S-shaped, PVC, and a globular shaped, polypropylene packing. the performance of
the dehumidifier was evaluated for the inlet air flow rate and temperature. In terms of the moisture
effectiveness, corrugated packing gave better results than S-shaped packing. Globular packing gave the least
performance among all. Wang et al. [12] worked on a counterflow liquid desiccant dehumidifier which used
structured packing with wettability of 650 m2/m3. Experiments were conducted for variable packing height,
climatic conditions, and air velocity. The system gave a moisture effectiveness of 0.6 and moisture removal
rate of 0.9 g/s. Jain et al. [13] built a dehumidifier unit which comprised a cooling tower, heat exchanger,
regenerator and control unit. The desiccant used by the unit was Ca Clz2 and Li Cl, and the desiccant
concentration and air flow rate were varied. Results indicated that change in the specific humidity of Lithium
Chloride and Calcium Chloride was found to be 5.86 and 1.77 g/kg. Bouzenada et al. [14] developed a
desiccant air conditioning system which used Ca Cl. as desiccant. Operating parameters such as air
temperature, humidity and air velocity were varied and found that absorption mass rate varied linearly with the
inlet air humidity. Results indicated that the system gave a vapor pressure of 20 Pa. Lu et al. [15] worked on
LDDS where the inlet air humidity ratio and temperature were varied. Experimental test rig was developed and
found that outlet desiccant and air temperature increased with the inlet conditions. Solution fraction increase
gave a drop in the outlet humidity. Seenivasan et al. [16] compared the performance of single and two stage
dehumidifiers. Air flow rate were varied and found that there was a drop in the dehumidification effectiveness.
There was a rise in the condensation rate with the increase in the desiccant flow rate. Also, the performances
varied with the desiccant concentrations and found that moisture removal rate increased significantly. Results
inferred that two-stage dehumidifier performed better than single stage dehumidifier. Cheng et al. [17] worked
on a multistage dehumidifier and conducted experiments for different number of packing stages. The system
used Li Cl solution which interacted with the humid air in cross flow direction. Results indicated that
dehumidification efficiency was mainly affected by air flow rate and solution flow rate, and the system gave a
dehumidification efficiency of 80%. Li et al. [18] performed an experimental study on a multistage planar
membrane dehumidifier both counter and parallel flow arrangements. Nafion 212 membranes were used, and
the inlet operating conditions were initially maintained at 27°C, then varied. Performance parameters were
obtained by varying the temperatures, relative humidity, and air flow rate. Results indicated that counter flow
dehumidifier gave better performance compared to the parallel type.

After reviewing the literature, it is found that most of the papers used counter and cross flow types, while
desiccant used were Li Cl and Ca Clz. Celdek packing is widely used, which gave high wettability. Few works
focused on the variation of the climatic conditions and the solution flow rate. Most research focus on single
stage static dehumidifiers, while research related to multistage dynamic dehumidifiers is scarce. Also, the
study of the influence of the desiccant concentration variation and the climatic conditions on the system
performance are limited. To overcome these gaps, a multistage reciprocating dehumidifier is constructed
where the desiccant concentration and inlet climatic conditions were varied to obtain the performance
parameters such as moisture removal rate and moisture effectiveness. Energy efficiency is also studied and
expressed in the form of the COP.

2. Methodology

Figure.1 shows the psychrometric process in the desiccant dehumidification system.

Specific Humidity (g/kg)

DBT Ta Te

Figure.1. Psychometric process representing dehumidification.
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The air gets dehumidified as it passes through the reciprocating packing system. Wa, Ta are the air specific
humidity and temperature at the inlet, while Ws, Ts are the air specific humidity and temperature at the outlet.
In the dehumidification process, the temperature of air increases as the specific humidity drops.

The moisture removed from the air (MRR) is given by equation (1), which is evaluated by the product of air
flow rate and difference in specific humidity.

MRR = (w; — w,) My (1)

The dehumidification efficiency given in equation (2) is defined as the ratio of the difference between the inlet
and outlet specific humidity to the inlet specific humidity and equilibrium specific humidity.
g=—t"0 ®)

Wi—Weq

The mass transfer coefficient is defined as the product of the MRR to the product of the surface area and the
specific humidity difference of average and equilibrium points. It is given by equation (3).

MRR
K=— MRR 3)

A (wav_wav,eq)

The Coefficient of Performance (COP) is defined as the ratio of the enthalpy difference or heating effect to the
total energy required. It is shown in equation (4).
cop=—"2 (4)

- Energy consumed

All the performance parameters are determined using equations (1) to (4) and represented in section 3 in the
form of graphical representation.

2.1. Multistage dehumidifier test rig construction and operation

Figure 2 shows the experimental test rig constructed. It mainly consists of an absorber unit where the
dehumidification process is carried out, composed by four packings at different positions that reciprocate inside
the desiccant solution.

The evaporator of a vapour compression refrigeration system is integrated in the absorber to regulate the
desiccant temperature. Celdek 7090 is used for the multistage packing, which rotates thanks to a 0.3HP motor
that powers a cam spring follower mechanism. A blower drives the air through a 25cmx25cm and 2.5 m length
duct, where it interacts with the packing soaked with desiccant. As the air gets dehumidified, the desiccant
concentration drops due to the water condensation. To regain the due concentration, the desiccant is driven
to a preheater tank, where it is heated up to approximately 65°C, then driven to the heater tank equipped with
an electric coil that supplies 1 kW. A separator consisting of baffled structured plates enables the mass transfer
and the hot desiccant is pumped to a contact device system. The contact device consists of four further
reciprocating packings where air interacts with the hot desiccant, removing the moisture and cooling it. The
desiccant at the original concentration is pumped to a radiator where it is further cooled, then supplied to the
absorber unit. The connection of the different systems is represented in Figure 3.

In this system, the reciprocating packing gets dipped inside to increase the wettability. The reciprocating action
is enhanced due to cam follower mechanism powered by a 0.3 HP motor. Air is blown by a 0.5 HP blower and
interacts with the Ca Cl2 desiccant, which leads to moisture condensation. High desiccant concentration has
low vapor pressure; hence the air moisture diffuses towards the concentrated desiccant. Low concentration
desiccant is driven through a regenerator to regain the original concentration. The regenerator consists of a
preheater, separator, heater and a contact device. Weak desiccant is preheated using the waste condenser
heat from a VCR cycle. It is driven through the heater where the desiccant is heated to the boiling temperature,
then enters the separator to eliminate moisture from the solution. The separator contains baffle plates and is
insulated using Asbestos covering. This completes a first stage of dehumidification. The desiccant moves into
the contact device where it is in contact with the reciprocating packing. Due to the vapor pressure difference
between hot desiccant and the fresh air entering the contact device, a second stage dehumidification takes
place. In the second stage regeneration, due to the packing action, the temperature of the desiccant slightly
drops down. The high temperature concentrated desiccant is made to pass through the radiator to reduce the
temperature drastically and the warm desiccant enters the absorber unit where the temperature of the
desiccant is in equilibrium temperature due to the evaporator coil. Table.1 gives the operating conditions of
the system.
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Figure.3: Scheme of the multistage dehumidifier test rig
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Table.1. Experimental conditions and parameters studied

Packing, wettability, type Inlet conditions Measuring Performance
of flow and fluids parameters parameters
Packing: Celdek 7090, Inlet temperature: Outlet Moisture removal rate,
30 to 42°C temperature,

Wettability: 632 m2/m?3
Type of flow: cross flow

Fluids: Air and Calcium

Mass flow rate:
0.23 to 0.62 kg/s

Desiccant

relative humidity,

wet bulb
temperature

COP,

dehumidification
efficiency,

concentration:
20%, 30% and 40%

Chloride desiccant

Cam shaft speed: 10 rpm

mass transfer coefficient

2.2. Measuring instruments

Several instruments are used to measure the operating parameters. A refractometer is used to measure the
concentration of the salt. It measures the salinity range between 1 to 100% and has a resolution of 1%. The
desiccant flow is measured using a flow meter which has a range of flow between 10 to 120 LPM and has a
pressure value of 20 bar. Dry bulb temperature is measured using Pt100 thermometers with a range from -20
to 80°C, accuracy + 0.1°C, and resolution of 0.1°C. To measure the wet bulb temperature, a Pt100 thermometer
with similar specification is used, where the bulb is covered with a soaked cloth. Capacitive hygrometers are
used to measure the relative humidity, which has a range of 0 to 99%. Anemometer measures the air velocity
of air which has the range of 0.3 to 30 m/s and resolution 0.1 m/s. Tachometer measures the cam shaft speed
of rotation which has range of 10 to 9999 rpm and resolution 0.1 rpm. Energy meter measures the total energy
consumed by the unit during the operation period. It has voltage of 220 V, frequency 50 Hz and current 80 A.

3. Results and discussion

Experiments have been conducted by varying the mass flow rate of air and desiccant concentration. For a
particular concentration, mass flow rate of air is varied from 0.23 kg/s to 0.62 kg/s with an increment of 0.1
kg/s. Air and desiccant conditions such as air temperature, specific humidity, desiccant concentration, and air

velocity are measured at the inlet and exit of the system.
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Figure. 4. Variation of MRR with mass flow rate of air and inlet DBT

Figure 4 shows the variation of MRR with the flow rate for different desiccant concentrations. As the
concentration and mass flow rate increases, MRR also increases. Higher air velocities have higher mass flow
rates. Even though difference in the humidity ratio decreases for higher mass flow rates, increased mass helps
to remove more moisture per time unit. This increases the MRR (g/s). As the concentration is increased, vapour
pressure difference between air and the desiccant also increase. Higher vapour pressure difference increases
the ability to remove more moisture. Hence, 40% concentration desiccant absorbs more moisture than 20 %.

Figure 4 also shows the variation of MRR with the inlet air temperatures. For any value of fixed air relative
humidity, as the air temperature increases, humidity ratio also increases. This increases the dehumidification
capacity of the air sample. Hence, as the inlet air temperature increases, higher MRR is observed. The results
show that for 0.52 kg/s air flow rate, MRR increases by 11.79% for 40% desiccant concentration, as compared
to that of 20% concentration. Similarly, when the inlet temperature varies from 30 to 42°C, MRR increases by

30.2%.
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3.1. Outlet DBT

Figure 5 shows the variation of the exit DBT with the mass flow rate and the inlet DBT for different desiccant
concentrations. Higher concentrated desiccant can absorb more moisture from the air, or, in other words,
higher heat of condensation is released. This heat increases the temperature of both the air and the desiccant.
This leads to a rise in the exit air temperature for all tested cases. As the mass flow rate of the air increases,
the amount of moisture being condensed reduces, which in turn reduces the exit air temperature.

Figure 5 also depicts the variation of the exit DBT for different air inlet temperatures. Higher inlet temperature
increases the temperature rise for any fixed air mass flow rate. This is because higher inlet temperature is
responsible for higher dehumidification, hence enhanced heat transfer rate, which also increases the air
temperature. From the tested values, it is observed that the air exit temperature is 4.5% higher for 40 %
desiccant concentration than for 20% concentration and 0.52 kg/s air flow rate. When the inlet temperature
varied from 30 to 42°C, exit DBT raises by 83%.
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Figure. 5. Variation of outlet DBT of air with mass flow rate and inlet DBT

3.2. Dehumidification or moisture effectiveness (DE)

Dehumidification or moisture effectiveness (DE) is the ratio of moisture absorbed by the desiccant to the
difference between the inlet and equilibrium moisture. Equilibrium moisture is the moisture contained by the
air sample at the desiccant inlet conditions. It is clearly seen from figure 6 that higher desiccant concentrations
show higher moisture effectiveness. This is because as the concentration increases, dehumidification also
increases. For a constant value of equilibrium moisture, higher DE will be observed. As the mass flow rate of
the moisture increases, DE value decreases resulting in reduced DE.
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Figure. 6. Variation of Dehumidification effectiveness with mass flow rate and inlet DBT

Figure 6 also depicts the variation of DE for various inlet air temperatures. As the air inlet temperature
increases, DE also increases. Similarly, as the inlet temperature increases, dehumidification capacity of air
sample increases. For any constant RH condition, specific humidity values are higher for higher temperatures.
This increases the dehumidification capacity. Hence higher temperature will have higher tendency for
dehumidification. When the concentration is increased from 20% to 40%, DE increases 11.5% for 0.52 kg/s
air flow rate. For the same air mass flow rate, when the inlet temperature increases from 30 to 42°C, DE
increases by 10.6%.
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3.3.COP

COP is the ratio of enthalpy change due to the dehumidification to the total energy input to the system. Total
energy input includes the work supplied to the blower and the motor that runs the cams. It is observed from
figure 7 that desiccant concentration significantly influences the COP, as the dehumidification values increase
when increasing the desiccant concentration. Furthermore, as the air mass flow rate increases, COP tends to
rise. Even though energy input to the blower increases for higher mass flow rates, the increased enthalpy
difference contributes to higher COP values. It is also seen that higher inlet temperatures tend to enhance the
COP. This is mainly due to the higher moisture absorbing capacity of the air sample at higher temperatures
with fixed RH conditions. Concerning the energy requirements, these are independent from the inlet
temperatures. Consequently, higher inlet DBT increases the enthalpy difference and hence the COP. The
experimental results reveal that when the desiccant concentration is enhanced from 20 % to 40%, COP rises
by 48%. Similarly, when the inlet temperature increased from 30 to 42°C, the COP is increased by 45% for
0.53 kg/s air flow rate.

238

3.5

—=— 20% Concentration
—e— 30% Concentration
2.4 [—*—40% Concentration

|—=— MFR=0.23 kg/s|
|—e— MFR=0.33 kg/s|
|—4&— MFR=0.42 kg/s|
3.0 4 |—»—MFR=0.52 kg/s|
|—— MFR=0.62 kg/s|

2.0+

COP

1.5
0.84
- T T T T T T T

0.2 03 04 05 06 0.7 30 32 34 36 38 40 42
Mass flow rate of air(kg/s) Inlet DBT (°C)

Figure 7. Variation of COP with mass flow rate and inlet DBT

4. Conclusions

Experimental investigations are conducted in a reciprocating multistage dehumidification unit to assess the
dehumidification performance for different CaClz desiccant concentrations and different air inlet temperatures.
The results obtained can be summarized as follows:

= Multistage reciprocating dehumidification shows better performance as compared to that of a single stage
stationary type, with higher values of MRR and moisture effectiveness.

= Increasing the concentration from 20 to 40% increases the MRR, DE, and COP by 17.6%, 13.2% and
53.6%, respectively, for 0.23 kg/s air flow rate.

= When the inlet temperature increased from 30 to 42°C, the performance parameters MRR, DE, and COP
increased by 27.2%, 34.5% and 49 %, respectively, for 0.23 kg/s air flow rate.

= When the mass flow rate is increased from 0.23 kg/s to 0.72 kg/s, the DBT, humidity ratio, and DE decrease
by 9.5%,7.2%,16.1%; whereas the MRR and the COP increase by 80% and 95%, respectively, for 20%
desiccant solution and inlet temperature of 34°C.

Hence, it is seen that a multistage reciprocating dehumidification unit offers benefits such as higher
performance with reduced desiccant consumption, as the desiccant remains stationary unlike the conventional
dehumidification systems. As the four pads are intermittently in contact with air, pressure drop and energy
consumption are lower. This contributes to more sustainable dehumidification technologies with minimum
energy consumption and environmental pollution.
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Nomenclature

m mass flow rate, kg/s

T temperature, °C

AT temperature difference, °C

RH relative humidity, %
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K mass transfer rate, kg/(m?2s)
w specific humidity, g/kg

HE Heating Effect, W
Greek symbols

€ dehumidification effectiveness or efficiency, %
Subscripts and superscripts
a air

av average

eq equilibrium

i inlet

o outlet
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