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Abstract
A coupled system of two liquid desiccant columns—one dehumidifying the air and the other
regenerating the solution—has been investigated for very low solution to air flow ratios (S/A) in the
range of 0.2–1.6%. The present study explores the feasibility of integrating the columns with the
conventional room air conditioner (AC) to enhance the dehumidification capacity of the hybrid AC
system. The air inlet conditions to dehumidifying column are assumed typical of supply air from a
room AC at 8–168C dry bulb temperature (DBT) and 75–95% relative humidity. Similarly, inlet air to
regenerating column is assumed at 40–608C DBT and 15–20 g/kg specific humidity, which are typical
of the condenser exit air. It is observed that the moisture transfer from supply to condenser air takes
place at the rate of 0.28–0.6 g/s for a 0.8 TR AC unit. This indeed enhances the dehumidification of the
supply air considerably. Moreover, the supply air gets sensibly heated following the isenthalpic
dehumidification process, which enables the hybrid system to maintain low humidity in the
conditioned space.
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1 INTRODUCTION

High level of humidity in a given space causes the growth and
propagation of bacteria and viruses. Low temperature and low
humidity increase not only the human comfort but also the
perceived air quality [1]. These can significantly enhance the
life of books, manuscripts and tapes in the library. It is found
that the life of paper gets doubled for each 5.5 K reduction in
dry bulb temperature (DBT). The reduction in absolute
humidity also significantly increases the paper life. The recom-
mended design criteria for libraries are 20–248C DBT and
30–45% relative humidity (RH) [2].

Ambient air contains a small amount of moisture, yet plays
an important role in various applications such as comfort air
conditioning (AC), drying, etc. The removal of moisture from
air, whether complete or partial, is termed as dehumidification.
This can be achieved either by condensation or sorption of
water vapor. The former requires cooling equipment whereas
the latter makes use of solid desiccants such as silica gel and
molecular sieve or liquid desiccants such as aqueous lithium
bromide and aqueous lithium chloride.

Reviews of the early work on the development of liquid des-
iccant systems can be found in [3]. Studies on liquid desiccant
systems were carried out by Lof [3] and Jain et al. [4], whereas
Belding et al. [5] have studied desiccant aging and its effects on
desiccant cooling system performance. Control of humidity
and temperature with the help of desiccants can result in
energy-saving. The performance of a packed column operating
as an absorber/regenerator gets influenced by many operating
and design parameters [6]. Liquid desiccants have a lower
drying capacity compared with their solid counter parts, but
are employed owing to their advantages such as ease in oper-
ation, causing less pressure drop for air in the packing, and
removal of dirt and suspended contaminants from air [7].
More details about desiccant types, properties and the regener-
ation process are given by Kinsara et al. [8].

Packed columns are employed for air dehumidification and
their performance has been evaluated under different design
and operating conditions [7, 9–11]. Heat and mass transfer
between the air and laminar desiccant films in cross flow are
studied by Park et al. [12, 13], who reported that lower air flow
rates give better control over humidity and cooling. Similar
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studies for inclined parallel and counter flow configurations by
Ali and Vafai [14] revealed that the inclination angles of the
packing play an important role in enhancing the dehumidifica-
tion, cooling and regeneration processes. The effect of packing
density on the moisture removal rate and the dehumidifier
effectiveness are assessed by Abdul-Wahab et al. [15].
Subramanyam et al. [16, 17] have established the feasibility of
solid desiccant–vapor compression hybrid system in their
study. They found that the supply air could be dehumidified
and the solid desiccant could be regenerated operating between
supply and return air with temperatures of about 13 and 258C,
respectively. Detailed analysis on parallel flow and counter flow
packed columns has been carried out by Shaji Mohan et al.
[18, 19]. It was concluded that the inlet air properties decide
the absorption/regeneration process at low S/A values. In the
present study, the authors extend the model to coupled
counter flow columns, one dehumidifying the air (absorber)
and the other regenerating the liquid desiccant (regenerator).
The coupled columns are analyzed exploring the feasibility
to integrate them with conventional AC to achieve better
dehumidification of supply air.

2 THEORETICAL MODEL

Figure 1 shows the block diagram of the coupled columns in
the counter flow arrangement. Aqueous lithium bromide solu-
tion is used as desiccant solution. In the absorber, the desic-
cant solution absorbs water vapor from the cold and already
dehumidified air from evaporator. The resulting weak solution
is fed to the regenerator where the hot condenser air regener-
ates it back as a strong solution. Here the liquid desiccant flow
rate at the absorber inlet is small and of the order of 0.2–1.6%
of air flow rate. The cold and dehumidified air but at high RH
interacts with the solution that has very low flow rate. Hence
the solution gets cooled, which results in bringing down its
saturation vapor pressure (SVP) below the partial pressure of
water in air, thus resulting in absorption of vapor from air

into the solution. Similarly, the diluted solution at lower tem-
perature enters the regenerator and interacts with warm air
from condenser. Again due to very low flow rate of the solu-
tion, the solution gets heated resulting in increase of its SVP
above the partial pressure of water in air and thus resulting in
regeneration of solution. Thus, air can cool/heat the solution
at the absorber/regenerator because of low heat capacity of the
liquid desiccant. Therefore, no solution–solution heat exchan-
ger is required. Unlike other lithium bromide water systems
that operate under vacuum, this coupled column is an open
cycle that works at atmospheric pressure and thereby makes it
possible to regenerate the liquid desiccant at a condenser tem-
perature above 408C. As discussed by Shaji Mohan et al. [19],
the cold air from the evaporator cools the strong liquid desic-
cant (lithium bromide solution) in the absorber, thereby redu-
cing the vapor pressure of liquid desiccant below that of air
facilitating the absorption of moisture. Similarly, the hot con-
denser air heats up the weak liquid desiccant in the regener-
ator, thereby increasing its vapor pressure above that of hot
condenser air facilitating the regeneration of the liquid desic-
cant. The liquid desiccant solution is evenly distributed over
the hydrophilic cellulose fills in the form of large droplets
using a distributor system. The desiccant distributor consists of
a dosing pump that can supply the desiccant from 5–120 ml/
min, a motor that is running at 4 rpm and a dispenser to dis-
pense the liquid desiccant in the form of large drops. Thus
even distribution and wetting of the whole packing is possible
even with small volume flow of solution. Moreover, the solu-
tion droplets coming out of the dispenser are large enough so
that they cannot be carried away by air, thus maintaining a
very low/zero carry over system. This desiccant loop is super-
imposed on a vapor compression AC system, forming a hybrid
system. The computational model of the coupled counter flow
columns is shown in Figure 2.

The thermal conductivity (k) and density (r) of air can be
found as

k ¼ f ðtaÞ; r ¼ f ð pt ;Wa; taÞ ð1Þ

Thermal diffusivity is expressed as

a=
k

r cp

ð2Þ

where cp is the specific heat.
The velocity of air through either column can be written in

terms of mass flow rate of air:

v ¼ ma

Acr
ð3Þ

where Ac is the cross-sectional area of packed column.Figure 1. Block diagram of the proposed coupled counter flow columns.
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As the state of air is known, enthalpy of air becomes

ha ¼ f ðta;WaÞ ¼ cpata þ ðWaðhlv þ cpvtaÞÞ ð4Þ

where hlv is the latent heat of vapor at 08C.
Using correlations suggested by Dowdy and Karabash [20],

the heat transfer coefficient is defined as

hc ¼
Nu k

le
; where Nu ¼ 0:10 ½le=l�0:12Re0:8Pr1=3 ð5Þ

where Nu is the Nusselt number, le is the characteristic length
of packed column, l is the height of packed column, Re is the
Reynolds number and Pr is the Prandtl number.

Lewis number is defined as [21]

Le ¼ a

D

� �2=3

ð6Þ

The mass transfer coefficient can be expressed in terms of heat
transfer coefficient and Lewis number as

hm ¼
hc

cp Le
ð7Þ

Thin layer of air in contact with the lithium bromide (desic-
cant) solution is saturated and in equilibrium with the solu-
tion. Hence, the vapor pressure of the air at the interface (pi)
is given by

pi ¼ ps ¼ f ðxs; tsÞ ð8Þ

Consequently, the specific humidity of the air at the interface
can be found as

Wi ¼
Mv

Ma

pi

ð pt � piÞ
ð9Þ

where M is the molecular weight.
Then, enthalpy of air at the interface is obtained by

Equation (4).
The moisture transfer in the differential height segment can

be obtained by using the mass transfer potential as

dm ¼ hm dAðWa �WiÞ ð10Þ

where dA ¼ ap Ac dZ:
The total heat transfer (dq) in the differential height

segment is obtained by using the concept of enthalpy potential

dq ¼ hc dA ðha � hiÞ
cp

ð11Þ

Thus, for the differential height segment shown in Figure 2, the
changes in specific humidity and enthalpy of air are given as

dWa ¼
dm

ma

; dha ¼
dq

ma

ð12Þ

Consequently, the updated air properties across the differential
height segment become

W�
a ¼ Wa þ dWa; h�a ¼ ha þ dha; t�a ¼ f ðh�a ;W�

a Þ ð13Þ

Figure 2. Computational model of the coupled counter flow columns.
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Updated solution flow rate is given by

m�s ¼ ms þmadWa ð14Þ

The updated concentration of lithium bromide (desiccant)
solution x�s after water vapor transfer can be obtained from
mass and material balance.

x�s ¼
xsms

m�s
ð15Þ

Finally, the updated enthalpy and temperature of the lithium
bromide solution at the exit of each differential height segment
of either column in Figure 2 can be expressed in the form

h�s ¼
ðhsms þ dqÞ

m�s
; t�s ¼ f ðh�s ; x�s Þ ð16Þ

where

hs ¼ f ðxs; tsÞ ð17Þ

3 RESULTS AND DISCUSSION

Using the equations given in the previous section, the exit con-
ditions of process and regenerator air and those of strong and
weak desiccant solutions are obtained by successive substitu-
tion method. The parameter chosen are categorized as fixed
(Table 1) and variable (Table 2) types. When one of the vari-
able parameter is varied over the range chosen for the study,
other variable parameters are maintained at their mean values.

The purpose of the coupled desiccant columns is to
enhance the dehumidification capacity of the supply air by
transferring some of its moisture to the warm condenser
(regenerator) air through the desiccant solution. The present
study explores the feasibility of such a concept. Considering a

0.8 TR window AC unit, flow rates of process and regenerator
air are fixed at 0.2 and 0.3 kg/s, respectively. The inlet proper-
ties of both the process and regenerator air are varied covering
the expected range of exit air properties (Table 2) at evaporator
and condenser of any window AC. The flow rate of solution at
the entry of the absorber is specified. The concentration of the
solution entering the absorber and that of the solution enter-
ing the regenerator, including its flow rate, are the internal
parameters, which depend on the operating parameters. For
example, Figure 3 shows that with an increase in the process
air relative humidity, the solution concentration (xao) at the
exit of the absorber decreases for a given S/A ratio. This is
attributed to an increase in the vapor pressure of the process
air that is caused by an increase in its specific humidity.
Similarly, for a given relative humidity of the process air, as the
value of S/A increases, the concentration at the exit of the ab-
sorber increases although there is increased moisture removal.
The increase in moisture removal is much smaller than that of
solution flow rate in the absorber and hence it does not affect

Table 2. Variable operating parameters.

Parameter Range Mean value

Absorber inlet air temperature, taai, 8C 8–16 12

Absorber inlet air relative humidity, faai, % 75–95 85

Regenerator inlet air temperature, tari, 8C 40–60 50

Regenerator inlet air specific humidity, Wari, g/kg 15–20 17

Solution to air flow ratio in absorber, S/A, % 0.2–1.6 Varied for

each parameter
Figure 3. Effect of inlet process air relative humidity on solution

concentration.

Figure 4. Effect of inlet process air temperature on flow ratio in regenerator.

Table 1. Fixed parameters.

Parameter Absorber Regenerator

Air flow rate, kg/s 0.2 0.3

Height of packed column, cm 30.5 20.3

Cross-sectional area of packing, m2 0.09 0.09

Density of packed column, m2/m3 409 409

B. Shaji Mohan et al.

152 International Journal of Low-Carbon Technologies 2012, 7, 149–158

D
ow

nloaded from
 https://academ

ic.oup.com
/ijlct/article-abstract/7/2/149/648999 by guest on 10 June 2020



the strength of the solution significantly. Hence, there is an
increase in solution concentration at the exit of the absorber.
However, in the regenerator, as the relative humidity of the
process air increases, the solution concentration at the exit of
the regenerator (xro) remains nearly constant for lower values
of flow ratio, but decreases marginally for higher flow ratios.
This is because at lower flow ratios, the capacity of air exceeds
that required for regenerating the desiccant solution. With an
increase in the S/A ratio, the flow of weak solution at the inlet
of the regenerator also increases and more moisture gets picked
up by the air. But the effect of moisture loss on the increasing
solution concentration gets more than compensated by an
increased solution flow rate in the regenerator. Hence, strong
solution concentration decreases at the exit of the regenerator.

Figure 4 shows the variation of solution to air flow ratio in
the regenerator with inlet temperature of process air for differ-
ent S/A ratios at the absorber inlet. When the temperature of
the process air at absorber inlet increases at constant RH, its

specific humidity also increases. Hence, the solution can absorb
more water vapor leading to marginally more flow rate of the
solution at the exit of the absorber. Since the same solution is
fed to the regenerator, solution to air flow ratio at regenerator
inlet, (S/A)r, also marginally increases as shown in the figure
for all S/A values. However, the interesting aspect is that for S/A
ratio of 0.2%, the (S/A)r is more than 0.2%, whereas the latter
increase only to about 1.2% when the former is increased to
1.6%. This is due to the fact that the air flow rates at the
absorber and regenerator are held constant at 0.2 and 0.3 kg/s,
respectively, and at higher S/A ratios in the absorber, the
moisture absorbed does not increase appreciably to significant-
ly increase the weak solution at the inlet of the regenerator
relative to that of the strong solution at the inlet of absorber.

Figure 5 shows that both the dehumidification and the
heating of process air in the absorber increase with inlet
temperature of process air for all values of S/A in absorber and
fixed value of relative humidity whereas Figure 6 illustrates
that they decrease for fixed value of specific humidity. In the
present range of low S/A ratios, air cools the solution and

Figure 5. Influence of inlet process temperature on dehumidification and

heating of process air in absorber at constant relative humidity.

Figure 6. Influence of inlet process temperature on dehumidification and

heating of process air in absorber at constant specific humidity.
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tends to bring it closer to the inlet temperature of the process
air. Hence, the lower the inlet temperature of air, more the
solution would get cooled and lower would be the SVP of the
solution. As the partial pressure of water vapor in air is more
at high specific humidity, the potential for air dehumidifica-
tion is higher either when saturation pressure of solution is
low or when vapor pressure of air is high or both. Therefore,
low temperature and high specific humidity are favorable for
dehumidification of air in the absorber by desiccant solution.
Thus, the nature of variation in Figure 6 gets justified when
inlet process air temperature is increased at constant specific
humidity. In Figure 5, the influence of increasing specific hu-
midity by maintaining constant relative humidity is partially
nullified by that of an increase in the inlet temperature of
process air. Hence, both dehumidification and heating of air
show a subdued increase with inlet temperature of process air.

Figure 7 presents an extended interpretation of Figure 5 and
highlights the influence of S/A on dehumidification and
heating of the process air. There exists an optimum S/A ratio
(about 1.1%) at which the dehumidification of the process air

is maximum. At low value of S/A in the absorber, the heat
capacity of the solution is small compared with that of air.
Hence the solution cools down to the inlet air temperature
even when the inlet solution is warmer. The moisture transfer
from air to solution and the consequent heat transfer from
solution to air are controlled by solution capacity. At high S/A
ratio, the solution heat capacity is higher. It does not cool
down appreciably. Hence its vapor pressure remains high and
consequently does not absorb moisture from the air. Further, it
heats up the air appreciably. So the air temperature increases at
higher S/A even while the dehumidification is reduced.

Figure 8 presents the effect of inlet temperature of process air
on the regeneration of the liquid desiccant. An increase in the
inlet process air temperature increases the regeneration of the
liquid desiccant. As the inlet temperature of the process air
increases for fixed value of relative humidity, there is more mois-
ture removal in the absorber, leading to a decrease in the concen-
tration of the weak solution, which is fed directly to the
regenerator. The decrease in the concentration of the liquid desic-
cant causes an increase in its vapor pressure, and hence water

Figure 7. Influence of S/A ratio on dehumidification and heating of process

air in absorber at constant relative humidity.
Figure 8. Influence of inlet process air temperature on humidification and

cooling of regenerator air in regenerator.
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vapor transfer to air increases leading to more air humidity.
Being an isenthalpic process, it also results in more cooling of air
as shown in the figure. Further, as absorber and regenerator are in
a closed desiccant loop, there would be an equilibrium in terms
of water vapor transfer in the two components. Therefore, as
expected, Figures 5 and 8 are quite similar and all the discussions
of the former and that of Figure 7 hold good for the latter.

Figures 9 and 10 illustrate the effect of process air relative
humidity on the performance characteristics of the absorber and
regenerator, respectively. An increase in the relative humidity
from 75 to 95% results in increased dehumidification in the
absorber. This is because the increase in vapor pressure of air
owing to its higher specific humidity facilitates the transfer of
moisture from air to the solution. Being an isenthalpic process,
more dehumidification leads to more heating of air, and hence
increase in air temperature enhances with inlet process air
humidity. Flow rate of air being constant, an increase in the S/A
increases solution flow rate, and correspondingly the dehumidifi-
cation also increases for the reasons discussed earlier for Figure 7.
For the steady state operation, whatever moisture absorbed from
the process air by the desiccant solution in the absorber has to be
desorbed by it to the regenerator air in the regenerator. Therefore,
the variations in Figures 9 and 10 are similar.

The effect of the regenerator air temperature on the
performance of the absorber is presented in Figure 11. It shows

that with an increase in the regenerator air temperature, the
dehumidification in the absorber gets enhanced. This is
because with an increase in regenerator air temperature, the
SVP of air becomes more and hence can hold more moisture.
Also the increased air temperature in turn increases the desic-
cant temperature. This increases the vapor pressure of the solu-
tion, resulting in more regeneration, thereby increasing the
concentration of the solution at the exit of the regenerator.
This strong solution is fed into the absorber and there is more
moisture removal in the absorber. As the S/A increases, the
moisture removal rate in the absorber also increases, which can
be attributed to the increased solution flow rate. As expected,
Figure 11 also illustrates that the absorber air temperature
increases with increase in the regenerator air temperature. The
performance of the regenerator would be similar with change
in regenerator air temperature.

Figure 12 presents the effect of regenerator air specific
humidity on the absorber performance. As the regenerator air spe-
cific humidity increases, the moisture pickup by air gets reduced.
The desiccant solution does not get enriched and its capacity to
absorb moisture in absorber reduces. The absorption being an
isenthalpic process, the increase in air temperature also reduces.

The intended purpose of the coupled desiccant columns for
low S/A ratios, which are to be superimposed on a typical

Figure 9. Effect of inlet process air humidity on dehumidification and heating

of process air in absorber. Figure 10. Effect of inlet process air humidity on humidification and cooling

of regenerator air in regenerator.
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split/window AC, is to enhance the overall dehumidification
capacity. As an illustration, Figure 13 quantifies the transfer of
water vapor (moisture) from supply air to the solution in the
absorber and the solution to regenerator air in the regenerator
for typical operating conditions of a 0.8 TR window AC. The
results in the figure are justified as they are extensions of those
in Figures 5 and 8, which are multiplied by the respective mass
flow rates of air in evaporator/absorber (0.2 kg/s) and conden-
ser/regenerator (0.3 kg/s). As expected from material balance
for water, the two moisture transfers closely match but for
small differences in the used property data equations and com-
putational error in the convergence criterion. For the typical
mean operating conditions, the figure illustrates that 0.5 g/s of
water is transferred from the process air to regenerator air via
the desiccant solution circulating in the coupled columns. This
transfer is quite significant especially when compared with the
nominal vapor condensation of about 0.35 g/s by the cooling
and dehumidifying coil of the normal window AC. Thus,
additional dehumidification of the supply air is achieved.

The earlier-mentioned dehumidification aspect is further
demonstrated by representing the data of Figure 5 on a psychro-
metric chart as shown in Figure 14. Conditions of supply air
from the typical window AC are represented by A2 for different
operating conditions whereas A3 represents one of the corre-
sponding conditions after the absorber of the desiccant loop.
The typical room condition to be maintained is represented by
‘r’. The conventional room process is represented by A22 r with
a room sensible heat factor (RSHF) as shown, while A32 r
represents that by the hybrid system with RSHF0. Thus moisture
absorption capacity of the supply air from the hybrid system is
more than doubled from DW 0 ¼ 2:5 to DW ¼ 5:2 g=kg. During
the simultaneous adiabatic heat and mass transfer process in the
absorber, sensible heat is released to air while absorbing mois-
ture from it, the supply air gets reheated while losing moisture.
Thus RSHF of the normal AC is 0.7, whereas it is dropped to 0.3
(RSHF0) with the proposed column. This indicates the capabil-
ity of the hybrid system to handle high latent heat loads while
the cooling capacity remains the same. In other words, for the

Figure 11. Effect of regenerator air temperature on dehumidification and

heating of process air in absorber.
Figure 12. Effect of regenerator air humidity on dehumidification and

heating of process air in absorber.
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same RSHF, the system with the proposed coupled columns can
maintain a room relative humidity of 30% (state r0) as against
that of 50% (state r) by the normal AC unit at the same room
temperature of 258C. Further, it is interesting to compare the
system performance with that of a reheat AC system. The dehu-
midified air is reheated from A3 to A30 to cater the same RSHF0.
It is clearly illustrated that the proposed system stands superior
by eliminating the reheat and further retaining the cooling
capacity from A3 to r against A30 to r.

4 CONCLUSIONS

A performance study on coupled columns of a hybrid AC
based on liquid desiccant vapor compression system has been
presented. It is observed that an increase in solution-to-
air-flow ratio in the absorber increases the dehumidification of
the process air. Both the dehumidification and the regeneration

get suppressed when the solution to air flow ratio exceeds a
certain value. For small solution flow rates, the desiccant solu-
tion can be regenerated using the waste heat from the conden-
ser heat. It is also observed that the use of a coupled desiccant
column can enhance the moisture removal by nearly 50%. In
fact, the coupled desiccant column can attain an RH of 30% as
against that of 50% by the normal AC unit at the same room
temperature of 258C. Consequently, it is beneficial to integrate
a counter flow desiccant column with the conventional
AC system.

ACKNOWLEDGEMENTS

The results discussed in this paper are a part of the findings of
the Research Project No. SR/S3/MERC-111/2007 sponsored by
Department of Science and Technology (DST), Ministry of
Science and Technology, New Delhi. The funding received by
DST is greatly acknowledged.

REFERENCES

[1] Fanger PO. Human requirements in future air conditioned environments.

Int J Refrig 2001;24:148–53.

[2] ASHRAE. Handbook—HVAC Applications. American society of Heating,

Refrigeration and Air conditioning Engineers, Inc., 1995.

[3] Lof GOG. Cooling with Solar Energy. Congress on solar energy, 1955,

171–89.

[4] Jain S, Dhar PL, Kaushik SC. Evaluation of solid desiccant based evapora-

tive cooling cycles for typical hot and humid climates. Int J Refrig

1995;18:287–96.

[5] Belding WA, Marc Delmas PF, Holeman WD. Desiccant aging and its

effects on desiccant cooling system performance. Appl Therm Eng

1996;16:447–59.
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