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a b s t r a c t
This paper reports on mathematical modeling and experimental demonstration of a compact 
humidification–dehumidification (HDH) system. The HDH system studied here consists of a 
humidifier where the air is humidified and a dehumidifier where externally heated moist air con-
denses. The latent heat of condensation is recovered via a common-conducting heat transfer wall 
shared between the humidifier and the dehumidifier. For the present study, a bubble-column dehu-
midifier is investigated, while falling film air-water counter-flow configuration is considered as 
a humidifier. Condensed produce water is collected at the dehumidifier, and brine is rejected at 
the water outlet of the humidifier. In this paper, a modified heat exchanger analysis is reported 
that accounts for a volumetrically uniform heat source due to condensation in the dehumidi-
fier. The  analysis also accounts for co-current air-water vapor flow from an evaporating stream 
of water. Heat and mass transfer in the wet evaporating channel is analogous to that in a cool-
ing tower. The  model is able to predict the variation of the temperature difference between the 
humidifier and the bubble column condenser as a function of the vertical distance of the shared 
wall. Gained-output-ratio (system energy efficiency) is quantified using the model developed and 
compared against simple prototype HDH experiments in an open-air open-water configuration. 
Finally, the utility of the mathematical analysis and deduced results are discussed.

Keywords: Humidification–dehumidification; Desalination; Dewvaporation; Heat exchanger

1. Introduction

Humidification–dehumidification (HDH) desalination 
technology appears to be a promising approach for decen-
tralized, low-cost drinking water production if energy cost 
for water production is reduced. As per World Bank data, 
the population of India has increased three times within the 
last 55  y, but rainfall in India has not increased in propor-
tion, and it is not sufficient for current needs. Several parts 
of India are under water-stressed, water-scarce, or absolute 
water scarcity category because in 1  y (8,760  h), maximum 
precipitation received is approximately 100  h. Growing 
population, inefficient use of the groundwater resources, 
water/capita/y decreased from 6,008 to 1,545  m3 in 2011. 
Of the 575,000 Indian villages, about 162,000 face problems 

of brackish or contaminated water, and scarcity of fresh-
water [1]. Based on the UNICEF report [1], a population of 
1,210 million was affected by water shortage in 2011 and a 
projected population of 1,394 million in 2025. Fifty-four 
percent of India faces high to extremely high water stress. 
Based on the principle of operation, desalination technolo-
gies may be classified as membrane-based, thermal-based, 
and alternate technologies. The first category consists of 
technologies that utilize membranes for separation of water 
from a saline feed, and the second includes those that uti-
lize thermal energy for separation of water from a saline 
feed. Those technologies that separate salt using mecha-
nisms different from the membrane and thermal gradients 
are classified as alternate technologies. Examples include 
capacitive deionization, ion-concentration polarization, and 
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others. Among the membrane technologies, reverse osmosis 
is widely adopted. Reverse osmosis (RO) desalination is a 
known but expensive solution for decentralized water pro-
duction where regular maintenance and pre-processing of 
the feed water are needed [2]. Likewise, thermal desalina-
tion technologies such as multi-effect distillation, multi-stage 
flash, and their variants are commonly known to produce 
distilled water [2]; but, are an expensive approach for decen-
tralized small-scale desalination plants. The key challenge 
in realizing these technologies is to make them low cost, to 
provide them at a community-scale or smaller (0.5–100 m3 of 
water), and relatively maintenance-free.

HDH desalination, a non-traditional desalination tech-
nology, is a potential candidate for decentralized water 
production at a small-scale if its energy efficiency can be 
improved [3]. In a typical water heated open-air open-
water HDH system, ambient air enters the humidifier, 
and preheated water flows in a counter-flow fashion. In 
the humidifier, due to simultaneous heat and mass trans-
fer, hot water transfers water vapor to flowing air while 
exchanging heat. Following humidification of air in the 
humidifier, the moist hot air enters a dehumidifier where it 
condenses. Condensation is achieved utilizing the incoming 
cold saline feed stream using a heat exchanger. Saline water, 
on the other hand, cools and condenses the hot moist air 
and recovers thermal energy. Subsequently, the preheated 
stream is heated by a heater, and the heated water enters 
the humidifier.

The heating of the water stream can be achieved by 
using electrical energy, solar, geothermal, and others. 
Narayan et al. [4] reviewed solar-based HDH desalina-
tion systems and compared their performance. The basis 
of comparison was the HDH cycle heating configurations, 
which could either be water heated or air heated cycles. 
The most energy-efficient solar HDH system was found to 
be the multi-effect closed-air open-water cycle. The review 
concluded that there is a need for more research in order to 
improve the HDH system efficiency and realize its full eco-
nomic potential to produce fresh water. A number of new 
innovative ideas for solar-driven HDH have been explored 
by researchers. To mention a few: direct absorption bubble 
column humidifier [5], parabolic trough [6], reflectors [7], 
and other novel ideas are discussed here [8,9]. Beyond 
solar-driven cycles, investigators have explored geother-
mal energy to power HDH systems. Ghalavand et al. [10] 
explored geothermal energy to heat saline feed water, and 
they investigated the effect of feed water-to-airflow ratio 
variation, the impact of cooling water temperature on 
distillate produced, and temperature of geothermal heat 
source at heat exchanger inlet. Recent advances in HDH 
desalination technology in terms of improved designs and 
system productivity focuses on improving individual com-
ponent-level heat and mass transfer [11–13], the impact 
of carrier gases [14] as well as improving the heat recov-
ery within the system [15–17]. Theoretical estimations of 
gained-output-ratio (GOR) for HDH is ~122 [18]. But, the 
demonstrated systems have shown to be about 4.5 at best. 
Hence, much scope for performance improvement exists for 
HDH systems. It is well-known that one of the key factors 
for improving the GOR of HDH systems is to design sys-
tems that enable improved heat integration/reuse.

Hamieh and Beckman [19–21] introduced the concept 
of dewvaporation desalination. In the dewvaporation tech-
nique, humidification and dehumidification processes 
were carried in one continuous contact tower with ther-
mal energy from the condensation process is recovered 
for humidification of the incoming stream. External heat 
sources such as solar energy or fuel combustion can be 
used as heat input to the system. Hamieh et al. [20] have 
performed mathematical analysis, experimental demon-
stration as well as economic analysis and showed that high 
heat recovery could be achieved via the dewvaporation 
concept. Theoretical values obtained from their model illus-
trates a GOR as high as 9.5 for seawater feed and up to 16.8 
for brackish water. These values indicate the possibility of 
this system to compete with large-scale thermal desalina-
tion technologies like multiple-effect distillation and multi-
stage flash distillation on the basis of energy consumption. 
Ranganathan [22] recently proposed the development of a 
solar-powered dewvaporation system for seawater desali-
nation. One of the critical issues of the dewvaporation tech-
nique is the requirement of a large area for condensation 
if the conventional condenser is used, that is, if condensa-
tion occurs on a cold surface. It is well-known that in the 
presence of noncondensable gas, the thermal resistance to 
water vapor condensation on a cold surface is much higher 
compared to a pure vapor condensation [23].

Lienhard et al. [3,18,24,25] proposed and demonstrated 
bubble-column condensers for dehumidification of humid-
ifier air. Dehumidification is particularly challenging for 
HDH systems due to the presence of noncondensable 
gases along with water vapor. They demonstrated that very 
high fluxes, and hence heat transfer coefficients, can be 
dissipated in bubble column condensers. The impact is com-
pactness that can be achieved, which is of particular inter-
est in this work. The multi-stage bubble column enhances 
energy recovery by reducing the temperature drop between 
successive stages but adds complexity, cost, and mainte-
nance [18]. While bubble column condensers are relatively 
new, but bubble column reactors are commonly used in 
the case of highly exothermic reactions in the liquid phase 
[26] and have been shown to 100 times higher heat transfer 
coefficients compared to single-phase systems.

In this work, we propose to combine the dewvaporation 
technique with the bubble-column condenser to enable a 
compact small-scale desalination system. Fig. 1 shows the 
schematic of our proposed HDH system concept. While the 
schematic shows a simple humidifier with a single-stage 
bubble column concept, the concept proposed here can 
be easily extended to multi-stage bubble columns with a 
packed bed humidifier. In the humidifier, the air is sup-
plied from the bottom, and saline water is fed from the 
top, and as the air rises up, it is humidified due to heat and 
mass transfer from the counter-flowing water. This moist 
air is heated or mixed with saturated steam, if available, to 
increase the humid air temperature. This high-temperature 
humid air is bubbled through the bubble column where the 
moisture condenses in the distillate, which is periodically 
tapped out. The heat of condensation from the condenser 
is transferred to the humidifier to evaporate the incom-
ing saline water stream that flows along the partitioning 
wall. The arrangement of humidifier and dehumidifier in 
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the proposed concept illustrates a co-flow of air and water 
streams in the system in an open-air open-water configura-
tion. We first develop simplified mathematical modeling of 
the system concept, and then custom prototype set-up was 
built and performance measured. For mathematical mod-
eling, we develop a framework that combines the model-
ing of indirect evaporative heat exchanger [27] along with 
modified heat exchanger analysis that accounts for heat 
source term in one of the streams [28].

2. Mathematical modeling

In the following sub-sections, first modeling of humid-
ifier and bubble column dehumidifiers are considered 
separately, and then system-level modeling is developed.

2.1. Humidifier

In the humidifier of the HDH system, saline water is fed 
from the top and flows down along the partitioning wall as a 
liquid film. Air flows in the counter-flow direction. Thermal 
energy supplied across the wall from the condenser drives 
the heating and evaporation of water. Heat transfer from 
the falling water film to counter flowing air stream is driven 
by the enthalpy difference between the air stream and satu-
rated water–air interface. It involves simultaneous sensible 
and latent heat transfer. During evaporation, both sensible 
and latent heat transfer takes place and can be expressed as:

dQ Q dQH = +d sensible latent 	 (1)

dQ h dA T Tsensible = −( )1 2 1 	 (2)

where T1 and T2 are the temperatures of the air stream and 
water-film, as shown in Fig. 4a. Latent heat transfer can be 
expressed as:

dQ h dA hmlatent fg= −( )ω ω2 1 	 (3)

Lewis factor [29] is the ratio of heat transfer Stanton 
number to mass transfer Stanton number and is given as:
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As discussed in Kloppers and Kröger [29], assuming Lef ≈ 1 
for air–water mixture, we obtain:
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Putting Eqs. (6) in (3), we get:
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On substituting Eqs. (2) and (7) in Eq. (1), we obtain:
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Expressing enthalpy of moist air as:

h h h C T h C Ta= + = + +( )wv pa fg pwv
ω 	 (11)

where specific heat of moist air is:

C C Cp pma wvpa= +( )ω 	 (12)

h C T hp= +
ma fgω 	 (13)

At saturation point, wet-bulb temperature is the same as 
dry-bulb temperature. So, rewriting enthalpy of moist air as 
a function of its wet-bulb temperature we get:

h C T hp
T

= +
ma @ wb

wb
fgω 	 (14)

Using Eqs. (14) in 10, we get:
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Fig. 1. Schematic of an HDH system considered in this work.
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As discussed in Liu et al. [27], assuming a linear rela-
tionship between the enthalpy of saturated air and wet 
bulb temperature over a small temperature range:

h h Z T T= + −( )ref
wb

ref
wb 	 (16)

On substituting Eqs. (16) into (15), we finally get:

dQ
h
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ZdA T TH
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= −( )1

ma

2
wb

1
wb 	 (17)

Correlation for enthalpy of saturated air as a func-
tion of its wet-bulb temperature has built using data from 
ASHRAE [30]:

h = − + − +0 000009 0 0016 0 1058 2 8779
31 38

5 4 3 2. . . .
.

Ti Ti Ti
Ti

bc bc bc bc

bcc − 55 27. 	 (18)

2.2. Bubble column condenser

In the bubble column condenser, the water level in the 
column is maintained up to a certain height. Moist air from 
humidifier after heat addition enters the bubble column 
through sparger. As moist air is purged uniformly in the 
water column, in accordance with experimental evidence 
[25], the water in the column is assumed as isothermal fluid. 
As discussed in Tow and Lienhard [25], gas side resistance 
is neglected as the temperature difference across the thin 
boundary layer outside the bubble is small compared to the 
temperature difference inside the bubble. Also, thermal con-
ductivity and diffusivity of water are much higher than air. 
Due to the small hydrostatic pressure drop in a short column, 
all properties are calculated at atmospheric pressure [25]. The 
column is assumed to operate under steady-state conditions, 
and heat losses to the ambient are considered negligible and 
ignored. Total heat liberated during condensation is the sum 
of sensible heat transfer by dry air and water vapor plus 
latent heat of condensation released by water vapor.
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Applying mass balance to bubble column:

  m m mw i w o, ,= + cond 	 (20)

Mass flow rate of moist air is given as:
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Assuming moist air is fully saturated before and 
after dehumidifier, Eq. (22) gives outlet mole fraction of 
saturated air.
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Heat transfer coefficient in bubble column [24] is given 
by the expression:

h k C g uf f P f gfBC =
−0 1 1 2 3 4 1 2 1 4 1 4 1 4. / / / / / /ρ µ 	 (23)

It should be noted that the bubble-column heat transfer 
coefficient used here is based on full-length bubble-column 
(with cooling wall along the enclosure sure) as proposed 
by Deckwer [26]. This correlation was used by Tow and 
Lienhard [24] successfully for predicting bubble-column 
dehumidifier with a cooling coil immersed inside. In such 
a set-up, the bubble generated may impact the cooling coil, 
and vigorous splashing is expected. The bubble-column 
model predictions were compared against the experimen-
tal data published by Tow and Lienhard [24]. Figs. 3a and 
b show the predicted heat flux (solid lines) as a function air 
temperature (entering the bubble-column) and moist airflow 
rates, respectively. Experimental data from Tow and Lienhard 
[24] is also plotted as open-circles in Fig. 3. It can be seen that 
the model predictions are good and are within the experi
mental uncertainty reported by Tow and Lienhard [24].

2.3. HDH system

Applying energy balance to a control volume of the com-
plete HDH system (Figs. 2, 4 and 5), we get:
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− − + = m C dT m C dT Qc p c c h p h h, , gen 0 	 (26)

Q m C dT m C dTc p c c h p h hgen = + , , 	 (27)

Energy balance for the cold stream can be written as:
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
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dQ m C dTc p c c=  , 	 (29)

Similarly, energy balance for the hot stream is:
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dQ m C dT Qh p h h= − + , gen 	 (31)

For heat transfer, the driving parameter is the tem-
perature difference available at that location between the 
hot and cold streams:
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dQ ULdy T Th c= −( ) 	 (32)

Equating Eqs. (29) with (32), we get:

m C dT ULdy T Tc p c c h c, = −( ) 	 (33)
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Similarly, for the hot stream:
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Subtracting Eqs. (34) from (36), we get:
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Dividing the above equation by “dy,” we obtain:
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Assuming uniform heat generation, we can write 
qgen = Qgen(dy/H) and using that in the above equation:
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In the above equation, qgen = m�producedhfg:

d T T
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Eq. (41) is a first-order linear differential equation and 
a solution can be obtained using the integrating factor 
method. This solution is given by the following expression:
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Applying the boundary conditions, at y  =  0, Th  =  Ti,bc, 
and Tc  =  Ti,H, we finally obtain the temperature difference 
variation along the partitioning wall as:
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Above equation allows prediction of variation of 
temperature difference across the humidifier–dehumidifier 
common wall as a function of vertical wall distance. For the 
analysis of co-flow heat exchanger heat capacity rates are 
treated similar to the discussion in Liu et al. [27] and are 
given as:

C m Zc =  air 	 (44)

C m Ch p=  sat,air ma, 	 (45)

The equation for the overall heat transfer coefficient is 
given as:

1 1

1U
C
h Z k

t
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water

wall

wall BC

δ
	 (46)

As discussed in Liu et al. [27], the term h1Z/Cpma
 is similar 

to a prescribed local heat transfer coefficient for convective 
heat transfer. Instead of using a fixed value of Z, an iterative 
procedure is adopted here following Liu et al. [27]. For the 
dry heat transfer coefficient, h1, Gnielinski correlation [31] 
was used. The friction factor needed for estimating h1 was 
obtained using the Petukhov’s friction factor correlation [31]. 
The procedure used to find Z iteratively is shown in Fig. 6 
and can be summarized as follows:

•	 Using known inlet conditions, a guess value of Z initiates 
the iterative loop.

•	 Applying modified effectiveness-NTU (number of trans-
fer units) method, humidifier outlet temperature, bubble 
column inlet, and exit temperatures, specific enthalpy of 
moist air at humidifier inlet and exit are determined.

•	 The new value of Z using Eq. (16) is calculated.
•	 This calculated value is compared against the guess 

value and proceed forward if converged else procedure 
is iterated with calculated Z as the new guess value.

Finally, for a typical HDH cycle, GOR, which is the mea-
sure of energy efficiency of the system is defined as the ratio 
of latent heat of water produced to the amount of heat input. 
This can be expressed as:

GOR
Q

fg atm=
( )m h Td 	 (47)

3. Experimental set-up

Fig. 7a shows the schematic description of a single cell of 
the proposed HDH concept. Fig. 7b shows the CAD model 
of the prototype with two dehumidifiers sandwiching a 
humidifier in the center. Airflow enters through the center 
and is distributed via branching tubes. Feedwater enters 
from the top and falls along the walls while air flows in a 
counter-flow direction. A stainless steel screen (40  mesh) 
was laid on both the walls to maintain a constant water 
film thickness. Air from blower supplied to humidifier 
through 1.5 inch PVC pipe. Subsequently, air enters through 
four smaller PVC pipes of a nominal diameter of 20  mm.  
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Air after entering humidifier (59  cm  ×  3  cm) from bottom 
passes through a bed of marbles kept at the bottom for uni-
form distribution of air. Saline water is supplied from the top 
through two U-shaped aluminum channel. Water not evapo-
rated is collected from the bottom. For all the experimental 
data reported here, tap water was used. Air leaving humid-
ifier contains a higher percentage of moisture. The moist 
air then passes through the heat exchanger (Fig. 7d), where 
heat is added. Air leaving the heat exchanger is at high tem-
perature and bubbled through a bubble column condenser 
through a sparger plate. Bubble column condenser (Fig. 7c) 
contains a sparger plate and water column above it. The 
air pressure is kept higher than the water column pressure 
to allow bubbling of air through the liquid. The design of 
the sparger plate decides the size and velocity of the ris-
ing bubble. Improper selection of sparger leads to weeping 
phenomena, which results in undesirable residence time, 

higher pressure drop, and non-uniformity in sparging. Since 
weeping is an undesirable phenomenon, sparger should 
be operated above the critical weep velocity. Correlation 
for critical weep velocity from Kulkarni and Joshi [32] was 
used for sizing the sparger plate and is given by:
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where Vc is the critical weep velocity above which the system 
needs to operate. For all the experiments reported here, moist 
airflow velocities were maintained above this value. For tem-
perature measurements, K-type thermocouples were used. 
These thermocouples were calibrated in a Julabo oil bath 
whose temperature stability was ±0.5°C. It was found that the 
maximum percentage error was about 1.8%. Humidity was 
measured using a DHT22/AM2302 digital humidity sensor 
whose working rage was 0%–100% RH, and precision was 
±2% RH. An Arduino Uno microcontroller board was pro-
grammed to read sensor output. Airflow velocity was mea-
sured using the Generic GM8901 anemometer. The velocity 
range for this equipment was 0–45 m/s, with a resolution of 
0.1 m/s and an accuracy of ±3%.

4. Results and discussion

Fig. 8 shows the predicted variation in driving tem-
perature difference across the common heat transfer wall 
between humidifier and dehumidifier as a function of 
vertical distance (along y-direction) from the bottom (y = 0) 
using Eq. (43). For the predicted temperature variation, the 
volume flow rate of air was held constant at 11.5 L/s, and 
the water flow rate was maintained at 70 mL/min, that is, 
the air-to-water mass flow rate ratio of 11.4 and humidifier 
inlet was specified as 35°C at 65% RH. At y = 0, the maxi-
mum temperature difference between air entering humidi-
fier and hot moist air entering bubble-column dehumidifier 
is plotted. Heat input to the system was varied to achieve 

Fig. 2. Schematic of HDH system.
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Fig. 3. Comparison between predicted and experimentally measured heat flux vs. (a) air flow rate, and (b) moist airflow temperature. 
Model predictions are shown as solid lines, while the experimental data is depicted by open circles.
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the initial temperature driving force across the humidifier–
dehumidifier. It can be observed that because of the expo-
nential nature of Eq. (43), the initial temperature difference 
decreases dramatically in a relatively short distance, and 
this effect is more pronounced at higher heat input into 
the system. For 320 W input into the system, about ~15°C 
drops within 10 cm. This suggests that evaporation rates are 
expected to be much lower for taller humidifiers. Also, this 
illustrates the impact of the co-flow arrangement discussed 
in this system. Owing to the nature of airflow direction in 
humidifier and bubble-column dehumidifier, achieving 
counter-flow is challenging. Hence, multi-staging of shal-
low bubble column may provide better performance and 
maintain approximately constant temperature driving 
forces across the common heat transfer wall.

Fig. 9 shows the predicted GOR as a function of tem-
perature difference at y = 0, that is, the initial temperature 

difference between humidifier inlet and dehumidifier out-
let, for three different MRs. GOR is a non-dimensional 
parameter that measures energy efficiency. Mass flow rate 
ratio (MR) is the non-dimensional parameter that defines 
flow input to the HDH system. It is the ratio of the mass 
flow rate of air entering the system to the mass flow rate 
of saline water entering the system. GOR value increases 
with an increase in mass flow rate ratio and initial tempera-
ture difference. Larger temperature difference drives higher 
heat transfer across the wall and hence a higher evapora-
tion rate in the humidifier. Because of the larger tempera-
ture difference, energy recovered is also high, which indeed 
improves GOR because reduced heat input to evaporate 
water in the humidifier.

In order to understand the impact of latent heat of con-
densation released in the dehumidifier, Fig. 10 plots the 
overall heat transfer coefficient (U) predicted by Eq. (46) as 

Fig. 4. Schematic of the heat exchanger with small elemental control volume.

 

(a)

 

 
 

(b)

Fig. 5. (a) Schematic of control volume of HDH system where 1 refers to incoming air stream in the humidifier, 2–3 is feed water 
falling film, 3–4 is common wall shared by humidifier and dehumidifier, 4–5 is dehumidifier bulk liquid (produced water), 
and 5–6 is bubbled hot moist air and (b)corresponding thermal resistance network.
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a function of the ratio of heat release rate and heat removal 
rate at the wall. If qgen/Q  <  1, then the heat transfer rate 
exceeds the source heat transfer rate, and high heat trans-
fer coefficients are achieved, that is, a steep increase in U. 
However, for qgen/Q  >  1, the drop in overall heat transfer 
values are more gradual and starts to asymptote towards a 
constant value. This indicates that heat transfer limitations 
begin to dominate overall performance for qgen/Q > 1.

Fig. 11 compares the experimentally measured GOR 
against predicted GOR values for different test runs 
(Table 1). Experiments were limited to MR  >  5 owing to 
set-up limitations. For all the experiments, the mass flow 
rate of air was kept constant at ~0.013 kg/s, and water flow 
and heat input to the system was varied. Using the method 

discussed by Moffat [33], an uncertainty analysis was car-
ried out, and error bars are included for the experimental 
data in Fig. 11. The input parameters of the experiments are 
listed in Table 1. An effective water film thickness of 1.2 mm 
was used for humidifier modeling based on the falling 
film water flow rate and due to the presence of wire mesh.

Based on the flow regime map discussed in Tow and 
Lienhard [25] for bubble-column condensers, up to 4  cm 
height of the bubble-column, the authors witnessed a 
splashing regime. For a height of 4–6  cm, the flow was in 
the sloshing regime. Except case #2, all the experiments 
carried out had a column height of less than 4  cm, which 
indicates that the flow regime expected is a splashing 
regime. It was observed during experiments that there was 

Fig. 6. Algorithm for variation of temperature difference with vertical distance.
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Fig. 7. (a) Schematic illustration of the experimental set-up for a single-cell, (b) three-dimensional CAD model of the experimental 
set-up, (c) bubble-column condenser, and (d) helical-fin heat exchanger (hot water flows through the inner pipe, and moist air flows 
outside).
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a carry-over of liquid drops during experiments due to the 
splashing flow regime. For very short bubble columns, heat 
transfer coefficient predicted by Eq. (22) is not expected to 
be accurate. Deviation of the model from the experimen-
tal data might be due to the inability to capture water film 
thickness (at lower water flow rates) in the humidifier sec-
tion, very short bubble-column effects as well as due to 
environmental heat losses. Also, the empirical correlations 
used for calculated heat transfer coefficients play a signifi-
cant role. At lower water flow rates, flow distribution in the 
humidifier was affected, and such flow non-uniformity was 
not accounted for in the present model. The inability of the 
model to capture a very short bubble-column effect can be 
seen from case #5. Indeed the experimental data is suspect 
as the predict GOR data carries almost 82% error. Similarly, 
case #2 depicts a case where bubble-column height was 4 cm. 
As discussed in Tow and Lienhard [25], this corresponds 
to the splashing–sloshing regime. Bubble coalescence and 
impact phenomena discussed in Tow and Lienhard [25], 
is expected to play a significant role. In the present work, 
the heat transfer wall (cooling plane) is along the side, and 
short bubble-columns are used. For modeling purposes, it is 
assumed that Deckwer’s correlation is approximately valid 

for short bubble-column even though it was developed 
for full-length bubble-columns. This follows directly from 
the successful implementation of Deckwer’s correlation by 
Tow and Lienhard [24] for their bubble-column condenser 

Table 1
Experimental parameters used in this study

Description Saline feed flow  
rate, mL/min

Humidifier inlet  
temperature, °C

Humidifier  
inlet RH, %

Heat  
input, W

Case #1 144 36.5 63.9 220
Case #2 144 38.5 63.9 279
Case #3 64 37.4 63.9 293
Case #4 70 37 64.9 316
Case #5 106.7 39.3 56 386
Case #6 87.7 39.2 57.5 307

Fig. 8. Variation of temperature difference with the height of 
HDH system from the bottom.

Fig. 9. Predicted GOR as a function of temperature difference at 
humidifier and dehumidifier inlets.

Fig. 10. Predicted overall heat transfer coefficient (U) vs. qgen/Q.
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modeling. For shallow bubble-column condenser, Tow 
and Lienhard [25] observed that the heat transfer coeffi-
cients for splashing and coalescing with bubble impact to 
be highest while the heat transfer coefficient for splashing 
and coalescing without bubble impact to be lowest. In the 
present case, the cooling wall is along the side, and hence 
chances of direct bubble impact are lower, and the heat 
transfer coefficient expected is to be slightly lower.

Theoretical values of GOR predicted by Hamieh and 
Beckman [19] were as high as 9.5 for seawater feed and up 
to 16.8 for brackish water. Their system concept is based 
on a counter-flow dewvaporation technique. In this work, 
due to co-flow arrangement and due to single-stage bub-
ble-column dehumidifier is modeled, expected GORs are 
low. GOR may increase as we approach lower MR values, 
but due to experimental limitations, MR below 5.5 was not 
attempted.

5. Conclusions

In this paper, a combined bubble-column dehumidi-
fier separated by a common heat transfer wall from a fall-
ing-film humidifier was studied both by theoretical analysis 
as well as with simple prototype experiments. A modified 
heat exchanger analysis was carried out that accounts for 
the volumetric heat generation in the dehumidifier (due to 
the release of latent of condensation of water vapor) that 
exchanges heat with a falling-film humidifier. Temperature 
difference evolution, the impact of MR, overall heat trans-
fer coefficient, and energy efficiency (GOR) of the proposed 
approach were discussed using the developed model.

While shallow bubble-column dehumidifier provided 
compactness, the overall performance was limited due to 
the co-flow arrangement of humidifier/dehumidifier. The 
co-flow arrangement enables large temperature differences 
at the inlet, and this temperature drops quickly over a short 
distance. In order to mimic a counter-flow arrangement, 
that is, constant temperature difference across streams, a 
multi-staged bubble-column dehumidifier on one-side with 
a falling film humidifier on the other side might be appro-
priate. Also, to achieve a higher heat transfer coefficient 
source rate of heat generation should be less than the heat 

removal rate at the common wall. Future work will attempt 
to capitalize on the aforementioned insights from the cur-
rent work.

Nomenclature

Cp	 —	 Specific heat capacity, J/kg K
g	 —	 Acceleration due to gravity, m/s2

hfg	 —	 Latent heat of vaporization, J/kg
h	 —	 Specific enthalpy, J/kg K
h�1	 —	 Heat transfer coefficient of air, W/m2 K
h�m	 —	 Mass transfer coefficient, kg/m2s
k	 —	 Thermal conductivity, W/m K
L	 —	 Length, m
M	 —	 Molecular weight
P	 —	 Pressure, Pa
Q	 —	 Heat transfer rate, W
t	 —	 Common wall thickness, m
T	 —	 Temperature, °C
U	 —	 Overall heat transfer coefficient, W/m2 K
V�	 —	 Volume flow rate, m3/s
Z	 —	� Ratio of enthalpy changes versus wet-bulb tem-

perature, J/kg K
δwater	 —	 Water film thickness, mm
ω	 —	 Humidity ratio, kg of water vapor/kg of dry air
μ	 —	 Dynamic viscosity, Pa-s
r	 —	 Density, kg/m3

Subscripts

H	 —	 Humidifier
BC	 —	 Bubble Column
cond	 —	 Condensation
gen	 —	 Generation
cond	 —	 Condensation
h	 —	 Hot
sat	 —	 Saturation
da	 —	 Dry air
w	 —	 Water vapor
ma	 —	 Moist air
f	 —	 Fluid
c	 —	 Cold, Critical
wb	 —	 Wet-bulb
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