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Abstract

A diffusion driven desalination process was recently described where a very effective direct contact condenser with a packed bed is
used to condense water vapor out of an air/vapor mixture. A laboratory scale direct contact condenser has been fabricated as a twin
tower structure with two stages, co-current and countercurrent. Experiments have been operated in each stage with respective saturated
air inlet temperatures of 36, 40 and 43 �C. The temperature and humidity data have been collected at the inlet and exit of the packed bed
for different water to air mass flow ratios that vary between 0 and 2.5. A one-dimensional model based on conservation principles has
been developed, which predicts the variation of temperature, humidity, and condensation rate through the condenser stages. Agreement
between the model and experiments is very good. It is observed that the countercurrent flow stage condensation effectiveness is signif-
icantly higher than that for the co-current stage. The condensation heat and mass transfer rates were found to decrease when water
blockages occur within the packed bed. Using high-speed digital cinematography, it was observed that this problem can occur at any
operating condition, and is dependent on the packing surface wetting characteristics. This observation is used to explain the requirement
for two different empirical constants, depending on packing diameter, suggested by Onda for the air side mass transfer coefficient
correlation.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A seawater distillation process that has drawn interest
over the past two decades is humidification dehumidifica-
tion desalination (HDH). Numerous investigators, includ-
ing Bourouni et al. [1], Al-Hallaj et al. [2], Assouad and
Lavan [3], Muller-Holst et al. [4], Abdel-Salam et al. [5],
Xiong et al. [6], Shaobo et al. [7], Xiong et al. [8], El-Dess-
ouky [9], Goosen et al. [10], and Al-Hallaj and Selman [11]
have shown that this process has advantages when operating
off of low thermodynamic availability energy such as waste
heat. However, they utilize film condensation, which is inef-
fective in the presence of non-condensable gas, and thus they
are not typically cost competitive. Klausner et al. [12,13]
recently described an economically feasible diffusion driven
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desalination (DDD) process to overcome this shortcoming.
DDD is a distillation process driven by waste heat derived
from low pressure condensing steam within a thermoelectric
power plant and is viable for inexpensive large-scale fresh
water production (>1 million gallons per day). To enhance
the heat transfer rate in the presence of non-condensable
gas, a direct contact condenser approach, initially described
by Bharathan et al. [14], is utilized. The packed column is
well known as an efficient device for gas–liquid direct
contact mass transfer such as absorption, stripping, and
distillation.

Distillation with the DDD process occurs via humidifi-
cation of a flowing air stream and dehumidification of that
air stream. A characteristic of the DDD process is that the
air flow rate through the system is significantly higher than
the vapor flow evaporated into the air stream and liquid
condensed out. In order for the DDD process to be cost
effective, an efficient and low cost method is required to
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Nomenclature

A control surface area (m2)
a specific area of packing (m2/m3)
Cp specific heat of air (kJ/kg)
dp diameter of packing (m)
D molecular diffusion coefficient (m2/s)
g gravity (m/s2)
G air mass flux (kg/m2 s)
h enthalpy (kJ/kg)
hfg latent heat of vaporization (kJ/kg)
k mass transfer coefficient (m/s)
K thermal conductivity (W/m K)
L water mass flux (kg/m2 s)
MV vapor molecular weight (kg/kmol)
m mass flow rate (kg/s)
P pressure (Pa)
Psat water vapor saturation pressure (Pa or kPa)
R universal gas constant (kJ/kmol K)
T temperature (�C or K)
U heat transfer coefficient (W/m2 K)
U relative humidity
e condensation effectiveness

l dynamic viscosity (kg/m s)
q density (kg/m3)
rL liquid/gas interfacial surface tension (N/m)
rC critical surface tension of packing (N/m)
x absolute humidity

Subscripts

a air
c centerline
cond the portion of liquid condensed
G air/vapor mixture
GA gas side parameter based on the specific area of

packing
in inlet condition
L water in liquid phase
out exit condition
V water in vapor phase
x local value of variable in transverse direction (all

the temperatures are bulk temperatures unless
denoted by subscript x)
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condense water vapor out of the air stream. With a large
fraction of the air/vapor mixture being non-condensable,
direct contact condensation is considerably more effective
than film condensation. In addition, direct contact conden-
sation within a packed bed is more effective than droplet
direct contact condensation.

While a significant amount of literature is available on
droplet direct contact condensation, considerably less
information is available for packed bed direct contact
condensation. In analyzing direct contact condensation
through packed beds, Jacobs et al. [15] and Kunesh [16]
used a volumetric heat transfer coefficient for the rate of
convective heat transport and penetration theory [17] to
relate the heat and mass transfer coefficient. The volumetric
approach does not account for local variations in heat and
mass transfer. Penetration theory assumes the liquid
behind the interface is stagnant, infinitely deep, and the
liquid phase resistance is controlling. As suggested by
Jacobs et al. [15] these may or may not be reasonable
assumptions, depending on the liquid film condensate resis-
tance. Bharathan and Althof [18] and Bontozoglou and
Karabelas [19] improved the analysis of packed bed direct
contact condensation by considering conservation of mass
and energy applied to a differential control volume. Local
heat and mass transfer coefficients were used. Both analyses
relied on penetration theory to relate heat and mass trans-
fer coefficients.

The motivation for this work is to experimentally explore
the heat and mass transfer process within a packed bed
direct contact condenser and develop a robust and reliable
predictive model from conservation principles that is useful
for design and analysis. A fresh approach is used that does
not rely on penetration theory. One of the difficulties
encountered is that the interfacial temperature between
the liquid and vapor cannot be directly measured, and thus
the liquid and vapor heat transfer coefficients cannot be
directly measured. Klausner et al. [20] have already devel-
oped a detailed evaporative heat and mass transfer analysis
for the evaporator section (diffusion tower) of the DDD
process. The extensively tested Onda [21] correlation was
used to evaluate the mass transfer coefficients on the liquid
and gas side. A heat and mass transfer analogy was applied
to evaluate the liquid and gas heat transfer coefficients.
Excellent results were obtained, and a similar approach will
be pursued here.

A laboratory scale packed bed direct contact condenser
has been fabricated. The condenser is constructed as a
twin tower structure with two stages, co-current and
countercurrent. The performance of each stage has been
evaluated over a range of flow and thermal conditions. As
expected, the countercurrent stage is significantly more
effective than the co-current stage. It is found that the man-
ner in which the packing is wetted can significantly influence
the heat and mass transfer performance. Visual observa-
tions of the wetted packing have been made and a discus-
sion relating the wetting characteristics to the different
empirical constants suggested by Onda [21] is provided.

2. Formulation

A physical model is developed for direct contact conden-
sation by considering that cold water is sprayed on top of a
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Fig. 1. Differential control volume for liquid/gas heat and mass transfer
within a packed bed condenser (a) countercurrent flow and (b) co-current
flow.
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packed bed while hot saturated air is blown through the
bed from the bottom. The falling water is captured on
the packing surface and forms a thin film in contact with
the saturated turbulent air stream. Energy transport during
the condensation process is accomplished by a combination
of convective heat transfer due to the temperature differ-
ence between water and air and the latent heat transport
due to vapor condensation. Mass and energy conservation
principles govern the condensation of the vapor and the
dehumidification of the air stream. Noting that the rela-
tive humidity of the air is practically unity during the
condensation process, the ideal state of the exit air/vapor
temperature from the condenser is close to the water inlet
temperature.

A general approach for modeling the flow of water/air
through a packed bed is to consider flow through an array
of round channels with both transverse and longitudinal
variations of temperature, pressure and humidity. This
method was applied by Bemer and Kalis [22] in predicting
the pressure drop and liquid hold-up of random packed
beds consisting of ceramic Raschig rings and metal Pall
rings. It was also used by Bravo et al. [23,24] for structured
packing. Because the air flow through the packing is highly
turbulent, a 1/7th law variation of air temperature in the
transverse direction can be assumed [25] as

T L � T a;x

T L � T a;c

¼ 1� x
l

� �1=7

; ð1Þ

where Ta,c is the centerline air temperature, TL is the bulk
liquid temperature, l is the half width of the hypothetical
flow channel, and x is the transverse axis. Although the
1/7th law profile may not be exact, it has proven to be
robust in other channel and film flow applications. The
centerline air temperature is expressed in terms of the
respective bulk air and liquid temperatures as

T a;c ¼ T L þ 1:224ðT a � T LÞ: ð2Þ
Eq. (1) is used to evaluate the transverse distribution of air
temperature. The local absolute humidity xx, based on
local transverse air temperature Ta,x, is related to the
relative humidity U as

xx ¼
mV

ma

¼ 0:622UP satðT a;xÞ
P � UP satðT a;xÞ

; ð3Þ

where P (kPa) is the total system pressure, and Psat (kPa) is
the water saturation pressure corresponding to the local air
temperature Ta,x.

The area-averaged humidity xm at any cross-section is
expressed as

xm ¼
2

l2

Z l

0

xxxdx; ð4Þ

and the bulk humidity x at any cross-section is calculated
from Eq. (3) based on the air bulk temperature Ta, which is
a cross-sectional area-averaged value.

A careful examination of the area-averaged humidity
and the bulk humidity calculated at the same cross
section shows that: for a given total system pressure
P = 101.3 kPa, the air bulk temperature Ta 6 75 �C, and
the bulk temperature difference between the air and water
jTa � TLj 6 20 �C, the relative difference of the area-aver-

aged humidity and the bulk humidity x�xm

xm

��� ��� 6 1:8%. This

implies that replacing the area-averaged humidity xm with
the bulk humidity x will only cause minimal error in pre-
dicting the heat and mass transfer rates within the packed
bed. Therefore, the bulk humidity is used in the current
formulation. This observation allows a one-dimensional
treatment of the conservation equations to be used along
the z-direction with confidence.

The current formulation is based on a two-fluid film
model in which one-dimensional conservation equations
for mass and energy are applied to a differential control
volume shown in Fig. 1(a) for countercurrent flow. For this
configuration, the air/vapor mixture is blown from bottom
to top (z-coordinate). Such an approach has been success-
fully used by Klausner et al. [20] to model film evaporation
in the diffusion tower.

The conservation of mass applied to the liquid and
vapor phases of the control volume in Fig. 1(a) results in:

d

dz
mV;zð Þ ¼ d

dz
mL;zð Þ ¼ � d

dz
mV;condð Þ; ð5Þ

where m is the mass flow rate, the subscripts L, V, and cond
denote the liquid, vapor, and condensate, respectively. The
conservation of energy applied to the liquid phase of the
control volume yields:



4754 Y. Li et al. / International Journal of Heat and Mass Transfer 49 (2006) 4751–4761
d

dz
mLhLð Þ ¼ � d mV;condð Þ

dz
hfg þ Ua T L � T að ÞA; ð6Þ

where U is the overall heat transfer coefficient and h is the
enthalpy. Noting that dhL ¼ CpL

dT L and combining with
Eqs. (5) and (6) results in an expression for the gradient
of water temperature in the condenser:

dT L

dz
¼ G

L
dx
dz

hfg � hL

� �
CpL

þ Ua T L � T að Þ
CpL

L
; ð7Þ

where L is the water mass flux. Eq. (7) is a first order ordin-
ary differential equation with TL being the dependent
variable and when solved yields the water temperature
distribution through the condenser.

The conservation of energy applied to the air/vapor
mixture of the control volume yields:

� d

dz
maha þ mVhVð Þ � d mV;condð Þ

dz
hfg T að Þ ¼ �Ua T L � T að ÞA:

ð8Þ
Noting that the specific heat of the air/vapor mixture is
evaluated as

CpG
¼ ma

ma þ mV

Cpa þ
mV

ma þ mV

CpV
ð9Þ

and combining with Eqs. (5) and (8) yields the gradient of
air temperature in the condenser,

dT a

dz
¼ � 1

1þ x
dx
dz

hLðT aÞ
CpG

þ UaðT L � T aÞ
CpG

Gð1þ xÞ : ð10Þ

Eq. (10) is another first order ordinary differential equation
with Ta being the dependent variable and when solved
yields the air/vapor mixture temperature distribution along
the z-direction. Thus Eqs. (7) and (10) are solved simulta-
neously to evaluate the temperature and humidity fields
along the height of the condenser. Since a one-dimensional
formulation is used, these equations require closure rela-
tionships. Specifically, the humidity gradient and the over-
all heat transfer coefficient are required.

The bulk humidity, x, based on air temperature Ta, is
related to the relative humidity U and calculated from Eq.
(3). An empirical representation of the saturation curve is

P satðT Þ ¼ a expðbT � cT 2 þ dT 3Þ; ð11Þ

where empirical constants are a = 0.611379, b = 0.0723669,
c = 2.78793 � 10�4, d = 6.76138 � 10�7, and T (� C) is the
temperature.

Noting that the relative humidity of air remains approx-
imately 100% during the condensation process, the abso-
lute humidity x is only a function of air temperature Ta

when the total system pressure P remains constant. Differ-
entiating Eq. (3) with respect to Ta and combining with Eq.
(11), the gradient of humidity can be expressed as

dx
dz
¼ dT a

dz
P

P � P satðT aÞ
x b� 2cT a þ 3dT 2

a

� �
: ð12Þ
Eqs. (3) and (12) are used in Eqs. (7) and (10) to compute
the water and air temperature variation through the con-
denser for countercurrent flow.

Following the methodology of Klausner et al. [20], the
mass transfer coefficients are evaluated using a widely
tested correlation and the heat transfer coefficients are eval-
uated using a heat and mass transfer analogy for the liquid
and gas. This approach overcomes the difficulty that gas
and liquid heat transfer coefficients cannot be directly mea-
sured because the interfacial film temperature is not
known. The mass transfer coefficients, kL and kG, associ-
ated with film flow in packed beds have been widely inves-
tigated. The most widely used and perhaps most reliable
correlation is that proposed by Onda et al. [21] as

kL ¼ 0:0051Re2=3
Lw Sc�0:5

L adp

� �0:4 lLg
qL

� �1=3

ð13Þ

and

kG ¼ CRe0:7
GASc1=3

G ðadpÞ�2aDG

C ¼ 5:23 for dp > 0:015

C ¼ 2:0 for dp 6 0:015

	
:

ð14Þ

Definitions of the dimensionless groups in Onda’s correla-
tion are listed in the Appendix. As mentioned previously,
the heat and mass transfer analogy [26] is used to compute
the heat transfer coefficients for the liquid and gas. There-
fore the heat transfer coefficients are computed as follows:
Heat transfer coefficient on the liquid side:

NuL

Pr1=2
L

¼ ShL

Sc1=2
L

; ð15Þ

UL ¼ kL qLCpL

KL

DL


 �1=2

: ð16Þ

Heat transfer coefficient on the gas side:

NuG

Pr1=3
G

¼ ShG

Sc1=3
G

; ð17Þ

UG ¼ kGðqGCpG
Þ1=3 KG

DG


 �2=3

: ð18Þ

Overall heat transfer coefficient:

U ¼ U�1
L þ U�1

G

� ��1
: ð19Þ

Here K denotes the thermal conductivity and D denotes the
molecular diffusion coefficient. Eq. (19) is applied to the
one-dimensional conservation equations (Eqs. (7) and
(10)) for closure.

A similar mass and energy balance analysis has been
done for the co-current flow condenser stage. The one-
dimensional conservation equations are applied to a differ-
ential control volume shown in Fig. 1(b). The equations for
evaluating the humidity gradient and air temperature gra-
dient are the same as that for countercurrent flow. The gra-
dient of water temperature in the co-current flow condenser
stage is:



Output TL,out, Ta,out,

out

Stop Start

Calculate U by analogy method

from Eqs. (16), (18) & (19)

Calculate kG , kL using Onda’s

correlation from Eqs. (13), (14)

Calculate , Ta ,TL at next z 

location using Eqs. (7), (10) & 

(12); use 4th order Runge - Kutta 

If z < H 

Guess TL,out at z=0

Update TL , Ta , & 

for the current z location 

Yes

No

Input TL,in at z = H, 

input Ta,in and in

at z = 0 

If TL TL,in

No

Yes

ω

ω

ω
ω

≠

Fig. 2. Flow diagram for the countercurrent flow condenser computation.
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dT L

dz
¼ �G

L
dx
dz

hfg � hL

� �
CpL

� Ua T L � T að Þ
CpL

L
: ð20Þ

Thus Eqs. (10) and (20) are used to evaluate the tempera-
ture fields in the co-current flow condenser stage. The
humidity gradient, Onda’s correlation and the heat and
mass transfer analogy are used for closure.

The condensation rate in the condenser is calculated as

mcond ¼ maðxin � xoutÞ: ð21Þ
The condenser effectiveness is defined as the ratio of the
condensation rate in the condenser to the maximum possi-
ble condensation rate:

e ¼ mcond

maðxin � xsin kÞ
: ð22Þ

Here, xsin k is the minimum possible humidity exiting the
condenser, which is evaluated with Eq. (3) assuming the
air exits the condenser at the water inlet bulk temperature.
The condenser effectiveness is very useful in comparing the
performance of the co-current and countercurrent flow
condenser stages.

For the countercurrent condensation analysis, the exit
water temperature, exit air temperature, and exit humidity
are computed using the following procedure: (1) specify the
inlet water temperature, TL,in, air temperature, Ta,in, and
bulk humidity xin; (2) guess the exit water temperature
TL,out; (3) compute the temperatures and humidity at the
next step change in height, starting from the bottom of
the packed bed, using Eqs. (7), (10) and (12) until the com-
puted packed bed height matches the experimental height;
(4) check whether the computed inlet water temperature
agrees with the specified inlet water temperature, and stop
the computation if agreement is found, otherwise repeat
the procedure from step 2. A detailed flow diagram of
the computation procedure is illustrated in Fig. 2.

The computation is simpler for the co-current flow con-
densation analysis. The exit water temperature, exit air
temperature, and exit humidity are computed using the fol-
lowing procedure: (1) specify the inlet water temperature,
TL,in, air temperature, Ta,in, and bulk humidity xin; (2)
starting from the top of the bed, compute the temperatures
and bulk humidity, Ta, TL, and x, at the next step change
in the z-direction using Eqs. (10), (12) and (20); (3) stop the
computation when the computed height matches the exper-
imental height.
3. Experimental facility

In order to test the efficacy of the analytical models
described in Section 2, an experimental packed bed direct
contact condenser has been fabricated. Fig. 3 shows a pic-
torial view of the laboratory scale DDD facility, and
Fig. 4 provides its schematic diagram. Dry air is drawn
into a centrifugal blower equipped with a 1.11 kW motor.
The discharge air from the blower flows through a 0.102 m
inner diameter vertical PVC pipe in which a thermal



Fig. 3. Pictorial view of the laboratory-scale DDD experiment.

Water Heater
L1V-1

Water Line1

L2V-2

L3V-3

Transformer 1

V-4 V-5

G

Transformer 2

Air Heater

Drain

Blower
Air Distributor

Co-current
Stage

Countercurrent
Stage

Packing

Material

Diffusion
Tower

Direct Contact
Condenser

ExhaustWater Line2

G Air flowmeter 
L Water flowmeter
V Valve

Fig. 4. Schematic diagram of DDD facility.

4756 Y. Li et al. / International Journal of Heat and Mass Transfer 49 (2006) 4751–4761
flowmeter is inserted to measure the air flow rate. Varying
the speed of the blower will control the air flow rate. A
three-phase autotransformer is used to control the voltage
to the blower motor and therefore regulate its speed. Next,
the air flows down through a 0.095 m inner diameter
CPVC pipe where a 4 kW tubular heater is installed.
The amount of power supplied to the heater is regulated
by a single-phase autotransformer. The temperature
and inlet relative humidity of the air are measured with
a thermocouple and a resistance type humidity gauge,
downstream of the air heater, in the horizontal section
of the air duct. The air is forced through the packing in
the diffusion tower where it is heated and humidified by
the hot water sprayed in the tower, then discharges
through an aluminum duct at the top of the diffusion
tower where the temperature and humidity of the dis-
charge air are measured in the same manner as at the inlet.
The air exiting the diffusion tower is always saturated for
the current investigation. The hot saturated air is then
transported to the condenser.
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The condenser is comprised of two stages in a twin
tower structure. The main feed water, which simulates
the cold fresh water, is drawn from a municipal water line
and passes through a turbine water flowmeter. After the
fresh water temperature is measured at the inlet of the con-
denser tower by a type-E thermocouple, it is sprayed from
the top of each condenser stage.

The hot saturated air forced through the system by the
centrifugal blower flows into the co-current stage con-
denser at its top. The tower body is 0.254 m in diameter
and 1.88 m in height. An acrylic section, 0.66 m in length,
is used for visual observation. During operation of the
countercurrent stage, no cold water is sprayed in the co-
current stage, and thus it serves as a well insulated air duct.

The countercurrent stage is connected by PVC elbows to
the co-current stage at the bottom where the air and water
streams are separated and the air temperature/humidity are
measured in the same manner as at the inlet of the diffusion
tower. The air is then drawn into the bottom of the coun-
tercurrent stage. The tower of the countercurrent stage is
identical to the co-current stage. The packing used for
the experiments is HD Q-PAC manufactured by Lantec.
The HD Q-PAC, constructed from polypropylene, was
specially cut using a hotwire so that it snugly fits into the
main body of the condenser. The specific area of the pack-
ing is 267 m2/m3 and its effective packing diameter is
0.017 m. The packing height in the tower was maintained
at 0.3 m during experiments. A full cone standard spray
nozzle at the tower top provides a water spray that covers
nearly the entire cross-section of the condenser. The air will
continue being cooled down and dehumidified by the cold
water until it is discharged at the top of the countercurrent
stage. The exit temperature and humidity of the discharge
air are measured in the same manner as at the inlet of
the diffusion tower.

A digital data acquisition facility has been developed for
measuring the signal output from the experimental facility
instrumentation. The data acquisition system consists of a
16-bit analog to digital converter and a multiplexer card
with programmable gain manufactured by Computer
Boards. A software package, SoftWIRE, which operates
in conjunction with MS Visual Basic, allows a user defined
graphical interface to be developed for the specific experi-
ment. SoftWIRE facilitates data analysis by recording the
data to an Excel spreadsheet.

The measurement uncertainty is ±1.87 � 10�2 kg/m2 s
for the water inlet mass flux, ±1.185 � 10�3 for the abso-
lute humidity, and ±5.92 � 10�3 kg/m2 s for the air inlet
mass flux at 101.3 kPa, 20 �C, and 0% relative humidity.
Type-E thermocouples have an estimated uncertainty
of ±0.2 �C. Experimental measurements are reported at
steady state conditions.

4. Experimental and computational results

The effective packing diameter dp for the structured
polypropylene packing is 0.017 m. In Onda’s original work
[21] he suggested that the coefficient in Eq. (14) should be
C = 5.23 for dp > 0.015 m and C = 2.0 for dp 6 0.015 m.
However, careful scrutiny of the data shows that the
change in the coefficient is smooth, and the abrupt change
represented by a bimodal coefficient is only an approxima-
tion. The 0.017 m effective packing diameter used in this
work is very close to the threshold suggested by Onda.
Good comparison between the measured data and the
model is achieved for co-current and countercurrent flow
by following Onda’s approximation for C = 2.0. Onda
did not attempt to explain the physical mechanism for
reduced mass transfer rate with smaller packing diameter.
We believe that the reduced gas mass transfer coefficient
in condensers is due to increased liquid hold-up, which
causes liquid bridging and reduced area for mass transfer.
The wetting of the packing will be discussed in detail fol-
lowing presentation of the heat and mass transfer data.

4.1. Model comparison with experiments

Heat and mass transfer experiments were carried out in
the countercurrent flow stage. The air mass flux G was fixed
at 0.6 kg/m2 s with the water to air mass flow ratio mL/ma

varying from 0 to 2.5. The saturated air inlet temperature,
Ta,in, was fixed at 36.9, 40.8, and 42.8 �C, respectively. The
inlet water temperature was approximately 20 �C. The
measured exit humidity xout, exit air temperature Ta,out,
and exit water temperature TL,out are compared with those
predicted with the model for all three different saturated air
inlet temperatures in Fig. 5(a)–(c). It is observed that the
exit water temperature, exit air temperature and exit
humidity all decrease with increasing water mass flux for
a specified air mass flux. The comparison between the
predicted and measured exit water temperature, exit air
temperature and exit humidity agrees very well.

Heat and mass transfer experiments were also carried
out in the co-current stage. The saturated air inlet temper-
ature was fixed at 35.5, 39.6, and 42.9 �C for each experi-
ment set. The air mass flux was fixed at 0.6 kg/m2 s, and
the water to air mass flow ratio was varied from 0 to 2.5.
The inlet water temperature was approximately 22 �C.
Fig. 6(a)–(c) show the measured exit humidity, exit air tem-
perature, and exit water temperature in comparison with
those predicted with the model for all three different satu-
rated air inlet temperatures. It is observed that the exit
water temperature, exit air temperature and exit humidity
all decrease with increasing water to air mass flow ratio.
The predicted exit air temperature and exit humidity agree
well with the experimental measurements. The computed
exit water temperature has the largest deviation, although
the error is acceptable for design and analysis applications.

4.2. Condenser effectiveness

In order to compare the packed bed direct contact con-
densation effectiveness between co-current and countercur-
rent flow, several sets of experiments have been compiled
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Fig. 8c. Droplet resides beneath the packing.
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Fig. 8a. Droplet resides on the top of the packing.

Fig. 8b. Droplet resides in the corner of the packing.

Y. Li et al. / International Journal of Heat and Mass Transfer 49 (2006) 4751–4761 4759
where the air flow rate, air inlet temperature/humidity, and
water inlet temperature are the same for each condenser
stage. The condensation effectiveness is shown in Fig. 7
with varying water to air mass flow ratio at different satu-
rated air inlet temperatures. These data elucidate the fact
that the countercurrent flow condenser stage is evidently
more effective than the co-current stage for the same water
to air mass flow ratio, air inlet temperature/humidity and
water inlet temperature. The condensation effectiveness is
strongly dependent on the water to air mass flow ratio
and not very sensitive to the air inlet temperature/humid-
ity. The condenser effectiveness, for both co-current and
countercurrent flow, appears to reach a threshold when
the water to air mass flow ratio exceeds 2.0. Operating with
this threshold water to air mass flow ratio appears to be an
optimal operating condition. In general, the difference
between the condenser effectiveness of the co-current and
countercurrent stages is approximately 15% for the same
water to air mass flow ratio.

4.3. Wetting phenomena

In order to explore the influence of the packing surface
wetting on the condensation heat and mass transfer rate,
high-speed cinematography was used to study the forma-
tion and shape of the liquid film on packing material. A
static liquid film formation has been observed when there
is no water or air flow through the packed bed and only
one droplet of water is on the packing surface. It is found
that the water droplet could have three possible residence
locations as shown in Figs. 8a–8c. It is also found that
the contact angle of water with the polypropylene packing
is approximately 90�, which is in agreement with Sellin
et al. [27].

Observations of the dynamic water film formation on the
packing surface have been made with water and air flowing
countercurrently through the packed bed. Frames of the side



Fig. 9a. Side view of the packed bed.

Fig. 9b. Top view of the packed bed.
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view and top view are shown in Figs. 9a and 9b, respectively.
These images show that some hemispherical water drops
block the flow channels within the packed bed. It is observed
that the water bridges are always present even at high air to
water mass flow ratio. The local heat and mass transfer rate
decreases with increasing the water blockages since the
active interfacial area between water and air is decreased.
Also the air velocity in the vicinity of the blockages is largely
reduced due to the increased local flow resistance.

It is well understood that the heat and mass transfer rate
within the packed bed is directly related to the contact sur-
face area between the air and water. In order to achieve a
high rate of heat and mass transfer, it is important to pro-
vide good surface wetting and liquid contact with air. The
wettability of the packing surface with liquid depends on
the contact angle between the liquid film and the packing
surface. Water on polyethylene is poorly wetting. It is
apparent that packing material with small packing diame-
ter and poor wettability has a higher probability to form
liquid bridges and block the air flow. Also, the condensa-
tion process will enhance liquid hold-up and increase the
probability of blocking flow passages. This may explain
why the local air side heat and mass transfer coefficients
are lower for the condensation process than for the evapo-
ration process. Despite its poor wetting characteristics, the
polypropylene packing is used for the DDD process
because it has a very low cost and is inexpensive to replace.
The wide span of experimental data shown in Onda’s
original work reveal that there exist more factors important
to packed bed heat and mass transfer than are accounted
for in the correlation. For example, the water blockage
problem on the packing is similar to a local flooding situa-
tion, and it could happen at any operating condition
depending on the contact angle, packing surface condi-
tions/geometry and heat/mass transfer rate. Predictive
models for water blockage are not currently available. Fur-
ther understanding of liquid flow blockage within packed
beds is required to improve existing heat and mass transfer
correlations.

5. Conclusion

A laboratory scale direct contact condenser with packed
bed has been fabricated with co-current and countercurrent
flow stages. Corresponding experiments reveal the heat and
mass transfer characteristics for different flow configura-
tions. A comparison between the two stages demonstrates
that countercurrent flow generally has 15% higher conden-
sation effectiveness than co-current flow. The condenser
effectiveness is strongly dependent on the water to air mass
flow ratio and not sensitive to the air inlet temperature/
humidity. Because the temperature range is small at any
cross section for the current application, a simplified
two-fluid model using one-dimensional mass and energy
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conservation equations has been developed for co-current
and countercurrent flow packed bed direct contact conden-
sation heat and mass transfer. In general, the analytical
model proves to be quite satisfactory for predicting the
thermal performance of both flow configurations. Never-
theless, due to the empiricism involved in the correlations,
it must be used with caution. High-speed cinematography
is used to explore the mechanisms for the decrease in the
gas side mass transfer coefficient for packing material with
a small effective packing diameter. The local heat and mass
transfer rate decreases with an increasing number of local
water blockages. This is due to a reduction in the active
interfacial area between water and air, and the air velocity
near the vicinity of the blockages is reduced. It is believed
that there exists a higher probability to form liquid block-
ages within packing material which has a small packing
diameter and poor wettability. The analysis and observa-
tions presented in this work should be useful to the design-
ers of direct contact condensers.
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Appendix. Onda’s correlation

kL ¼ 0:0051Re2=3
Lw Sc�0:5

L ðadpÞ0:4
lLg
qL

� �1=3

;

kG ¼ CRe0:7
GASc1=3

G ðadpÞ�2aDG

C ¼ 5:23 for dp > 0:015

C ¼ 2:0 for dp 6 0:015

	
;

#aw ¼ a 1� exp �2 � 2 rc

rL


 �3=4

Re1=2
LAFr�0:05

L We1=5
L

" #( )
;

ReLW ¼
L

awlL

; ReGA ¼
G

alG

; ReLA ¼
L

alL

;

ScL ¼
lL

qLDL

; ScG ¼
lG

qGDG

; FrL ¼
L2a
qLg

; WeL ¼
L2

qLrLa
:

# This equation has been modified from Onda’s original
correlation.
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