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a  b  s  t  r  a  c  t

In order  to  deal  with  corrosion,  crossover  and  desiccant  utilization  issues  encountered  in commer-
cially  available  liquid  desiccant  systems,  we  develop  and  characterize  the  performance  of a  hydrophilic
nonporous  membrane-based  liquid  desiccant  absorber.  The liquid  desiccant  is  an  alkoxylated  siloxane
mixture,  a modified  silicone  oil for  enhanced  moisture  absorption.  Performance  is  characterized  for  a  shell
and tube  configuration  by measuring  air temperature  and  relative  humidity  at the  inlet  and  outlet  of  the
absorber.  We  determine  the  characteristics  of  counter  and parallel  flow  configurations,  various  air  and
liquid  desiccant  flow  rates  and  several  contact  lengths  within  the membrane  absorber.  The  absorption
was  weakly  increased  by  liquid  desiccant  flow  rate. Results  for counterflow  configuration  show  that  the
humidity  ratio  of  the  air  entering  the  membrane  system  can  be reduced  by  up to  15.7  g/kg  at  maximum
air  flow  Re  number  and longest  contact  length.  Desiccant  utilization  in  the system  ranged  up to  0.012  g

of  water  per gram  of  desiccant.  The  highest  desiccant  utilization  does  not  correspond  to the  highest  mass
flux  rate,  suggesting  that  the  most  effective  system  does  not  depend  on on the  quantity  of  removal,  but
rather  the  rate.  Bulk diffusion  of  moisture  into  the  desiccant  is the  rate  limiting  step  for  moisture  absorp-
tion, with  with  five  times  faster  absorption  in  the first 10 cm  of contact  length,  guiding  us  toward  future
system  design.

© 2017  Published  by  Elsevier  B.V.
. Introduction

Cooling buildings is a technical feat that while only being
chieved a century ago, has now become ubiquitous. Effective cool-
ng of a building requires in particular proper handling of moisture
evel, and many of the largest developing cities are located in hot
nd humid tropical climates. Humidity in indoor environments has
n impact on thermal comfort [16], productivity [25] and occu-
ant health [3]. Apart from regions with desert climates, annual

atent ventilation loads are several times greater than sensible loads
or HVAC [9]. Due to these high latent loads, effective and effi-

ient dehumidification of ventilation air is very important from an
nergy perspective. The most frequently used method for dehu-
idification is on-coil condensation that wastes cooling potential

∗ Corresponding author at: School of Architecture, Princeton University, Princeton,
J  08544, United States.

E-mail address: fmeggers@princeton.edu (F. Meggers).

ttps://doi.org/10.1016/j.enbuild.2017.10.093
378-7788/© 2017 Published by Elsevier B.V.
[14], and often requires reheating the air after cooling it below
the dew point to mechanically remove moisture. With plenty of
refrigeration capacity and cheap energy, mechanical condensation
of water on cooling-coils became the defacto the method to condi-
tion air to comfortable humidity levels. Nowadays, we  face energy
and climate challenges that drive us to better control and reduce
the energy and refrigeration use in buildings.

Desiccants offer a chemical alternative to mechanical conden-
sation by using thermodynamically spontaneous absorption as a
means to dehumidify supply air, and heat to release the chemically
absorbed moisture to exhaust air, and therefore avoid extra cold
condensing temperatures. Desiccant chemicals may be employed
in either solid or liquid forms. Each form of desiccant is known to
have drawbacks such as: physical transport limitations in solids,
risk of corrosion, and evaporation in liquids [13]. Solid desiccant

wheels are an efficient dehumidification alternative [12], where the
electrical energy used in conventional chillers to generate subcool-
ing for condensation can be replaced with heat or recovered dry
exhaust air to regenerate a solid desiccant wheel that can absorb

https://doi.org/10.1016/j.enbuild.2017.10.093
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2017.10.093&domain=pdf
mailto:fmeggers@princeton.edu
https://doi.org/10.1016/j.enbuild.2017.10.093
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oisture. On the other hand, we have recently shown that liquid
esiccants have the potential to allow decentralized dehumidifi-
ation in buildings [14]. Liquid desiccants that must be in direct
ontact with air streams are commercially available, but due to
heir intrinsic properties, they are less popular than solid desic-
ant wheel systems. Liquid desiccants are commonly divided into
wo categories: halide salts and glycols. Halide salts are very strong
esiccants, but also corrosive to most metals, hence corrosion-
esistant parts, e.g. titanium, have to be used [13]. Glycols are not
orrosive but highly volatile, therefore, glycol-based setups require
requent maintenance to compensate for losses. Additionally, the
bility to absorb water vapor from the airstream is reduced [1] at
levated temperatures. This has important consequences for dehu-
idification, since the regeneration of the liquid desiccant requires

dditional energy in the form of heat to increase desiccant temper-
ture, so that it can desorb water.

Current modes of humidity absorber configurations involve
irect contact of liquid desiccant with the air supplied to the

ndoor environment. This can cause carryover of liquid droplets
nto the airstream [10], and can have harmful consequences to
ccupant health, building structure and materials [10]. Recently,
embrane based desiccant systems have been developed to phys-

cally segregate the liquid desiccant and the gas phase, and
ltimately overcome carryover problems [10]. Polymeric mem-
ranes provide resistance to water vapor transport from the
ir–liquid desiccant interface. Thus, current research is directed
owards developing membranes that can minimize resistance to

ass transfer, while preventing droplet carryover. The efficiencies
f hydrophobic [4–6,11,28] and hydrophilic [12,21,22,30] microp-
rous membranes have been studied in the literature, and it has
een demonstrated that they do not provide complete separa-
ion between desiccant and air, if the partial pressure difference
etween the two streams is not well controlled. Consequently,
ome crossover may  still take place in such a system [27]. In order to
chieve complete phase separation, a nonporous membrane must
e used.

In this study, we investigate a novel liquid desiccant sys-
em combined with a nonporous vapor transport membrane that

inimizes contamination risks. We  address the major challenges
entioned above simultaneously, namely the problems associated
ith diffusion of water vapor through the membrane, carryover,

nd corrosion. We  develop a novel membrane-based liquid desic-
ant absorber that uses a hydrophilic nonporous membrane and
n alkoxylated siloxane liquid desiccant [2] that is not corrosive
or highly volatile. We  test the basic desiccant kinetics, compare
he membrane/desiccant water removal rates, and analyze their
nteractions. We  characterize the humidity control potential of this
ystem in a variety of desiccant and airflow configurations for a
ingle shell and tube configuration. Finally, we perform a variety of
ests with different tube geometries, flow rates, and humidity levels
or both shell and tube mass exchanger setups. The results suggest
otential development into a larger multi-tube dehumidification
ystem.

Using a system such as a liquid desiccant dehumidification
llows for separate treatment of latent and sensible loads, as the
wo loads are conventionally linked due to the nature of mechani-
al on-coil condensation for latent load handling. By separating the
oads, more flexible navigation of the psychrometric chart is pos-
ible, and cold temperatures can be used at a high temperature for
adiant cooling, rather than for low temperature air cooling and
ehumidification. Dehumidification technology is if cooling is han-
led primarily with radiant or passive chilled beams, as dried air
s essential for avoiding condensation. Desiccant technology there-
ore enables high temperature systems for the most effective low
xergy cooling strategy.
ildings 160 (2018) 34–43 35

2. Materials and methods

In order to simultaneously address the limitations mentioned
above, we combine a hydrophilic nonporous membrane and an
alkoxylated siloxane type III liquid desiccant [2,15]. The study con-
tains two  sections, as shown in Fig. 1. Testing of the component
characteristics, namely the kinetics of the liquid desiccant and the
membrane was  the initial characterization work [18]. Once the first
part was completed, water removal rates from air flowing along a
small membrane tube containing flowing desiccant were studied to
understand the system dynamics. As shown in Fig. 1, the different
system configurations include geometry, flow rate, and humidity
ratio modulation.

2.1. Instrumentation

The weight of desiccant and other compounds were measured
using a Denver Instrument S-4002 type scale (accuracy of ±0.01 g).
Air temperature (T) and relative humidity (%RH) were measured
using a Sensirion SHT75 type sensor. T and %RH were measured
every 5 s, with accuracies of ±0.3 ◦C and ±1.8%RH, respectively. Air-
flow was measured using a Sensirion SFM 4100 type gas flow meter,
with an accuracy of 0.15% of full scale or 3% of reading, whichever
is dominant. Sensors were connected to an Arduino Uno board and
data were recorded on a computer through the Sensirion software
and a serial monitor.

Various air T and %RH combination experiments were condi-
tioned in a cubic box with dimensions of 1 m3. One side of the box
was made of acrylic, and the rest out of plywood. Air T was regulated
with an electrical heater placed inside the box and %RH with an
ultrasonic humidifier (Tao Tronic) with built-in water purifier and
control sensor. A fan was  used to mix  the air in the box. The ultra-
sonic humidifier had cyclic operations, and output RH was cycled
by 5%. The temperature in the box reached steady state within an
hour, after which air was used in experiments.

2.2. Liquid desiccant

The liquid desiccant is an alkoxylated siloxane (Dow Corning
XX-8810) with a significantly reduced vapor pressure dependence
on temperature. We  experimentally determined the volatile con-
tent to be approximately 1–3 wt%, by drying a known amount in a
vacuum-oven for 6 h under vacuum of 100 kPa and temperature of
50 ◦C. These alkoxylated siloxanes have good affinity for water, with
the equilibrium saturation ranging between 1 and 3 wt%  for 20–80
%RH in a wide range of temperatures. While this is a modest equilib-
rium concentration range compared to other desiccants, the range
lends itself well to a mass concentration based desorption process,
with minimal enthalpic input. As provided by the manufacturer, the
dynamic zero shear viscosity of the neat liquid desiccant at 25 ◦C
is 0.031 Pa s. This value compares favorably to other aqueous liq-
uid desiccants, such as CaCl2 �=0.033 Pa s at 51.32 wt%, and LiCl
�=0.00989 Pa s at 41.5 wt%  [26]. Additional physical properties of
the alkoxylated siloxane are available in the Supplemental Material
file.

2.3. Hydrophilic nonporous membrane

The shell portion of the mass and heat exchanger is a high per-
meability Pebax

®
1074 membrane. In the following, we will refer to

it as “Pebax
®

”. The membrane material, developed by Arkema and
manufactured into 1.5 mm outer diameter tubes by Foster Corpo-

ration, is a polyether block amide copolymer elastomer. The water
vapor transport rate in Pebax

®
is controlled by the relative com-

position of the polyether and polyamide elements. The contact
angle with the raw polymer and liquid water is about 70◦, and
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ig. 1. Overview of experimental procedures for component characterization and s
ectional view of the Pebax® polymeric membrane.

he pervaporation rate is reported maximally as 85 kg/m2/day [23].
ater is transported by a solution-diffusion mechanism whereby

he water or water–vapor first dissolves, and then diffuses through
he membrane [19]. The membrane is impermeable to the desic-
ant, and diffusion of the desiccant through the membrane and into
he air stream is restricted. Such a nonporous material is beneficial
n environments where the desiccant must be restricted from the
ir stream. Because of the particularly low surface tension of the
esiccant, nonporous membranes are desirable as the low surface
ension could allow desiccant transport through pores, providing

 crossover mechanism to the air stream. Although the membrane
s hydrophilic, for neat, unsaturated desiccant with water, the par-
ial pressure gradient is the driving force for diffusion, transporting
ater from the membrane into the desiccant. This simple mech-

nism allows moisture to energetically favor the desiccant over
he membrane, eventually bringing the system into a lower energy
tate when water is preferably absorbed by the desiccant, com-
ared to the membrane. Additionally, proof of concept experiments
emonstrate that the rate of absorption onto free surface of quies-
ent liquid desiccant is an order of magnitude slower than the rate
f mass transfer of water through the membrane [18,24]. The inter-
ction potential and slower mass transfer demonstrate a shell and
ube exchanger in which the wall materials do not impede transfer.

The weight of the 67 cm long Pebax
®

membrane was mea-
ured prior to placing the membrane inside the conditioning box,
t T = 24 ◦C and RH of 40%. The membrane was in the conditioning
ox for 2 h before it reached steady state. After 2 h, the weight of
he membrane was measured to determine how much water the

embrane absorbed under various conditions. Experiments were
epeated for T of 25, 28, and 32 ◦C, and RH of 60, 80, and 95%. This
as needed to account for water uptake in the membrane, and to
etermine the time needed to ensure it was at equilibrium before
easurements were made on the desiccant.

.4. Air-desiccant exchanger experimental setup

The absorber had a tube in a shell structure. The inner tube was a
ebax

®
membrane tube with an outer diameter of 1.5 mm,  and the

uter shell consisted of Tygon tubes. The maximum length of the
bsorber was 67.5 cm.  Three diameters of Tygon tubes were used:
.2, 6.4, and 7.9 mm.  These tubes correspond to 1/8′′, 1/4′′, and 5/16′′

ominal Tygon tubing, respectively. However, these nominal sizes
o not directly translate to actual dimensions, so for calculation

urposes the actual dimensions are reported throughout this paper

n mm.  The liquid desiccant was pumped into the 1.5 mm outer
iameter inner membrane tube inside the Tygon tube through
hich air was pumped, creating the shell in tube mass exchanger.
 design. The scanning electron microscopy image in the center represents a cross-

Dry desiccant was  supplied to the Pebax
®

tube from a reservoir
with a peristaltic pump, items 8 and 2, respectively, in Fig. 2. The
tube connecting liquid desiccant reservoir and the Pebax

®
mem-

brane had a manual valve. A pump (item 9) was  used to supply the
air through the space between the membrane outer surface and
the inner surface of the shell. In order to control the airflow rate,
the air loop had a bypass with the valve that returns excess air
into the conditioning box (item 10). The main air supply line had
an additional valve. Before entering the shell fraction, a T and RH
sensor (item 1) measured these quantities for the supply air. Along
the absorber length (item 6), 4 points were designed to allow air
to be removed from the absorber at shorter distances. Only one
connection is shown in Fig. 2, corresponding to a 67.5 cm contact
length measurement, the longest possible run. These points were
adjustable by using manual valves positioned at 10, 47.5, 57.5, and
67.5 cm from the air inlet in the case of a parallel flow, and at 10,
20, 57.5, and 67.5 cm for a counter flow configuration. Such a setup
could divert the air to measure RH and T of air leaving the absorber
as a function of contact length. Whichever contact length was cho-
sen for a measurement, an airflow sensor was  also placed after the
T and RH sensor, as shown in Fig. 2 with points 4 and 5. As men-
tioned previously, these points were movable by connecting to any
of the manually operated valves along the overall 67.5 cm absorber
length. By changing the point where air enters the shell, we were
able to change between parallel and counterflow configurations.

2.5. Air dehumidification experimental procedures

Previous work by our group studying a batch of desiccant in
an open beaker has confirmed that faster absorption kinetics were
obtained when a fixed quantity of desiccant is stirred: In the stirred
case, surface absorption becomes limited by slower bulk diffusion
rates of water into the desiccant, creating a saturated boundary
layer at the air/desiccant interface [18]. That previous work is fur-
thered here by using a membrane to contain the desiccant. The
membrane has high water affinity that absorbs and transports
water with kinetics much higher than the desiccant bulk diffusion,
thereby not limiting the desiccant dehumidification capabilities.

2.5.1. Mass transfer of water vapor through membrane into
non-flowing, neat desiccant

In the first experiment non-flowing desiccant of known state
was evaluated inside the membrane shell and tube system in order

to understand the basic membrane-desiccant interaction. Ambi-
ent air and neat liquid desiccant were run through the membrane
system for 1 h to bring the system into steady state. The desiccant
was pumped into the system at 0.012 mL/s. During this process,
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Fig. 2. Schematics o

ir that was in between membrane and shell of the exchanger
as dehumidified to RH below 20%. This minimized water vapor
ressure of the air surrounding the membrane, and significantly
educed the interaction of water molecules with the liquid desic-
ant molecules in contact with the Pebax

®
membrane before the

xperiment started.
Next, humid air was directed into the membrane exchanger, the

iquid desiccant pump was stopped, and the valve connecting the
eristaltic pump and the membrane was closed. Air conditioned
o T = 24 ◦C and RH = 80% with a flow rate of 1 L/min was then run
hrough the membrane exchanger. T and RH of air was  measured
efore it entered the exchanger, and immediately after it exited the
bsorber, after 67 cm.  Airflow was measured after the air exited the
xchanger.

.5.2. Investigation of dehumidification rates at various liquid
esiccant flow rates

This experiment was designed to measure the impact of liquid
esiccant flow rate on air dehumidification in the absorber. The

iquid desiccant flow rates were 0.005, 0.012 and 0.133 mL/s. The
ir flow was conditioned to T = 25 ◦C and RH = 80%, and run through
he membrane exchanger with flow rates of 0.5 and 1 L/min for
ach of the desiccant flows. T and RH of air was measured before
t entered the exchanger and immediately after it went out of the
xchanger. Although all the desiccant flow rates were kept in the
aminar regime due to the high viscosity of the fluid, they represent
n order of magnitude increase between each other.

.5.3. Variation of air flow rate, shell size, flow arrangement,
ontact length, and specific humidity

This experiment studied a range of air conditions and flow. It
epresented the bulk of the work because changes in air conditions
elp characterize the range of mass transport kinetics indicating
ehumidification potential of the system. The results are key for
uture work optimizing dehumidification rates in building-scale

embrane-exchanger designs.
To normalize airflow rates across different volumetric flow rates

nd outer tube diameters, the Reynolds number (Re), was calculated
sing a hydraulic diameter of DH = Do − Di, the kinematic viscos-

ty of air, and the average cross-sectional air velocity given by the
olumetric flow rate divided by the cross sectional area. These val-

es along with the corresponding Re numbers are given in Table 1.
he air flow rates used in the experiments were 0.035, 0.15, 0.5,

 and 2 L/min. These air flows corresponded to velocities ranging
rom 0.017 to 13.47 m/s  depending on the shell diameter, and Re
xperimental setup.

was in the range from 5 up to 571 (Table 1). The shell sizes used
were 1/8, 1/4, and 5/16 inch nominally, or 3.2, 6.4, and 7.9 mm
actual ID, respectively, as mentioned in Section 2.4. The air was
conditioned to have humidity ratios of 15 (T = 24 ◦C, RH = 80%), 20
(T = 28 ◦C, RH = 84%) and 25 g/kg (T = 32 ◦C, RH = 82%). For all of these
conditions i.e., 5 flow rates, 3 shell sizes, and 3 specific humid-
ity conditions, both counterflow and parallel flow setups were
monitored at 4 different contact lengths. As to not change the
experimental setup, these contact lengths were different for paral-
lel flow and counterflow, and were given in Section 2.4.

For each combination of tube geometry, flow rate, and com-
bination of air temperature and humidity, the temperature and
humidity of the air entering and exiting the membrane exchanger
were measured. The air side mass balance calculation was  per-
formed to quantify amount of moisture removed from the air by
the desiccant. Results were reported as absolute humidity removed
in g H2O/kg air. Based on the contact length and diameter of the
membrane, removed water vapor mass flux per unit area of mem-
brane/desiccant surface area was  calculated. The results were then
used to compare the impact of different parameters.

Finally, we calculated the ε-NTU (Effectiveness-Number of
Transfer Units) characteristics of the mass and heat exchanger
using contemporary methods [29]. This was calculated after the
kinetics experiments, and the shell and tube system geometry that
can influence these results was  not investigated. Therefore, these
results indicate one potential performance, and future work will
involve methods to investigate a full scale exchanger design. For the
calculations, the precise form of the latent NTU, NTUL, is given in Eq.
(1), where �a is the density of air in kg/m3, ˙nω is the moisture flux
in gwater/s, �Cω,lm is the log-mean concentration difference (similar
to a log mean temperature difference from heat transfer) [7], and
ṁa is the air flow rate in kgair/s. The full derivation of effectiveness
and NTU is provided in the supplemental material file.

NTUL = �a ˙nω

�Cω,lmṁa
(1)

3. Results and discussion

3.1. Mass transfer of water vapor through membrane into
non-flowing neat desiccant
Previous work conducted by our group [18] indicated a
diffusion-limited absorption rate. As the surface became more con-
centrated, if the vessel was not mixed, absorption rates slowed as
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Table 1
Reynolds number (Re), calculations in bold for 15 flow configurations.

Pebax® tube OD (mm)  1.5 Re calculation
Pebax® tube ID (mm)  1.1 Air flow rate (mL/min)

Nominal ID (in.) Actual ID (mm)  35 150 500 1000 2000

1/8 3.2 10 43 143 286 571
1/4  6.4 6 26 85 170 341
5/16  7.9 5 22 72 143 287

Fig. 3. Membrane moisture uptake (blue) followed by desiccant diffusion limited
moisture uptake (red). The oscillations in the diffusion limited regime (red) are
caused by the humidity sources control algorithm. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web  version of the
a

t
p
f
d
s
e

F
P
s
s
s
d
b
w
t
F
l
r

v
w
t
t
a
b
t
i
b
d

i
a
i
t

and counterflow arrangements (see Fig. 4). As expected, for a given
rticle.)

he system entered a diffusion limited regime. Water mass trans-
ort from the air onto the surface of the liquid desiccant is very
ast compared to the diffusion from the surface of the desiccant
own into the bulk material. Consequently, once the desiccant free
urface is saturated, the dehumidification rate slows down consid-
rably [18].

ig. 3 summarizes the new findings for absorption through the
ebax

®
membrane, rather than from a free surface. The first regime

tarts with a very high flux that decays rapidly as the surface gets
aturated. The second regime, with much slower mass flux decay,
tarts when surface is fully saturated and mass flux has become
iffusion limited because water molecules arriving from the mem-
rane no longer have abundant sites to sorb into, and they must
ait for molecules in the saturated surface to diffuse down into

he bulk desiccant. In the diffusion limited regime, shown in red in
ig. 3, the diffusion of water into the bulk desiccant becomes the
imiting factor, as opposed to the blue regime where the unsatu-
ated surface sorption is more favorable.

Previous work from our group [24] demonstrated that water
apor transport rates of 0.1 g/m2/s through the Pebax

®
membrane

as almost an order of magnitude higher than the fastest absorp-
ion rates (0.02 g/m2/s) shown in Fig. 3. Since this type of mass
ransfer mechanism is often viewed as a resistance in series mech-
nism, the mass transfer through the membrane can be neglected
eyond the membrane uptake regime. Using the standard resis-
ance in series approach to mass transfer, diffusion of moisture
nto the desiccant acts as the large resistor in this scenario, thereby
ecoming the limiting rate once the front of water has reached the
esiccant and saturated the membrane/desiccant interface.

The equilibrium membrane weight in different relative humid-
ty environments was measured. The uptake was 1.1 g at 60% RH

nd 1.35 g at 80% RH. These are significant quantities, so ensur-
ng equilibrium is important. Still, at the rates described above,
he membrane would be at equilibrium on the order of minutes
Fig. 4. Water vapor mass flux for different liquid desiccant flow rates in a 1/4 in.
tube. The flow rates on the abscissa are given in mL/min, and the specific humidity
in  g/kg is for the supply air.

across the humidity ranges we were using even if a completely dry
membrane was  being used.

3.2. Variation of liquid desiccant flow rate

Results in Table 2 show the humidity ratio difference between
air entering and exiting the membrane exchanger as a function of
liquid desiccant and air flow rates. The liquid desiccant volumetric
flow rates of 0.005, 0.012 and 0.133 mL/s correspond to desiccant
velocities of 0.008, 0.064 and 0.2 m/s, respectively. The liquid des-
iccant flow was  in the laminar regime for all examined flow rates,
Re = 0.4, 3.3, and 10.3, respectively. Results indicate that an increase
in the liquid desiccant flow rate by 2 orders of magnitude resulted
in air dehumidification increase in the range of only 10.6 to 22.0%
depending on the length of the membrane exchanger and airflow
rate.

The increased water vapor removal of 10.6 to 22.0% can be
observed when the liquid desiccant volumetric flow is increased
from 0.005 to 0.133 mL/s. These results demonstrate that moisture
uptake rates are directly related but largely unaffected by the desic-
cant flow rate because the non-negligible viscosity of the desiccant
creates a thick boundary layer. Consequently, the boundary layer
will not vary much for a large change in desiccant flow rate.

As shown in Table 2, two orders of magnitude increase in des-
iccant flow rate results in minor changes in the moisture uptake
by the desiccant. For this reason, a constant desiccant flow rate of
0.012 mL/s was  used for all subsequent experiments.

3.3. Counterflow vs. parallel flow configurations

As outlined in the Section 2, for each air flow rate, the inlet
humidity ratio, and tube diameter were examined for the parallel
air and tube conditions, the counterflow setup outperforms the
parallel one, because counterflow maintains higher concentration
difference throughout the exchanger. For each data point in Fig. 4,
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Table  2
Dehumidification measured in the humidity ratio reduction (bolded values) under various liquid desiccant flow rates and air flow rates, with calculated pressure drop through
the  desiccant tube.

Air flow rate (L/min)

Contact length (cm) Desiccant flow rate (mL/s) Re Pressure drop (Pa) 0.5 Increase 1.0 Increase

10 0.005 0.4 1800 1.23 n/a 1.03 n/a
10  0.012 3.3 7600 1.36 10.6% 1.14 10.7%
10  0.133 10.3 48,300 1.50 22.0% 1.24 20.4%
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67.5  0.005 0.4 

67.5  0.012 3.3 

67.5  0.133 10.3 

ounterflow demonstrates the biggest difference between the inlet
ir and exiting air. To avoid redundancy in data, only counterflow
ata is presented in subsequent sections.

.4. Performance of counterflow configuration for different air
onditions and membrane exchanger geometry

Results in Fig. 5 show relationship between dehumidification
bility and air flow rate for three shell sizes. Dehumidification abil-
ty is presented as the absolute humidity reduction between air
ntering and exiting the membrane exchanger (�g). The results
ndicate a strong influence of the air conditions and the physical
haracteristics of the membrane on (�g), and they can be summa-
ized as follows:

�g  increases with the specific humidity of air entering the mem-
brane exchanger.
�g  decreases as the airflow rate increases.
�g augments with the length of the membrane exchanger.
�g goes down as the shell outer diameter increases.

Based on the removal of water from the air side, the desiccant
tilization is calculated to range up to 0.012 g of water per gram of
esiccant. Although this is small, the geometry and rate of uptake
llow for rapid removal. Although the desiccant is not absorbing

 large quantity of water, it is doing so rapidly enough that in
elatively short lengths significant absolute humidity is removed.
enerally more than 5 g/kg is removed in Fig. 5, which is enough

or nominal removal in a majority of climates. For the most humid
limates, the right of Fig. 5 shows removal above 10 g/kg bringing
bsolute humidity of tropical climates below 15 g/kg, adequate for
aintaining less than 70% RH for 22 ◦C air conditions.
More importantly from a design perspective, when dehu-

idification is compared for different lengths of the membrane
xchanger (Fig. 5), between 40 and 77% of the dehumidification
akes place during the first 10 cm of the exchanger. This can also
e noted in Fig. 3 where the 10 cm moisture removal is nearly half
f the six times longer 67.5 cm removal. The results show that the
nitial 10 cm of the membrane are much better utilized than the
ast 57 cm of the total length.

This can be attributed to the diffusion limited mass transfer as
hown in Fig. 3 with no desiccant flow. In the scenario with flow-
ng desiccant, unsaturated desiccant enters the system at x = 0 cm,
he partial pressure difference of moisture in the air, and moisture
n the desiccant is highest when the vapor pressure of moisture in
he desiccant is nearly 0. Since diffusion of moisture through the
esiccant is slower than absorption into dry desiccant, the initially

arge partial pressure difference decays quickly since moisture does
ot diffuse into the bulk desiccant fast enough. As a consequence,

he large difference of partial pressure between the air and des-
ccant surface inside the tube is greatly reduced. The absence of

ixing of the desiccant results in water saturation only on the sur-
ace of the desiccant, which yields a diffusion limited absorption
0 2.78 n/a 2.02 n/a
0 3.09 11.2% 2.29 13.4%
00 3.22 15.8% 2.41 19.3%

process. Due to constraints with the tube dimensions, data from
increments less than 10 cm could not be acquired. The effect of shell
size indicates that smaller diameters provide more intensive water
vapor exchange per unit of area and time as the smaller diameter
increases the Re number.

Results from Fig. 6 for counter flow show that higher Re numbers
lead to an increase in moisture mass flux exchange in the lami-
nar regime, and confirm that the highest rates occur in the first
part of the exchanger. The moisture mass flux is highest for the
smallest diameter of the membrane exchanger shell (increasing Re),
assuming all other parameters constant, therefore Fig. 6 shows data
only from the smallest 3.2 mm shell. As shown in Fig. 6, the high-
est moisture mass flux is achieved with the highest airflow rates
(highest Re). (Additional experimental data acquired under identi-
cal conditions for shell diameters of 6.4 and 7.9 mm  are available
in Supplemental Material file.)

When comparing Fig. 6a–c, one notices the supply air specific
humidity of 16, 20, and 25 g/kg, all maintain an 80% RH. Since the
activity, or %RH, difference between the moisture in the air and des-
iccant is the driving force for absorption, this driving force decays
faster at lower specific humidities. Such a trend is observed in
Fig. 6a–c. In Fig. 6a, the 10 and 20 cm lengths are nearly indis-
tinguishable in terms of the moisture mass flux observed. This is
because after 10 cm,  the driving force decreases quickly, and the
small quantity of moisture being removed has not yet saturated the
surface sites available for absorption at the membrane/desiccant
interface. As opposed to Fig. 6b and c, by 20 cm there is already a
markedly diminished mass flux. The transition to being diffusion
limited now occurs before 20 cm of contact length, rather than
what is shown in Fig. 6a, where the diffusion limited regime is
approached somewhere between 20 and 57.5 cm of contact length.

The data follow the general convective transport rule where
the mass transfer, K, is proportional to Re raised to a nonunity
power. Such an analysis is typical for heat transfer, but can also
be extended to mass transfer. Mass transfer rate is a function
of mass diffusivity, characteristic length, and Sherwood number
(often referred to as the mass transfer Nusselt number, which is
related to Re and Schmidt number). The trend indicates that higher
Re flow would result in higher mass transfer, something that could
be accomplished by reducing the air side tube’s diameter for a fixed
volumetric flow rate, thereby reducing the proportion of air volume
to boundary layer volume.

Figs. 5 and 6 appear to be inverted, with Fig. 5 showing greater
absolute humidity reduction for low air flow rates, and Fig. 6 show-
ing the greater mass flux for higher air flow rates (higher Re ).
This is because low flow rates correspond to less air being sup-
plied, so when calculating the overall mass flux, higher flow rates
correspond to greater mass flux despite having a higher relative
humidity when exiting the contacter. The two  charts convey infor-

mation useful for different purposes. For instance, Fig. 5 would
be used for sizing a system based on a desired specific humidity
reduction. Tubes could be placed in parallel to achieve the neces-
sary flow rate, all from information obtained on the chart. Fig. 6 is
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Fig. 5. Absolute humidity reduction for flow configurations at varying air flow

seful for understanding the physical basis of the system from a
undamentals perspective.

.5. Volume utilization of liquid desiccant in counter flow
onfiguration

Fig. 7 illustrates the relationship between measured Re of the air-
ow for all studied contact lengths and the (a) desiccant utilization,
nd (b) utilization normalized per unit contact length. The value for
tilization reaches a maximum at 0.012 gwater/gdesiccant. This empha-
izes that an increase in contact time between the dehumidifying
urface and humid air, due to the lower velocity inside the shell,
as a smaller impact than a combined increase in mass transfer
oefficient and Re.  Additionally, for a given airflow rate, mass flux
s higher for the smaller shell diameter.

However, simply designing a system for only high volume uti-
ization neglects other important parameters. While Fig. 7a shows

ore utilization of the desiccant on a gwater/gdesiccant basis after
onger contact length as would be expected, Fig. 7b shows how
he rate of uptake suffers at longer lengths. As shown in Table 2,
onger contact lengths yield higher pressure drops, so when viewed
n conjunction with Fig. 7b, there is a clear tradeoff between pres-
ure drop inside the desiccant tube and mass transfer rate. Since
he mass transfer rate decreases so rapidly, this data shows how
mportant it would be in terms of parasitic power to design a sys-
em with short contact lengths to maximize parasitic power per
water absorbed. Additionally in Fig. 7b, there are two discontinu-
us zones on the right side, which are artifacts of the contour plot of
he discrete data, but indicates a tendency toward constant change
n utilization per unit contact length for the high Re and longer
ontact lengths where bulk diffusion limits would dominate.

Each contact length corresponds to a pressure drop (reported in
able 2) for the desiccant flowing in the interior tube. Multiplying
he pressure drop to the volumetric flow rate of the desiccant gives

 theoretical pumping power as a function of contact length. The
ata reported in Fig. 7a was multiplied by desiccant flow rate, and
his number was divided into the theoretical pumping power for

ach contact length, yielding an energy demand per gram of water
emoved. The results were plotted in Fig. 8. As expected, because of
he high pressure drop at longer contact lengths and the poor des-
ccant utilization at longer lengths and low Reair, it is very costly in
 and contact lengths for brackets of supply humidity experimental conditions.

terms of energy demand to remove water in such a regime. Because
of the faster absorption kinetics in the first 10 cm,  this is the range
in which it is most efficient to remove moisture. These values com-
pare favorably to other work [8], with the best energy per water
removal rate in our system at 1.5 J/gwater comparing to 54 J/gwater

for LiCl systems. Despite the anticipated high air side pressure drop
in a scaled up version of our system, the low parasitic power of the
desiccant side is a promising takeaway providing future designs the
ability to sacrifice air side efficiency if required.

Using the ε-NTU method to assess system performance, we cal-
culated a maximum NTUL of 8.5 which corresponded to 16 g/kg
supply air at 35 mL/min after 67.5 cm of contact length, which had
a corresponding latent effectiveness, εL, of 0.08. The highest latent
effectiveness measure was  0.58, occurring at an air flow 35 mL/min,
25 g/kg supply air after 10 cm of contact length, corresponding to
NTUL of 0.17. Both data points occurred in the small 3.2 mm sup-
ply air tube. When cross-referenced with Fig. 8, these data both
correspond to values for Reair = 10, which corresponds to at least
50 J/gwater. Therefore, when considering the system with a refer-
ence to pumping costs, the data shows a clear tradeoff between εL,
NTUL, and desiccant pumping power. This tradeoff informs future
work which aims to increase effectiveness using geometric solu-
tions to keep pumping costs low by encouraging mixing through
additional means.

4. Potential applications

Fig. 7 provides insights into how our system would be applicable
for a room requiring humidity removal. For instance, a membrane
desiccant dehumidification system based on our analysis could be
designed with short exchange lengths between mixing compo-
nents for disturbing the desiccant boundary layer, which would
exhibit larger overall uptakes (active dehumidification) than a sin-
gle and continuous, straight reactor of the same length. This is
because the diffusion limited regime is reached quickly (within
10 cm domain), and mixing could generate a new unsaturated layer

of desiccant at the membrane-desiccant interface maintaining fast
surface uptake in Fig. 3 and better uptake per unit length as shown
in Fig. 7b. Future studies will seek to characterize this domain with
greater resolution.
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A major takeaway from our study is an improved understand-
ng of not only the behavior, but also the limiting factors of the
hell-tube exchanger configuration. In particular, we carried out an
n-depth study on: the absorption rate relationships using air flow,
umidity, and geometry as independent variables. All of this infor-

ation is important when designing equipment for future studies

r pilot installations. Liquid desiccant systems have the potential to
e miniaturized, and therefore, to be easily integrated into mechan-

cal systems and building components, like facade and floor slabs.
ildings 160 (2018) 34–43 41

They may  provide considerable savings in terms of space, materials,
and energy [20]. They also enable the operation of radiant cooling
systems with the highest, and most energy efficient tempera-
tures, without the need for any supplementary low-temperature
mechanical dehumidification. Instead of requiring these additional
low-temperatures, the desiccant can operate using waste heat to
drive the dehumidification process, and allow the sensible cooling
to be delivered with the highest possible system performance.

In addition, the ε-NTU analysis available in the Supplemental
Material file provides preliminary insights to our work in terms
of device engineering. While the motivation for this work was
centered around the kinetics and chemical interactions between
the nonporous hydrophilic membrane and the desiccant, and
not a full-scale exchanger design, the trade-off that emerged
between pumping power and εL and NTUL value and pumping
energy demand can certainly be used to inform future system
optimization. In a future study, we will investigate in detail the
performance aspect of the mass exchanger with appropriate exper-
imental setups, addressing desiccant utilization effectiveness as
related to the system geometry to promote desiccant mixing and
reduce pumping in a diffusion limited regime.

In order to consider an example of decentralized system appli-
cation, the membrane system is scaled up for 10 private offices
each with a surface area of 12 m2. The offices are assumed to be
in a climate that requires dehumidification of outdoor air from 22
to 10 g/kg. Outdoor air demand for these offices and their occu-
pants are based on ASHRAE 62.1 at 61 L/s. To quantify this system,
interpolating data points from Fig. 5 shows that for a 22 g/kg inlet
air condition, a 10 cm tube with a flow rate of 2L/min would pro-
vide approximately 4.5 g/kg in absolute dehumidification. To reach
the desired 61 L/s, dividing this by 2 L/min yields 1830 tubes. To
achieve the desired 10 g/kg incoming air setpoint, these tubes
would have to be organized in series 3 times, ideally with two
mixing stages between the three contacter. The contact area can
thus be packed in the membrane exchanger with dimensions of
0.27 m × 0.27 m × 0.4 m (h × W × L), using individual shell in tube
units that are 6 cm × 6 cm.  This is a very promising initial estima-
tion of potential system embodiment that can be further optimized.
Compared to recent research by Oh. et al. for desiccant dehumidi-
fication in the tropics [17], the results from our initial alkoxylated
siloxane experimental setup can remove the same and often more
moisture from humid supply air.

Additionally, the modified silicone oil that comprises the alkoxy-
lated siloxane desiccant behaves as a type III desiccant [15]. Type III
desiccants have near exponentially increasing saturation equilib-
rium points with increasing activity, or relative humidity, of water
in the supply air. The saturation equilibrium dependence on activity
means removing the water from the desiccant during regeneration
becomes comparatively easy, as a known issue with LiCl, a type I
desiccant, is the heat required for regeneration. Dry exhaust air can
be heated to 50 ◦C for regeneration, which is not required for the
heat but instead just to drop the relative humidity of the air. There-
fore, regeneration can be more easily achieved without substantial
heating of the desiccant, which will be analyzed in subsequent
experiments of the membrane desiccant system.

Scaling up such a system would require careful consideration
of air flow rate and contact length. For instance, a comparison
between Figs. 5 and 6, highlights the tradeoff between absolute
humidity removal and mass flux. The trend in Fig. 5 implies that
longer pipes will provide increasing humidity removal, at dimin-
ishing returns. Naturally, such a scenario is not optimal from a
viscous fluid pumping perspective. While the numbers in this study

should be taken as a starting point when designing a system for
a required humidity removal, it is important to introduce a mix-
ing stage after 10 cm of contact length. Additionally, Fig. 7 shows
the saturation of the desiccant as a function of contact length, and
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Fig. 7. (a) Utilization of desiccant with water vapor as a function of contact distance and 

in  utilization per unit length (cm) of Fig. 7a.

Fig. 8. The calculated pumping demand for dehumidification in joules, J, per gram
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moisture uptake in the initial contact between the air stream and
f  water moved from the air to the desiccant. The values range from min  1.5 to max
50.0 J/gwater , not shown fully on the color scale.

n no configuration is the bulk saturation high after 10 cm.  This
s a key information in terms of regeneration efficiency perspec-
ive, as another source of inefficiency would be the energy used to
ump the insufficiently saturated desiccant that requires regenera-
ion. Therefore, a design for only high mass flux comprising a single
0 cm exchanger with as many separate tubes as demonstrated in
his study would not be desirable either. Taking into account two
ndependent design variables such as, the required airflow volume,
nd the absolute humidity removal, we may  scale up our system by
aking the following optimal absorption criteria: (i) approximately
e 500 airflow, (ii) approximately 10 cm of contact length, which
orresponds to approximately 6 g/kg of absolute humidity removal
nd 0.31 g/m2/s of mass flux for a single tube. A set of tubes could be
laced in an array to meet the desired ventilation rate, and repeated

n series to obtain the required absolute humidity reduction for the
esign parameters.
The Pebax
®

membrane chosen for the mass exchanger material
ot only ensures separation of the desiccant air stream delivered
o the building (from absorber) or environment (from desorber),
Re for counterflow experiments (grams of water per gram of desiccant). (b) Change

but it also does not restrict the mass transfer from the humid
air to the desiccant. The measured mass transfer rate per square
meter of Pebax

®
measured by Teitelbaum et al. [24] is an order

of magnitude higher than the absorption per square meter of des-
iccant being continuously stirred in a beaker [18], demonstrating
that the rate limiting step is the absorption of moisture into the
desiccant. A possible limitation might be the mechanical stabil-
ity of the membrane and its ability to withstand long working
hours, because the hydrophilic membrane absorbs water molecules
from the surrounding environment and elongates during operation.
Future experiments are intended to quantify the presence of elastic
and plastic deformations in the polymeric membrane.

5. Conclusions

In this work, we have described and evaluated a prototype liquid
desiccant absorber that addresses several problems encountered in
these types of devices. Our conclusions are summarized below:

• The use of a noncorrosive liquid desiccant eliminates the need for
expensive metal parts (e.g., titanium).

• Carryover problem was solved by physically separating air and
liquid desiccant stream with nonporous hydrophilic membrane,
which has negligible mass transfer resistance.

• A counterflow setup is a more effective mass exchanger than a
parallel one.

• Moisture removal was weakly dependent on desiccant flow rate
due to a persistent laminar boundary layer pumping power can
be minimized while maintaining reasonable performance.

• The humidity ratio of the air entering the membrane system was
reduced by up to 15.7 g of water per kg dry air, and the maximum
latent NTU and effectiveness were 8.5 and 0.08 respectively.

• Desiccant utilization in the system went up to 0.012 g of water
per gram of desiccant, which is relatively small, but typical for
this type III desiccant where we are interested in high system
kinetics instead of capacity.

• The system demonstrates very rapid kinetics, up to 0.5 g/m2/s, of
the desiccant.
• Between 40 and 77% of the dehumidification takes place within

the first 10 cm of the air–liquid desiccant contact zone. This result
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shows the importance of the first region where contact sur-
face is not saturated with bonded molecules, and informs design
opportunities to re-mix and maintain highly effective moisture
removal.

The conclusions above indicate the direction of future work
o further investigate the hypotheses developed in this study for
ystem performance, and to support development of a larger multi-
tage moisture removal system. We  will further address this rapid
eduction of the absorption kinetics after the first 10 cm of con-
act length, by following two directions: (i) fully characterize the
apid uptake kinetics within the 10 cm region, and (ii) improve
verall kinetics by favoring access to the bulk desiccant surface
hrough mixing, and considering even higher Re.  Auxiliary power
alculations for fan power will also be added to the desiccant
ower calculations. The regeneration ability also needs to be exper-

mentally confirmed with various air temperatures and humidities,
nd desiccant temperatures and water saturation. The hypothe-
ized surface versus bulk diffusion challenge could be expected
or the regeneration operation as well, where the surface releases
ater molecules quickly and bulk diffusion must be mitigated
ith mixing. In addition we will consider new methods to accu-

ately quantify water traces in the desiccant by developing a
as chromatography protocol or by using a Karl Fischer titration
ethod. Finally, we aim to build room-scale prototypes to enable

igh-temperature radiant and passive chilled beam cooling sys-
ems without the need for additional mechanical dehumidification,
hereby addressing the significant challenge of cooling demand in
ot and humid climates where many of the largest developing cities
re located.
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