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Abstract

Internally cooled and heated desiccant-coated heat and mass exchangers (ICHDHMX) driven by low-grade heat
are very attractive owing to their energy-saving potential, especially for applications where substantial moisture
removal (such as air-conditioning) is a necessity. In this paper, we derive equations for the performance of an ideal
ICHDHMX, allowing us to define humidity-ratio effectiveness (ey) and relative-humidity effectiveness (ery) such that
their values approach 1 as the performance approaches that of an ideal ICHDHMX. Besides an equation-based
approach, an easy-to-use psychrometric-chart based approach is presented to determine the performance of an ideal
ICHDHMX. We invoke conservation principles to ascertain whether or not it is feasible to use the ICHDHMX for a
given set of inlet conditions of air and water streams for dehumidification and regeneration. The dimensions of the
ICHDHMX can be determined using this methodology, not even requiring knowledge of a tuning parameter unless a
precise outlet specific humidity is required. Simulations are conducted for cases involving three incoming hot water
temperatures (38, 44 and 50°C) and several mixing ratios of room return air (25°C at 0.011 kg/kg dry air) and outdoor
air (32°C at 0.02 kg/kg dry air), typical of warm and humid weather conditions. For all cases, the cool-water inlet is
fixed at 30°C. The results show that even when the dehumidification air-stream humidity is high, if the regeneration
air-stream humidity is low (typical of room-exhaust air), the operation of an ICHDHMX is feasible using a low
regeneration temperature of only 38°C. When the regeneration temperature is 50°C, the exchanger can operate under
the complete range of humidity conditions tested. A cooling coefficient of performance up to 9.8 and effectiveness
value up to 0.88 is realized, while the fluid power required is generally very low. These findings substantiate the case
for commercial adoption of this technology for air-conditioning.

Keywords: desiccant dehumidification; air conditioning; HVAC; desiccant coated heat exchanger; modeling; fin tube
heat exchanger

1. Introduction

Heating, ventilation and air conditioning (HVAC) typically accounts for nearly 50% of the total energy
consumption of a building and approximately 10-20% of the total energy consumption in advanced nations [1]. In
addition to being responsible for enormous carbon emissions, conventional air-conditioning technologies also
contribute exceedingly to the use of refrigerants that have a high global warming potential. As governments across the
world become increasingly conscious about climate-change and as countries commit to reduce carbon emissions as
well as the usage of refrigerants (Kigali Amendment), alternative air-conditioning technologies that promise high
energy efficiency and reduced usage of refrigerants become attractive. To this end, researchers have proposed
component as well as system level solutions to make air-conditioning technologies greener.

Desiccant assisted dehumidification technologies have been identified to be among the most promising
technologies [2], especially in the tropical climate which is warm and humid, where the latent heat load can exceed the
sensible load (for the fresh-air part). Conventional dehumidifiers such as desiccant wheels [3] dehumidify air
adiabatically. This results in a substantial increase in the temperature of the dehumidified air. The adiabatic process
also necessitates a much larger regeneration temperature (typically >80°C) for regeneration [4]. While there are a
some researchers, such as Pandelidis et al.[5], who studied desiccant wheels under the availability of heat at moderate
temperatures of 50 to 60°C, the assumed ambient air humidity was moderate (10-13 g/kg dry air). The use of desiccant
wheels, especially for medium to high humidity environments, is hence restricted to places with availability of heat at
medium to high temperature. To circumvent this difficulty with desiccant wheels, researchers [6—22] have focused
their attention to internally cooled and heated (solid/liquid) desiccant systems, which facilitate quasi-isothermal
dehumidification or simultaneous dehumidification and cooling. The water (or refrigerant) takes up the sorption heat
during dehumidification, while it supplies the desorption heat during regeneration. The main advantage of this
technology is that dehumidification is much more efficient and the required regeneration temperature is significantly
lower than that required by desiccant wheels.

Most work on quasi-isothermal dehumidifiers has been experimental, as reviewed by Vivekh et al. [23]. Oh et al.
[24] compared the performance of an adsorbent coated heat exchanger with a conventional granular adsorbent packed
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heat exchanger (widely used for adsorption chillers and desalination plants). They observed that although the amount
of adsorbent used in the former was five times less, its adsorption capacity was two times that of the latter. Narayanan
et al. [25] conducted a study on non-adiabatic (as opposed to conventional adiabatic) desiccant wheels containing an
internal heat transfer structure with alternative channels for dehumidification and for indirect cooling of the
dehumidification process. They concluded that the non-adiabatic desiccant wheel can increase dehumidification levels
by 45-53% under otherwise identical supply air and regeneration air conditions. Sun et al. [26] compared the
performance of a desiccant coated microchannel exchanger and desiccant coated fin-and-tube heat exchanger. They
found that although the mass transfer coefficient of the former was 15% better than the latter, the pressure drop per
unit area was 125% higher in the case of the former. Jagirdar et al. [27] retrofitted desiccant coated fin-tube heat
exchangers in the upstream part of the air handling unit (AHU) of a conventional air-conditioning system. For the case
of 100% fresh-air intake, the retrofitted units managed 39% of the total cooling load while only utilizing low-grade
heat from the condenser unit.

While a number of researchers have developed models for simulation of desiccant wheels, as reviewed by Ge et al.
[28], there are few who have developed first-principles based models for solid-desiccant based quasi-isothermal
dehumidifiers. Simulations were carried out by Ge et al. [29] for a cross-flow desiccant coated heat exchanger using a
one-dimensional mathematical model. A model was developed by Jeong et al. [30] to simulate a fixed desiccant bed
that is cooled by water (flowing perpendicularly to the air-flow) during dehumidification. Jagirdar and Lee [18]
developed a 2-D model for simulation of a desiccant-coated fin tube heat exchanger that takes into account the
difference between tube and fin temperature as well as the solid-side mass transfer resistance. Zhou et al. [19]
developed a model to simulate an internally cooled desiccant wheel. Hua et al. [31] developed a model to simulate a
solid-desiccant based heat pump. Despite the sophistication of some of these models, they have not been used to test
the limiting thermodynamic performance.

In this work we will analyse the ideal thermodynamic performance of a desiccant system in the specific
configuration of an internally cooled and heated desiccant-coated heat and mass exchanger (ICHDHMX). The ideal
performance is then used as a reference in formulation of a performance indicator. Many researchers [32—38] use
specific-humidity effectiveness and relative humidity effectiveness as performance indicators, but these pertain to an
adiabatic dehumidification process. Despite recent advances in the field of internally cooled/heated (non-adiabatic)
desiccant dehumidifiers, a proper definition of humidity-ratio effectiveness (¢y) and relative humidity effectiveness
(erm), based on validated ideal performance is missing. Knowledge regarding the performance of an ideal desiccant
dehumidification system and a simple procedure (such as a psychrometric-chart based method) will be useful in
determining the viability of such systems and to gauge their limiting performance, as illustrated by Collier [39] as well
as Nobrega and Brum [36] for adiabatic desiccant wheels. Here we will extend the analysis to a non-adiabatic
ICHDHMX system (henceforth simply referred to as the heat and mass exchanger, HMX).

This paper is organised as follows. In section 2, we present a two-dimensional heat and mass transfer model of the
HMX, which is an altered version of our previous model [18]. In section 3, the concept of an ideal HMX is presented,
with a discussion regarding its characteristics. Using the ideal performance as a reference, a novel definition of
humidity-ratio effectiveness (ey) and relative-humidity effectiveness (ern) is presented, such that it is analogous to the
definition of heat transfer effectiveness of heat exchangers. Additionally, a new and simple psychrometric-chart based
methodology is developed for the same purpose. Based on this, in section 4, a novel yet simple feasibility check and
design methodology is developed (avoiding complicated numerical modelling), which not only helps ascertain the
feasibility of a HMX (given the inlet conditions of air and water streams during dehumidification and regeneration)
but also helps determine the critical geometrical parameters of the HMX in a straight-forward manner without
resorting to the complex task of comprehensive modelling and simulation work. In section 5, experimental results in
the literature are used to validate the two-dimensional heat and mass transfer model. The ideal performance of the
HMX (from section 3) is confirmed by conducting simulations of the two-dimensional model at close-to-ideal
conditions. Several cases are then studied which pertain to the retrofitting of HMXs to existing conventional vapour-
compression based air-conditioning system, which shows the viability for commercial adoption of this technology for
air-conditioning. We end with our conclusions in section 6 and recommendations for future work in section 7.

Nomenclature

A area (m?)

C capacitance rate (W/K)

Ce correction factor

Cp specific heat (J/(kg-K))

C” total matrix heat capacity ratio

d diameter (m)

D mass diffusivity (m?/s)

De dehumidification moisture removal (kg/kg d.a.)
E specific enthalpy (J/(kg-K))

fy sorbent mass fraction

h heat transfer coefficient (W/(m?-K))
Hq thickness of the desiccant layer (m)




Hg fin thickness (m)

hpm mass transfer coefficient (m/s)

Io modified zero-order Bessel function of the first kind

I modified first-order Bessel function of the first kind
Ko modified zero-order Bessel function of the second kind
K modified first-order Bessel function of the second kind
kq desiccant thermal conductivity (W/(m-K))

ke fin thermal conductivity (W/(m-K))

L fin length (air-flow direction) (m)

Ly fin width (m)

L, tube length (along the height of the HMX) (m)
m,M  mass (kg)

m mass flow rate (kg/s)
N total number of tubes
P fin pitch (m)

Q volume flow rate (m?/s)
q rate of heat transfer (W)

q”gen rate of heat flux (W/mz)
Qads adsorption heat (J/kg)

I tube inner radius (m)

Tlo tube outer radius (m)

1)) outer radius of the equivalent annular fin (m)
T temperature (°C)

t time (s)

t) dehumidification process time-period (s)
t regeneration process time-period (s)

U velocity (m/s)

W sorbate uptake

X tube-pitch along the longitudinal direction (m)
X tube-pitch along the transverse direction (m)
Y specific humidity (kg moisture/kg dry air)
AP pressure drop (Pa)

B factor accounting for relatively smaller tube area near the fin-ends
€4 desiccant porosity

€RH relative-humidity effectiveness

er heat-transfer effectiveness

&y specific-humidity effectiveness

Nrapp  apparent fin efficiency

0 non-dimensional temperature

p density (kg/m®)

Vr pore radius of the desiccant (m)

@ relative humidity

Sub/ Super-scripts

0 initial value (¢ = 0)

a air

app apparent

atm atmospheric

avg time-averaged value

cW concentration wave

d desiccant

de dehumidification

dry dry portion of air

eq equivalent

f fin

i inner

in inlet

min minimum

max maximum

Megq matrix equivalent

0 outer/out

r room




re regeneration

S surface

s-avg  spatial average
t tube

tw thermal wave
v vapour

w water

sk

limiting value

length of the line-segment

Abbreviations

CL cooling load handled

COP  coefficient of performance

FP fluid power (delivered by blowers and pumps)

HMX  heat and mass exchanger

ICHD- internally cooled and heated desiccant-coated heat and mass exchanger
HMX

2. Heat and mass transfer model
2.1. Hybrid air-conditioning system

The hybrid air-conditioning system, consisting of an HMX and a conventional (vapor-compression refrigeration)
HVAC system with a water-cooled condenser, is shown in Figure 1. Two HMX units operate simultaneously. While
one unit dehumidifies the air-stream to be supplied to the room, the other unit undergoes regeneration using a second
air-stream; the two units are periodically switched between dehumidification and regeneration. The HMX
dehumidifying air is supplied with cool water from the auxiliary condenser or the cooling tower. The HMX getting
regenerated is supplied with hot water, either from the water-cooled condenser or a low-grade solar/waste heat source.
The two HMX units switch their operations periodically to achieve continuous dehumidification of the working air
with the help of valves and dampers that control water-flow and air-flow, respectively. The dehumidified air passes
through the air handling unit (AHU) where it gets cooled. Depending on the application, either the room-return air or
fresh air or a mixture of the two may be utilized as the regeneration air-stream.

The heat and mass transfer model for the HMX is similar to that in Jagirdar and Lee [18]. Modifications of the
model made in this work are as follows. (i) The ‘equivalent annulus method’ is used to estimate fin-efficiency (this
linearizes the equations pertaining to energy-conservation). (ii) The thermal mass of water within the tubes is
incorporated in the governing equations. A very concise form of the governing equations is presented here; for details
we refer to the Supplementary Material. Equations defining properties of the desiccant, heat and mass transfer
coefficients as well as the pressure drop relations for the air and water streams are also presented therein. We refer to
Jagirdar and Lee [18] for a detailed explanation of the computational grid and other simulation details.

Cooling tower

R, (Room return air)

I

| Cooling coil of )

i Dour S (Supply air)
ICHDHMX1 | a conventional

i Vs

I

I

HVAC system

0, (Outdoor air) D,

Room

R, (Room return air)

Rout

O, (Outdoor air)

Hot water source

Figure 1: Schematic of a hybrid air-conditioning system consisting of a conventional central air-conditioning system
augmented with ICHDHMX. Note that the air-stream labels are consistent with those in Table 5




2.2. Governing equations

Figure 2 shows a schematic picture of the fin tube heat exchanger geometry and the coordinate system used in our
work. Fins are installed perpendicular to the tubes carrying the water and used to enhance the heat and mass transfer
from the air flowing parallel to the fins. Note that we approximate the fin tube heat exchanger as a 2D geometry. This
is justified because ideally no change in fluid flow, heat and mass transfer phenomena is expected along the transverse
direction (along the y-axis) owing to the repeating structure of the geometry.

Fin

Desiccant

Figure 2: A fin-tube heat exchanger which is coated with a desiccant (internally cooled and heated desiccant-
coated heat and mass exchanger)

The governing equations describing mass and heat transfer are given below. Model assumptions, boundary
conditions and correlations for the transport coefficients are given in the Supplementary Material. Equations (1) and
(2) ensure moisture mass conservation in the air-channel and the desiccant domain, respectively, while equations (3)
and (4) ensure energy conservation in the air-channel and desiccant domain. Equation (5) relates the tubes temperature
with that of the air and desiccant; the factor « is derived in equation (12). Energy conservation in the water-stream is
ensured by equation (6). Coefficient values of the aforementioned equations are given by Equation (7).
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2.3. Tube temperature and the apparent fin-efficiency

The periodic segment of the fin around each tube is an irregular polygon (refer to the Supplementary material for
more details). Therefore, the fin-efficiency is approximated by the equivalent-annulus method [40]. The outer radius
of the equivalent fin is obtained in equation (8) by equating the wetted area of the equivalent annular fin with that of
the actual polygonal fin.

1[4
n=s /—X,X, (8)
T

For an annular fin with heat generation, the fin efficiency is given by equation (9) (for a derivation, see [18])
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Equating the definition of fin-efficiency (9sapp = (Ta-To)/(Ti-T,)) with equation (9) and re-arranging terms yields
equation (11).
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2.4. Cooling load, fluid power and coefficient of performance

The cooling-load that the HMX handles can be evaluated using equation (13), while that handled by the complete
hybrid system (the HMX and the cooling-coil) is given by equation (14).
CLHM){ = ma (EHMX,in - EHM){,a) (13)
CLtotal = ma (EHMX,in - Er,in) (14)

Enthalpies are evaluated by equation (15) for various air-states (temperature and specific humidity) using standard
values for the specific heat of dry air and moisture within the air.

E =10°(1.006T + Y(2501+1.86T)) (15)

The fluid power that pumps and blowers deliver to the water-streams and the air-streams of the two HMXs shown in
Figure 1 is given by equation (16).

FP= (ARz,deQa,de) + (APa,mQa,m) + (ARv‘deQw,dE ) + (APW,VeQw,re) (16)

Based on the compressor power-consumption, the coefficient of performance (COP) of the conventional vapor-
compression refrigeration system COPconventional 1S taken as 4 [41,42], while for the hybrid system the COPpypriq is
evaluated using equation (17). Note here that the denominator is the compressor-work input after installation of the
HMXs into the system assuming that the compressor COP remains constant (irrespective of the cooling load).
Therefore, this is the (apparent) compressor COP after the system becomes a hybrid system.

CL
total ( 1 7)

CL,x )/COP,

conventional

CO]Dhybrid =

(cL

‘total



3. Concept of an ideal HMX and definitions of effectiveness
3.1. Introduction

Effectiveness is an indispensable parameter that gauges the performance of heat/mass exchangers against the
performance of an ideal heat/mass exchanger. In other words, effectiveness is a yardstick used to measure the degree
of perfection of actual exchanger performance [40]. The heat-transfer effectiveness of a heat exchanger (er) is defined
as the ratio of heat transferred between two fluids flowing through that heat exchanger and the heat transferred
(thermodynamically permissible maximum) between the same two fluids flowing through an ideal counter flow heat
exchanger for the same inlet temperature and flow rates of the heat exchange fluids [43]; in an analogous manner, ¢y of
an internally cooled/heated desiccant-coated heat and mass exchanger may be defined as the ratio of the mass of
moisture transferred between two fluids flowing through that exchanger and the mass transferred between the same
two fluids flowing through an ideal exchanger, given the inlet temperature, humidity-ratio (specific humidity) and the
flow-rates of the mass exchanging air/gas streams as well as the temperature of cool and hot water streams. Also, ery
of an internally cooled/heated mass regenerator may similarly be defined as the ratio of the difference between
(apparent) inlet and outlet relative humidity (@) of the air-stream and the maximum possible difference (that would
occur in an ideal HMX) in ¢ of the air-stream. ¢y is thus given by equation (18) while ery is given by equation (19).
Note that the form of equations (18) and (19) is similar to those used for desiccant wheels (see [32,37] for the equation
defining ey and [34,44] for the equation defining ery).

Mac ua
&y = —Mm;x[ (18)
— A¢actuul — ¢a,in,de B ¢a,u,de (19)
o A¢max ¢a,in,d€ - ¢a,o,de,min

3.2. Assumptions

Due to the complexity of coupled heat and mass transport phenomena some assumptions are made to avoid undue
mathematical complexity while ensuring the usefulness of the derived formula for humidity-ratio as well as relative
humidity effectiveness.

(i) The sorption isotherm of the desiccant is only a function of relative humidity (i.e. not explicitly dependent on
temperature). Desiccants having such sorption isotherms are predominant in the literature (see
[23,28,31,34,39,44]).

(i) Hysteresis in the desiccant adsorption/desorption isotherm is negligible.

(iii) The mass flow-rate of water-streams (cool as well as hot) is assumed to be very large (implying that these
function as constant-temperature heat-sink and heat-source) so that there is negligible change between the inlet
and outlet temperature of water. Note that in reality also the mass flow rate of water and its thermal capacitance
are high. Therefore, the change in water temperature from inlet to outlet is expected to be relatively small,
justifying the assumption for a limiting case.

3.3. Ideal HMX
3.3.1. Characteristics

Before characterizing an ideal HMX, it is important to note that from the point of view of mass-transfer, such
exchangers are regenerators, while from the point of view of heat-transfer, they are primarily recuperators and to a
small degree they are inadvertently regenerators (due to the non-zero thermal mass of the dehumidifier structure). An
ideal exchanger would have the following characteristics:

1. The air-side (dehumidification and regeneration air-streams) heat and mass transfer resistance is negligible
(product of air-side heat transfer coefficient and surface area is infinite).

2. The hot/cool water-side heat transfer resistance is negligible (product of water-side heat transfer coefficient
and surface area is infinite).

3. The solid-side (fin and tube) heat-transfer resistance is negligible (a fin-efficiency of unity and infinite
thermal conductivity).

4. Negligible mass transfer resistance as well as negligible diffusion time in the desiccant (high mass-transfer
diffusivity and small thickness).



5. Negligible thermal mass of the system (solid structures and the water content within the tubes) so that C,*
(total matrix heat capacity rate ratio) is negligible. Note that for exchangers that are meant to be used as a
heat-regenerators, it is desirable that C," be as high as possible from the perspective of heat transfer (see Shah
and Sekulic [40]); for the present case, however, it is not desirable that the relatively hot regeneration air-
stream and water-stream transfer heat to the cooler dehumidification air-stream and water-stream. Thus C,"
must be minimized.

6. Switching between dehumidification and regeneration takes negligible time, so there is negligible carry-
over/leakage between the streams (implying fast acting valves and dampers).

7. The ratio of total sorbate uptake capacity rate of the desiccant mass in the exchanger to the mass flow rate of
air (the mass-transfer equivalent of C.") is high (which implies that enough desiccant is available for
adsorption/desorption throughout the process time-period so that it does not become saturated/dry).

8. The mass flow rate of water is infinite, so the temperature rise (drop) during dehumidification (regeneration)
from the inlet (outlet) is negligible, ensuring minimum (maximum) temperature throughout the complete
exchanger domain, thus maximizing (minimizing) the prevalent relative humidity in the domain for
maximum adsorption (desorption).

3.3.2. Limiting performance

To ensure maximum moisture exchange between the two air-streams (as would be the case in an ideal HMX), the
swing in the relative-humidity must be the maximum. The maximum relative humidity (see equation (20)) achievable
during dehumidification corresponds to the minimum temperature (inlet cool-water temperature) of the cooling media
and the maximum specific humidity (inlet humidity of air to be dehumidified). The minimum relative humidity (see
equation (21)) achievable during regeneration corresponds to the maximum temperature (inlet hot-water temperature)
of the heating media and the minimum specific humidity (inlet specific humidity) of regeneration air.

¢:,in,de = ¢(]1w,in,de H Ya,in,dﬁ) (20)

¢:,in,re = ¢(T:v,in,re > Ya,in,re) (2 1)

The minimum achievable humidity-ratio of dehumidified air (at the outlet) corresponds to the minimum value of
relative humidity ¢ . (equation (21)) achieved during regeneration and minimum temperature (T',inq) achieved

during dehumidification. The maximum achievable humidity-ratio of humidified air (at the outlet during regeneration)
corresponds to the maximum value of relative humidity ¢, (equation (20)) achieved during dehumidification and

Lin,de
maximum temperature (7, ) achieved during regeneration. These statements are deduced based on assertions made
by researchers ([39,45,46]) for the case of desiccant wheels, wherein, in an ideal case, the minimum achievable
relative-humidity of dehumidified air (at the outlet) equals the relative humidity (minimum) of the regeneration air-
stream at the inlet whereas the maximum achievable relative-humidity of humidified air (at the outlet during
regeneration) equals the relative humidity (maximum) of dehumidification air-stream at the inlet.

The aforementioned forms the basis of equations (22) and (23) which show the limiting minimum and maximum
outlet humidity-ratio during dehumidification and regeneration, respectively. Note however that the mass-conservation
principle has not yet been considered. We will do this next.

Y:,z),de = Y(T;),in,de > ¢:‘in,re ) (22)
)]a*,(),ry = Y(Tw‘in,re > ¢u*,in,de) (23)

Under periodically-steady-state operation of the HMX, the reduction in the mass of moisture in the supply air-
stream must be equal to the increase in mass of moisture in the regeneration air-stream. Assuming the time-period of
dehumidification and regeneration to be equal, the following equality must hold.

24

Since equation (24) must be satisfied, the conditions of equations (22) and (23) need not always be achieved
simultaneously. First, if the following condition holds:

Maae(Y,, =Y ) <mar(¥, —-Y

Jin,de a,0,de a,o,re a,in,re)

Ma,de (Ya,in,de - Ya,o,d@) = Ma,re (Ya

,0,re a,in,re )

. (25)

then the maximum mass that can be exchanged by the two air-streams would be equal to the left-hand-side of the
equation. The minimum value of the achievable specific-humidity of the dehumidification air-stream would then be
given by equation (26), the right-hand-side of which is defined in equation (22).

Y =Y

a,o,de,min a,o,de

(26)

However, the maximum outlet specific humidity achievable during regeneration would not be the same as Y., . (as
given by equation (23)), but should rather be deduced by invoking mass-conservation. Equation (27) gives the
expression for the maximum outlet specific humidity.

Made .

= Y + _(Y Ya,o,dﬁ) (27)

a,o,re,max a.in,re a,in,de
Ma,re



Note that the above limit is akin to the maximum/minimum temperature achievable by a perfect (ideal) heat
exchanger when the thermal capacitance of the two heat-exchanging fluid-streams is not equal. While the fluid-stream
(at the outlet of the heat exchanger) with a lower thermal capacitance reaches the inlet temperature of the fluid-stream
with a larger thermal capacitance, the reverse is not true. Rather, the outlet temperature of the stream with larger
thermal capacitance is derived using an energy conservation equation (see Incropera and DeWitt [43]).

The maximum mass transferred would be M, = mu. (Ya,in,de =Y, o demin ) = Mare (Ya ovemax ~ Yo J.w)
Thus, by equations (26) or (27),

*

Mmax = ’/h”’de(yva,in,de - Ya,o,de) (28)
Secondly, if
m”’d" (Y:z,in,de - Y:,o,de) > m”*r" (Y:,o,)'e - a,in,re) (29)

the maximum achievable moisture exchanged would be equal to the right-hand-side. In this case, equation (30) would
hold.

Y, =Y (30)

By the mass conservation principle, the minimum outlet specific humidity achievable during dehumidification would
be given by equation (31).
’ha,r@ *
a,o,de,min = Ya,in,de - (Yn,v.re - )]a,in,re) (31)
Ma,de

The maximum mass transfer rate would be

Mmax = m”’d" (Ya,in,de - Ya,o,de,min ) = ’/ha,ry (Yva,o,re,max - Ya,in,re) (32)
Thus, by equations (30) or (31), M, = r'na,m(Y‘:O,,e =Y i) (33)
In summary, if equation (25) holds true, then by equations (26), (22) and (21)
Ya,n,de,min = Y (Tw,in,de s ¢(T11rjn,re s Ya‘in,re )) (34)
Else if equation (29) holds true, then by equations (31), (23) and (20)
"ha,re
a,o,de,min = ajingde . (Y (ztv,in,re > ¢(]:v,in,de s Ya‘in,de )) - Ya,in,re ) (35)

Ma,de
Moreover, from equations (28), (32), (34) and (35).

M, =min {m (Yot =Y (T BT Vo)) ( (T T Yo - Y)} (36)

Limiting values for the relative humidity for both dehumidification and regeneration air-streams can be evaluated
using equations (37) and (38), after having evaluated Yo o, demin and Yz o re max-

¢a,o,dz,min =¢ (Tw,m,de > Ya,o,dz,min ) (37)
Brosemar = Toinrer Yoo remar ) (38)

3.3.3. Graphical method to determine the ideal performance

The outlet air-states can also be derived graphically and more intuitively on a psychrometric chart, as explained
below and shown in Figure 3. The steps are analogous to those discussed in the previous section.

Steps:
i. Plot points D;j and R; representing inlet air states during dehumidification and regeneration, respectively.
ii. Plot point D such that Y (D} = Y (D;) (same height in psychrometric chart) and T (D)) = Ty,inde. Similarly, plot
point Risuch that Y (R3) = Y (R;) and T' (R} = Ty, in re-
iii. Plot constant relative humidity lines ¢, , , =¢ (D) and ¢, .= ¢ (R).

iv. Plot point D', such that ¢(D°) = ¢, ,, . and T'(D’) = T\y,in.. Similarly, plot point R’ such that ¢(R’) = ¢, ,, .
(R*o) = Tw,in,re~

* *

and T



' * -
DiDu Ma,re

If ——<— then Yiodemin = Y(D), and Yu o emar = Y(R™,). Here R, is plotted such that T(R™) = Tynre and
i~"o Ma,de

RR =2“% DD} Note that udemin= $(D's) and g remar = $R ™)
Ma,re

v. If == ’?1“6 then Yoo remar = Y (R'o), and Yo odemin = Y(D™). Here R™, is plotted such that T(D",) = T,in4 and
i"to My, de

D;D:* = ’?’la,re R;R: . Note that ¢a,o,de,min = ¢(Dﬂo), and ¢a,o,re,max = ¢(R*0)-
Ma,de
. . 'D* rha,re * * 3
vi. In a special case when ——=——then Yy odemin = ¥ (D)) and Yy oremax = Y (R'o) as well as $y,0,de,min = $(D'o), and
ivo Ma,de

¢a, o,re,max — ¢(R*0)
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Figure 3: Psychrometric chart showing the graphical procedure to determine the maximum and minimum achievable
humidity-ratio. The state-points D; , R; , D", and R, are based on conditions discussed in Section 5.2

3.4. Expressions for humidity-ratio effectiveness and relative-humidity effectiveness

Having obtained the heat and mass exchange for an ideal exchanger, we are now in a position to calculate the
effectiveness factors ey and ery. Just as the temperature effectiveness is defined as (see Incropera and Dewitt [43])
Ch (T;t,in - 7}1,0) Cc (T'c,o - T;‘,in)

).Co(Ty=To)} min{C.(Ty, =T, Cy (T T}

_ qactual

g = =
" G min{C(T,, T,

c,in

B

the specific humidity effectiveness is defined as
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actual __ m“ dg( a,in,de - Ya,a,de)

max ML Ma,de (Ya,in,de - Ya,o,de)’m”’r" (Ya,o,re - Ya,in,l‘e)

&y =

(39)
ma )e(

a,o,re u,in,de)

. ) * ° *
min {m“’d‘)' (Ya,in,de - Ya,o,de ) sMa.re (Ya,o,re - Yu,in,re )}

as may be understood from equations (18) (24), (28) and (32). Also, the relative humidity effectiveness is

*

— ¢a,in,de - ¢a,o,de — ¢(Tlt Jin,de a in, de) ¢( a,o,de” a o,de ) (40)

gRH *
¢a,m,d€ - ¢a,o,de,min ¢(Tw in,de> a in,de ) ¢( w,in,de a o,de, mm)
as may be understood from equations (19), (20) and (37).
Because (dY/dg@)|; is larger at higher temperatures (constant RH lines are more dispersed at higher temperature on
the psychrometric chart), for equal flow rates of dehumidification and regeneration air-streams (and equal process-

)<ma (Y —Y . ). So for the common case of equal flow rates, the

a,o,re a,in,re

times ¢; = t;) we have I’ha,de(Y

a,in‘de a o,de
expressions for &y and &z, can be simplified to
Y Y

gy — a,in,de - a*,o,de (41)
Y -Y
a,in,de a,o,de

s

e _ ¢a,1’n,de - ¢a,o,de _ ¢(Tw in,de® a in, de) ¢( a,o,de” a 0, de) (42)
RH — * -
¢a,[n,de - ¢a,in,re ¢(T;¢ Jin,de > a in, de) ¢( w,in,de > a ,0, de)
Notice that despite the similarities between the expressions for 7 and ey, a critical difference is that for 7 the
denominator is the difference between inlet temperatures of both the heat exchanging fluids (7%, — T¢,ix) While for ey it

is either (¥, ,, .. — Y, .. o W)or (Y wore ) and not (Y ). The reason for this difference is that heat transfer

tends towards equalization of T (temperature) between fluid streams, while mass transfer via the desiccant in a mass
regenerator tends towards equalization of relative humidity (subject to mass conservation, if the adsorption isotherm
does not have hysteresis and is exclusively a function of relative humidity) and not the humidity-ratio (this observation
is similar to that made by other researchers [31,39,45,46] as well), as can be seen from equation (42) wherein the

*

. . *
denominator is (¢, ,, o =@, ..,.) -

am re a,in,de am re

4. Feasibility check and design methodology
4.1. Description

The comprehensive heat and mass transfer model described in Section 2 requires a reasonable degree of time and
numerical skills to implement and use. Instead of adopting a trial-and-error approach of designing an HMX using the
comprehensive model, here we will describe an approximate design methodology. The methodology is in the form of
a simple and non-iterative calculation procedure, allowing the design of an HMX to achieve a desired target specific
humidity of the treated air-stream, given the inlet conditions and flow rates of air and water streams. The methodology
by itself, at the least, provides a reasonable estimate of the HMX design parameters required to approximately achieve
the target outlet specific humidity of the dehumidified air; if however a higher precision is required, either a good
estimate of the correction factor (tuning parameter) Cyis necessary or else the comprehensive model must be used.

The mass of moisture that the coated desiccant can adsorb (given the inlet conditions and flow rates of air and
water streams) is among the most significant factors that determine the performance of the HMX in terms of outlet
specific humidity of the dehumidified air. Hence, the design methodology primarily focuses on ensuring the
availability of enough desiccant to dehumidify air to a required moisture-content. The following two conditions
determine whether the HMX can deliver the targeted outlet specific humidity of the dehumidified air.

Condition 1: The required outlet specific humidity of a real HMX cannot be lower than that of an ideal HMX (section
3). Thus, the condition given by equation (43) must be satisfied.

Y; in > Y; ,0,de,min (43)

Note that if the HMX is to completely handle the latent heat in a system represented in Figure 1, the target outlet
specific humidity would be the room inlet specific humidity Y.

Condition 2: A real HMX may have a substantial thermal mass. Thus, the main concentration wave front (during
which the desired substantial dehumidification occurs) is preceded by a thermal wave front driven by the heat stored in
the HMX from the previous regeneration process (see Mei et al.[47] for more details). Poor performance during the
prevalence of the thermal wave front (because the outlet specific humidity Y, de-nave can be quite high) makes it
necessary that the performance during the prevalence of the concentration wave compensates for this. Thus, the
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average outlet humidity of dehumidified air during the concentration-wave (Yo de-cw,ave) N€€ds to be somewhat lower
than the target specific humidity required. This may be realized from equation (44). Note that dehumidification
process time is subdivided into two sub-periods f, and f., which denote the time period of the thermal wave and the
concentration wave, respectively. Furthermore, a real HMX cannot be expected to have an effectiveness approaching
1. For design purposes, an effectiveness of 0.85 is considered to be the limiting value which would result in a
minimum achievable specific humidity value of Yy, de min-rear (larger than Y, , 4emin). Condition 2, expressed by equation
(46), must therefore be satisfied.

! W ZLcw
Yr.in = LYa,o,de—rw,uvg + _Ya,o,da'—cw,avg (44)
1 tl
where t, =t +t,, (45)
Ya,o,de—cw,avg > Ya,o,de,miﬂ—rcal (46)

For a periodically steady-state condition, by mass conservation, the moisture to be removed from air during the
dehumidification process must equal the increase in sorbate uptake, as shown in equation (47), where W(@na) and
W(éiiriat) are the spatially-averaged sorbate uptakes (assumed to be functions of the relative humidity of the air within
the desiccant pores) at the end (final state) and beginning (intial state) of the dehumidification process, respectively.

ma (Ya,in,de - Yr,in ) = md (W(¢ﬁna1) - W(¢initial )) (47)
Here the mass of air and mass of desiccant material are given by

ma = pa,dVyAaUa,dell > Aa = LyLz > md = pd (1 - gd )HdAd,tata/ (48)
with a total desiccant area
LL 2

Ad total ~ & LxLy . ﬂ._d" (49)

' P XX 4
Equations (47) to (49) yield an expression for the ratio of the total length of the fin to the fin pitch,
equation (50).
L_X ~ Cf’pa,d",‘/Ua,de (Ya,in,de - Yr,in )tl 2X1Xt (50)

Pf p,(-¢€,)H, (W(¢ﬁnul )— W(¢im'tial)) (4X1Xt - ﬂ-daz )

Since the estimation of W(¢pna) and W(¢iniia), described further in this section, is for an ideal case of negligible
mass-transfer resistance, it would lead to over-estimation of the sorbate uptake during the dehumidification process.
Therefore, the difference in sorbate uptake is divided by a correction factor (tuning parameter) C;, whose value is
expected to be larger than 1. The higher the value of Cj, the larger the necessary ratio of the fin length to the fin pitch
(L+/Py) and the larger would be the desiccant area A o

The fin length to fin pitch ratio L./Pris considered to be the most important geometrical design parameter of the
HMX. The tube longitudinal and transversal pitch X;, X; as well as tube inner and outer diameter d; and d, may be
chosen based on their typical values for standard fin-tube heat exchangers (see Table 3). Having fixed the desiccant,
the desiccant density pg, porosity &; and adsorption isotherm (W = W(¢)) are known. H; may be chosen based on a
realistic desiccant coating thickness (250 pm in the present case). The flow cross-section 4, (= L,L.) may be chosen
such that it results in an air velocity U, 4 of 2 m/s, typical for the air velocity across cooling coils in air handling units.
t; may be chosen based on realistic values such as those encountered in desiccant wheels. Given the inlet air-states,
Y4 inde 18 known and the target HMX outlet humidity (which is the same as the room-inlet humidity) Y, is known too
(values are given in Table 4). Thus, to evaluate L,/Pj, the only remaining unknowns are W(@iuiia;) and W(¢snay).

The spatially averaged sorbate uptake W(¢sna) at the end (final time-instant) of the dehumidification process is
assumed to be the average of sorbate uptake of the desiccant near the inlet and outlet of the dehumidification air-
stream at the end of the process, as shown in equation (51). The sorbate uptake values are a function of the respective
relative humidity values. The relative humidity values in turn can be expressed as functions of the temperature of the
desiccant and specific humidity of air in the vicinity of the desiccant. In the interest of simplifying the calculations,
relative humidity is expressed as a function of time and spatially averaged water temperature and specific humidity in
the air-stream at the location of interest.

W(¢a,in,de,ﬁnal) + W(¢a,o,de,ﬁna1)

W (@) = > (51)
Here,

Buinde.mat =B (Tder Vo) (52)
Buie.jia = (Taer Vo) (53)
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The time and spatially averaged water temperature during the dehumidification process 7, 4. (equation (54)) can be
derived using the approximate energy-conservation law expressed by equation (55). Note that this is the water-
temperature expected to prevail during the concentration-wave (after the passage of the thermal-wave). Thus, the
thermal-capacitance of the HMX is not accounted for. Also note that for the second term on the right-hand-side, it is
assumed that the outlet air-temperature approaches T, 4. Since the average temperature is assumed to be the arithmetic
mean of inlet and outlet temperature (see equation (8) of the supplementary material), it can be inferred that (7,04 -
Tw,inde) = 2(Tw,de - Twinde)- Rearranging terms yields equation (56).

1 L+t

T, = Tvs—av edt 54

w,de t] ;!. W, g ( )

27’.114;,1»Cp,w (Twude - T:v,in,de )tl ~ pa,dry Aa Uu,deqeva (Ya‘in,de - Y:‘J" )tl + p‘l A‘l Uu’deCp <T;’m’de - wadl’ )tl (55)

T ~ pa,dryAaUa,deqevu (Ya,ln,de - Yr,in ) + pa AaUa,deCp,aTZz,in,de + zmﬂufcl)-wz"»f"-d" (56)
w.de pa Aa Ua,de Cp,a + 2mW,é‘ CP»W

Equations (57) to (62) are used to derive W(gimisa). These are analogous to equations (51) to (56). Note that the
initial values of sorbate uptake (at the start of the dehumidification process) depend on the prevailing temperature and
humidity conditions at the end of the previous regeneration process. Hence, as may be seen in equations (58) and (59),
the relative humidity near the inlet and outlet (defined with respect to the direction of flow of dehumidification air-
stream) are dependent on the relative humidity at the outlet and inlet during the regeneration process, respectively, and
the prevailing spatially and temporally averaged water temperature Ty, during the regeneration process.

W(¢a,in,de,initial) + (¢a,o,de,initial)

W(¢im’lia/ ) = 2 (57)

¢a,in,d€,initial = ¢ (T‘w,re H Ya,o,re,avg ) (5 8)

¢a,o,de,initial = ¢(7:v,re > Ya,in,re ) (59)
1%

w,re = _j 711r',.y—uvg‘redt (60)
20

2n.lw,h Cp,w (T;v,re - T:v,in,re )tZ ~ pa,dry AaUa,reqewz (}Ia,o,re,avg - Ya,in,re ) t2 + pa AaUa,reCp (Tlv,re - Tz’z,in,re ) t2 (61)

Just as it is assumed that (To,o,de - Twinde) = 2(To,de - Tw,inde), it is similarly assumed that (Ty,0,reavg = Twinre) = 2(Tore -
Tyinre)- For the second term on the right-hand-side of equation (61), it is assumed that the outlet air-temperature
approaches T . Rearranging terms yields equation (62).

pa,dry AaUa,reqeva (Y ,0,re,avg - Ya,in,re ) + pa AaUn,reCp,aT:l,[n,re + zmmhc fT"

a p,w wiin,re (62)
p AU C +2m, ,C

a,re " p,a w,de " p,w

w,re

By mass-conservation, equation (63) must hold. Hence, the first term in the numerator of equation (62) may be
substituted by the right-hand-side term of equation (63), since the latter is known a priori while the former is not.
pa,dry AaUa,re (Ya,o,re,avg - Ya,in,re ) t2 = pa,dryAaUa,de (Ya,in,de - Y:‘,in )tl (63)

Recalling the aforementioned condition 2, the following equations (64) to (73) help test whether Yo o,de-cwave >
Yu,0,de min-rear holds true. Yo ode-cw,ave may be evaluated from equation (44), while Y,.;; and ¢ are known. ¢, and ¢, are
related by equation (45). Thus, to evaluate Y, de-cwave, W must first be able to evaluate 5, and Y de-im,ave. Equation
(64) approximates Yy o de-nave as the arithmetic mean of inlet specific humidity of the regeneration air stream Yo, re
(since this is the specific humidity value that the desiccant is exposed to, near the outlet of the dehumidification air-
stream, at the beginning of the dehumidification process) and the average outlet specific humidity during
dehumidification Y, (since this is the expected value at the end of the thermal wave). Note that, since this is a
counter-flow HMX, the air-inlet cross-section during regeneration is the same as the air-outlet cross-section during
dehumidification, which explains the use of Yy instead of Y, , . The arithmetic mean implies that an approximately
linear time dependence of the outlet specific humidity from Y s to Y. is assumed during the thermal wave of the
dehumidification process.

Y —+Y.
_ Lapmre T hrin (64)

Ya,o,deftw,avg 2

A time-dependent energy conservation equation, during the prevalence of thermal wave (from time 0 to t,,) is
given in equation (65). The heat taken up by water (left-hand-side) is equal to the sum of the rate of decrease in
internal energy of the HMX, the sorption heat released and the decrease in enthalpy of the air-stream from inlet to
outlet. Simplifications involved are: (i) the outlet air-temperature is assumed to be equal to the spatially-averaged
water temperature, (ii) gqqs is assumed to be equal to its lower limit, g..,, which leads to a slight underestimation of the
heat source term, and (iii) the difference in specific humidity is assumed to be constant (Y inde — Yrin) throughout the
time-period of the thermal wave, which leads to a slight over-estimation of the heat source term. Moreover, since the
average temperature is assumed to be the arithmetic mean of inlet and outlet temperature (see equation (8) of the
supplementary material), it follows that (Ty,0,4e(f) - Tow,inde) = 2(Tow,s-avgde-wlt) = Trw,in,de)-
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. dTw,sfavg,deftw
zmwcp,w (Tw,sfavg,defm' (t) - T:v,in,de ) = _(me )HMX T + (65)

paAaUa,deqeva (Ya,in,de - Yr,in ) + paAaUa,deCp,a (T;z,in,de - Tw,sfavg,deftw (t))
Here, the total thermal capacitance of the HMX equals the sum of the thermal capacitance of the desiccant, fins, tubes
as well as the water inside the tubes.

V4 nd;,
(me)HMX =(l-g, )pdAd,mzalHde,d + pfAd,zotu/H_f'Cp,f +p0, Z(dlz‘o - dlz,i )Lle Cp‘t +p, : LzNsz,w (66)
Rearranging the terms reduces equation (65) to the form
a9 +10=0 67)
dt
were H = 7:v,s—avg,a/e—tw(l‘) - Tre > (68)
2m,C  +m,C, .
S SRS (69)
(mcp ) nax
and
T 2mwcp,wTw,in,de + pa AaUa,deCp,aT;,in,de + loa AaUa,deqeva ()fa,in,de - Yr,in ) (70)
e (2mwcp,w + paAaUa,deCp,a ) .
Note that Tyor = T4 (see equation (56)).
Equation (67) can be solved analytically, yielding
¢ =Ll (71)
A6,

This solution implies that it would take infinite time for T, -avg.de-n(f), Whose initial value is Ty, to approach T..r (=
Twae). This is due to the simplifying assumptions that resulted in equation (65). Assuming that, practically speaking,
On=Ts-avg.de-n(taw)- Trer approaching 0.5°C would imply the end of the thermal-wave, equation (71) simplifies to

equation (72).
o L0 105 o
A6, A T, -T

w,re w,de
Yu0,de-cwavg may thus be evaluated using equations (44), (45), (64) and (72), and checked whether it is larger than
Ya,0,demin-rear @S shown in equation (73), using the assumed effectiveness ¢y = 0.85. It may be noted that while
effectiveness values larger than 0.85 are possible, it would generally imply the availability of a large surface area,
which implies a very large L, and a very small P;. This would be quite impractical from the point of view of bulkiness,
and lead to a high blower fan power requirement.

=Y, g — & (Ya,in,de =Y, demin ) (73)

a,o,de,min—real

4.2. Summary

To summarize the procedure for designing an HMX, the steps mentioned in Table 1 or the flow-chart given in
Figure 4 can be followed, given (or assuming) the geometrical values (X;, X,, d;, do, pa, €4), adsorption isotherm (W =
W(9)), desiccant thickness Hy, air velocities Uy ge, Uy re, times ¢4, t2, the target outlet humidity of the dehumidified air
(Y3.in), and the inlet states of water and air-streams.
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Table 1: Steps for the design of an HMX

Step No. | Variable/Condition | Equation(s) Comment

1 Yo 0,demin (26) or (31) Depending on whether condition (25) or (29)is
satisfied.

2 Condition 1 (43) Proceed only if true, else HMX cannot deliver the
target value unless the given inlet conditions of air
and/or water-streams are changed.

3 Tde (OF Trep) (56)

4 Tivre (62), (63)

5 A (66), (69)

6 tw (72)

7 Ya,o,de-tw,avg (64)

8 Ya,o,de—cw,avg (44)’ (45)

9 Ya,o,de,min—real (73)

10 Condition 2 (46) Proceed only if true, else HMX cannot deliver the
target value unless one or more of the assumed
variables (such as flow-rates, ¢,, £,) are changed.

11 Yaoreave (63)

12 W (@ fina)) (51D.(52),(53)

13 W(Cﬂinimil) (57),(5 8)’(59)

14 L/Pr (50)

15 Cr - Correction factor value; may be selected based on
experience.

Illput: "hwjr’ "nw,h’ K‘lﬂu{e’
Y, T, T,

ainre *winde +wine ‘Yi;iw

:.Ldea bra,w, /Yfa /Yf: dn da)
P s W=W(9), Hy t,,

t?) 1:2,:'17,(@ Ifrzmu\e
Change one or l
more of ¥, ;, 4 Change one or
Yamm\e: I\‘v‘,in,(fw 4’| Evaluate Y;ng({g,mm more of the
Loimre Ve Under input variables
ra',w

Is condition 1
satisfied?

Yes l
Evaluate T,, ., T, 0 A T
I/;Jq(fernuavg’ Kl,a,rferﬂuavg’

¥,

a,0,de,min-real

Is condition 2
satisfied?

Yes

Evaluate ¥,

a,0,8,ave’

W(@ﬁnal)J W(@mmal)

l

/ Output: Z./P, /

Figure 4: Flow-chart summarizing the feasibility check and design methodology
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5. Results and discussion
5.1. Validation of the heat and mass transfer model

Simulation results of the heat and mass transfer model are compared with the experimental results of Oh et al. [7],
who used a fin tube heat exchanger coated with 0.1 mm thick RD type silica gel on its fins. Cool water at 30°C and hot
water at 80°C was used during dehumidification and regeneration, respectively. Oh et al. plotted the average
dehumidification, maximum dehumidification and thermal coefficient of performance for various air flow rates, inlet
air temperatures as well as inlet air relative humidities. Input parameters to the simulation model were set in
accordance with the experimental conditions. It was assumed that the desiccant isotherm is independent of
temperature; Oh et al. showed that the isotherm varies only very weakly with temperature [7]. A correlation for the
temperature-averaged isotherm is given by equation (74).

W =1276¢5 + 3.739¢; — 13.8094; + 12.1924; — 3.809¢; + 0.830¢, (74)

In Figure 5, colored dots represent our simulation results while the black dots connected with lines represent the
experimental data. Note that De is the amount of moisture removed, i.e. difference between inlet and outlet specific
humidity, while COPy, is given by equation (75) (as suggested by Oh et al. [24]).

ma qeva (Ya‘in,de - Ya,o‘de,avg)

m C (T.. —T. )

W&o W inre =L ore
Figure 5 shows that all three variables (average dehumidification, maximum dehumidification and thermal COP)
under various operating conditions are well predicted by our heat and mass transfer model, validating our model.
Slight variations for some of the data points may be due to some of the simplifying assumptions used to develop our
model as well as certain unavoidable experimental issues such as heat loss and effects due to thermal capacitance of
ducts and pipe sections that are upstream of the desiccant coated HX.

COP, =

(75)
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kg dry air, left scale) and thermal coefficient of performance (right scale) versus (a) air-flow rate, (b) inlet air
temperature, and (c) inlet air relative humidity.
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5.2. Validation of the performance of the ideal heat and mass exchanger

Next, we validate the performance of an ideal HMX by comparing the theoretical predictions from section 3 with
simulations using idealized or close-to-ideal parameters and variables, as explained in Table 2. Desiccant properties as
well as some of the geometrical parameters are shown in Table 3. Inlet conditions of hot and cool water are 38°C and
30°C, respectively. The dehumidification air-stream (ambient air) inlet is 32°C at 65% relative humidity (Ya i =
0.0197 kg/kg dry air) and the regeneration air-stream (room-return air) is 25°C at 55% relative humidity (¥, inre =
0.011 kg/kg dry air).

Table 2: Input data to simulate a close-to-ideal ICHDMX

Parameter | Value Comment

Nf.app 1

Ay 10° W/(m*-K) | These values ensure negligible heat and mass transfer resistance on the

ha 10° W/(m?*-K) | fin and fluid side.

ha,m 1 m/S

Hy 50 pm This ensures a small non-dimensional diffusion time (Fourier number) as
well as small heat and mass transfer resistance on the desiccant side.

Py 1 mm These values ensure a very large heat and mass transfer area and a large

Ly 0.044-1.1 m quantity of desiccant.

Cor 0.1 J/(kg-K)

gz ; 8} ;;Etg:ﬁ% These values ensure negligible thermal mass of the system.

M,y 0.1 kg

Tvw.avg T,in Imposing this condition instead of implementing equation (6) mimics the
performance of fluid flow with infinite thermal capacity and a negligible
tube volume, i.e. terms yo and o are negligible.

t, b 90 s Small values for the time-period and air-flow velocities ensure that a

Ua,de 0.5 m/s large amount of desiccant is available for adsorption (desorption)

Usre -0.5,-0.25 m/s | throughout the process compared to the total amount of moisture to be

removed (added) from (to) air during dehumidification (regeneration).

Table 3: Desiccant properties and geometrical parameters of the HMX

Desiccant properties

pd 1167 kg/m® fa 0.9 Cpa 0.921 kJ/(kg.K)
€4 0.3 Uy 2 nm

HMX dimensions

X 21 mm L, 0.6 m Hy 0.1 mm

X, 25 mm dio 9.5 mm Hy 0.25 mm

L. 1.2m d;i 8.5 mm

Two cases are simulated (i) U, 4 = - Uy,e = 0.5 m/s (satisfying the condition given by equation (25)) and (ii) Ugqe =
-2 Uare = 0.5 m/s (satisfying the condition given by equation (29)). The number of rows N, of the HMX is varied
from 2 to 50 (i.e. the depth of the HMX varies from L, = 0.044 to 1.1 m). With increase in N, the surface area
increases, implying an increase in availability of the desiccant mass available for adsorption. Figure 6(a)-(e) shows the
approach to ideal behaviour for case (1), where Yo o,de,ave and Yo 0,r¢avg approach Y o demin and Yo o,remax (evaluated using
equations (26) and (27)), while @,o,deave aNd Gy0,re,ave APProach P, o demin ANA P,0,remax (€valuated using equations (37)
and (38)), respectively, as N, increases. Consequently, the value of &y as well as &gy approach 1 (evaluated using
equations (39) and (40)). The results are analogous for case (ii) as seen in Figure 7(a)-(e). Thus, the simulation results
verify that the methods described in section 3 correctly determine the limiting performance of an ideal HMX and that

these may be used as a reference (ideal performance) for defining &y and &gp.
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5.3. Performance analysis of a real HMX and demonstration of design methodology

With the validation of the comprehensive heat and mass transfer model and establishment of proper definitions of
ideal performance, we can now use the model to analyse the performance of a real HMX, and to demonstrate the
design methodology. The value for L,/Pyis first evaluated using the design methodology described in Section 4 by first
assuming Cr = 1. A reasonable value of L, (very large values may be avoided since it may result in excessive
bulkiness) is then chosen, which may be a multiple of X;, such that the value of P;too is reasonable (neither too large
so as to avoid drastic reduction in heat and mass transfer coefficients, nor too small so as to avoid excessive pressure
drop and the consequent large blower fan power consumption). L, as well as the evaluated Prare then used as an input
to the comprehensive model discussed in section 2. The value of Cr is then incremented in steps of 0.1 and the
aforementioned procedure is continued until the simulation derived average outlet specific humidity during
dehumidification Y, 4e.ave €quals the target value Y.

The operating conditions are given in Table 4, and the geometrical parameters as well as the desiccant properties
are given in Table 3. Table 5 gives details regarding the cases tested. Three hot water inlet temperatures 7, s, (used
during regeneration) were studied at 38, 44 and 50°C, implying a temperature difference between cool water inlet
(used during dehumidification) and hot water inlet of just 8, 14 and 20°C, respectively. For each of the hot water
temperatures, five cases were considered for different mixing ratios of fresh-air and room-return air. This results in
inlet dehumidification / regeneration air-streams’ temperature and specific-humidity ranging from 25 to 32°C and
0.011 to 0.02 kg/kg dry air, respectively. Thus, a reasonably wide range of conditions are studied. Table 5 also shows
the values of variables evaluated (starting from column titled Yy, 4emin) in the same order as the steps mentioned in

Table 1 for determining the feasibility of an HMX and designing it. For T, of 38, 44 and 50°C, the chosen
optimal L, was 1.008 m, 0.504 m and 0.210 m, respectively.

For the lowest hot water inlet temperature 7, = 38°C, for cases no. 1, 2 and 3, condition 1 is not satisfied since
Ya0.deminis larger than the target specific humidity of the dehumidified air Y;,;,. Based on the developed concept of an
ideal HMX and verification of its performance in the previous section, it is clear that the outlet specific humidity in
case of a real HMX cannot go below Yy 4 4emin , thus the HMX would not be able to handle the complete moisture load.
Simulations are hence not conducted under these conditions. Condition 2 is not satisfied for Ty, ;. = 38°C, case 4, as
well as T = 44°C, case 1 and case 2. However, to validate that condition 2 is justified, simulations are still
conducted for the aforementioned conditions and the results are graphically presented.

Table 4: Air-states, fluid flow and operating conditions under which the operation of an actual HMX is simulated

Ugde 2 m/s T in.cold 30°C Y. 0.011 kg/kg d.a.
Ugre -2 m/s Tin ot 38, 44, 50°C Tin 13°C

T, hot 5kg/s T, 32°C Yiin 0.0094 kg/kg d.a
T, cool 5kg/s Y, 0.02 kg/kg d.a.

t, b 180 s T, 25°C
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Table 5: Air-streams’ conditions and evaluated intermediate variables based on steps for designing an HMX described in Table 1 and Figure 4 (notations Vo1, Vri, Vo2, Vr2 are
consistent with those in Figure 1)

Dehumidification air-stream Regeneration air-stream Evaluated parameters based on "Steps for designing an HMX"
: iz =E)
d =2 | B3 =< | 88 P £% : : £ 25 & 2 S}
v $ T E £ £ o = E £ £ < Sg = 3 < s < g3 s = &
S £2 | 25| & > £E2 | 25| & > > S £ | € | < £ > > > Sg » = 3|4
1 0 1 25 0.011 1 0 32 0.02 0.01263 N - - - - - - - - - - - -
2 0.25 0.75 26.75 0.01325 0.75 0.25 30.25 0.01775 | 0.01122 N - - - - - - - - - - -
& 3 0.5 0.5 28.5 0.0155 0.5 0.5 28.5 0.0155 0.00981 N - - - - - - - - - - - - 3
(=}
4 0.75 0.25 30.25 0.01775 0.25 0.75 26.75 0.01325 0.00840 Y (308 |36.8 0.049 50.6 0.01133 0.00865 0.00980 N 0.0216 0.29227 0.28192 | 945 -
5 1 0 32 0.02 0 1 25 0.011 0.00698 Y [31.1 |36.5 0.072 334 0.01020 | 0.00922 | 0.00893 Y 0.0216 0.29540 0.26662 | 432
1 0 1 25 0.011 1 0 32 0.02 0.00913 Y (300 434 0.140 23.5 0.01470 | 0.00861 0.00941 N 0.0216 0.26072 0.25248 | 227
2 0.25 0.75 26.75 0.01325 0.75 0.25 30.25 0.01775 | 0.00812 Y (302 |43.1 0.165 19.7 0.01358 0.00888 | 0.00889 N 0.0216 0.27576 0.24363 | 140
3 3 0.5 0.5 28.5 0.0155 0.5 0.5 28.5 0.0155 0.00710 Y (305 (428 0.166 19.3 0.01245 0.00903 0.00836 Y 0.0216 0.28604 0.23369 | 137 %
4 0.75 0.25 30.25 0.01775 0.25 0.75 26.75 0.01325 0.00608 Y (308 |42.6 0.165 19.1 0.01133 0.00917 | 0.00783 Y 0.0216 0.29227 0.22269 | 141
5 1 0 32 0.02 0 1 25 0.011 0.00506 Y ([31.1 |423 0.163 19.1 0.01020 | 0.00931 0.00730 Y 0.0216 0.29540 0.21073 | 147
1 0 1 25 0.011 1 0 32 0.02 0.00670 Y [30.0 |49.2 0.466 7.8 0.01470 | 0.00916 | 0.00735 Y 0.0216 0.26072 0.19404 | 28
2 0.25 0.75 26.75 0.01325 0.75 0.25 30.25 0.01775 | 0.00596 Y (302 |48.9 0.412 8.8 0.01358 0.00919 | 0.00706 Y 0.0216 0.27576 0.18652 | 51
a 3 0.5 0.5 28.5 0.0155 0.5 0.5 28.5 0.0155 0.00522 Y 305 [48.6 0.381 9.4 0.01245 0.00923 0.00676 Y 0.0216 0.28604 0.17848 | 67 §
4 0.75 0.25 30.25 0.01775 0.25 0.75 26.75 0.01325 | 0.00447 Y (308 |48.3 0.359 9.9 0.01133 0.00929 | 0.00646 Y 0.0216 0.29227 0.16996 | 80
5 1 0 32 0.02 0 1 25 0.011 0.00372 Y [31.1 |48.1 0.340 10.4 0.01020 | 0.00935 | 0.00616 Y 0.0216 0.29540 0.16104 | 92
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Figure 8 (a), (b) and (c) show the dehumidified air specific humidity and temperature versus Cr (and 1/P;) for
T inre = 38°C, case 4, Ty, ine = 44°C, case 1, and T\, = 44°C, case 2, respectively. In all three cases, irrespective of
the value of Cr (and P)), Yaodeave is larger than Y., For the case of Figure 8 (a), the designed HMX performs
reasonably well by reducing the humidity from Yy inq = 0.01775 kg/kg dry air to Yo,deae 0f =<0.0106 kg/kg dry air,
however it does not satisfy the requirement of achieving a specific humidity of 0.0094 kg/kg dry air (¥}.;,). When Cris
varied from 1 to 1.2, Y,,deag slightly increases although the desiccant surface area increases. This is due to the
increase in thermal mass with increase in C;, which in turn increases the time-period of the thermal-wave during which
the performance is relatively poor. This is also evident by observing the T versus Cycurve. Values of Cylarger than 1.2
were not tested for this case since (i) the trend of Yiodeae Was anyways increasing with Cr and could not have
approached Y.;,, and (ii) the larger Cj, the smaller is the value of Py ; for this case, Py becomes smaller than the
maximum value for which the correlation used to determine the heat transfer coefficient (and by extension, the mass
transfer coefficient) is valid. For the case of Figure 8(b), Cy is varied from 1 to 1.9, the trend in Y, deavg 1S again
slightly increasing, and the HMX is only able to reduce the specific humidity from 0.011 (¥ in«) to 0.0104 kg/kg dry
air. For the case of Figure 8(c), as Cris varied from 1 to 1.6, Y 0,deavg decreases from 0.0102 to 0.0098 kg/kg dry air,
but remains flat at 0.0098 kg/kg when Cris further increased from 1.6 to 1.9. Thus, condition 2 correctly anticipates
the conditions under which an HMX would not be able to meet the specific humidity requirement of the dehumidified
air-stream.
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Figure 8: Dehumidified air specific humidity (blue) and temperature (red) versus Cy(and //P;) for (a) Ty,ine = 38°C,
case 4, (b) Ty,inre =44°C, case 1, and (c) Ty, im. = 44 °C, case 2.

Figure 9(a) and (b) respectively show the transient variations in outlet specific humidity and temperature for 7',
= 38°C, case 5. In Figure 9(a), Y., is plotted for value of Cy=1 as well as 1.3. Over and above the outlet specific
humidity, Figure 9(a) also shows the inlet specific humidity (Y,:,) and the target outlet specific humidity during
dehumidification (Y,,;,) as well as the minimum possible outlet specific humidity (¥, 0,4emin) realized in case of an ideal
HMX. Notice also that the time-period of the prevalence of the thermal wave (¢,,) and the average specific humidity
during thermal-wave of the dehumidification process (Y o.de-navg) as evaluated using the method described in Section
4 and as summarized in Table 5 is also shown on the graphs. The dotted oblique line segment from ¢ = 0 to ¢, is the
simplified linear trend assumed (equation (64)) in Y, , 4 during the thermal wave. The bold dot indicated by the arrow-
head is Y,o,de-m,ave as evaluated by equation (64); from visual inspection, it can be concluded that the evaluated Yo -
m,avg 18 Teasonably close to the simulation average value inferred from the transient trend in Y, from ¢ = 0 to #,,. As
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shown in Figure 9(b), t,, evaluated using equation (72) well predicts the time required for cooling down of the air-
stream to within 0.5°C of the quasi-steady value during the concentration wave. It may also be noted that during the
concentration wave, T,, approaches T, evaluated using the method described in Section 4.

From Figure 9(a), it can be observed that the outlet specific humidity during the thermal wave is higher than that
during the concentration wave. During dehumidification, as time progresses, the Y,, decreases with decreasing 7,
Y., reaches a minimum and then increases gradually with a small slope. The minimum is smaller for the case of Cr=
1.3 than it is for C; = 1 since for the former a greater quantity of desiccant is available, which is better able to
dehumidify air before it starts becoming saturated enough for the Y,, to start increasing. As the process switches from
dehumidification to regeneration at ¢ = 180 s, Y,, quickly increases along with T,,, reaches a maximum and then
decreases gradually. Just as during dehumidification, during regeneration Y, , is lower for Cy = 1.3 compared to Cr= 1,
and Y,, is larger for the case of Cy=1.3 compared to that of Cr= 1, since the larger the amount of moisture adsorbed
by the desiccant during dehumidification, the larger will be the amount of moisture released during regeneration.
Notice that Yiodemin (0.007 kg/kg d.a.) is significantly lower than the Y,, realized for both cases. The outlet
temperature 7,, curves for both values of Crare very close to each other.
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Figure 9: Transient specific humidity (a) and temperature (b) of the output air stream for 75, . = 38°C, case 5.

It is evident from Figure 9 that some of the intermediate variables evaluated using the methodology described in
Section 4, namely, fu, Trer (Or Twae) and Yoodemae are in good agreement with the corresponding values of the
simulation results. Except for the period of the thermal-wave, the specific humidity Y,, of the outlet air during
dehumidification is very close to Y., (the target value) even for Cy= 1. These observations serve to justify (although
approximate) the design methodology described in Section 4.

Figure 10(a) shows that the average outlet air specific humidity Y, o,qeae decreases with increase in Cy(and 1/P;), or
conversely that moisture removed (Y in - Yo0,deavg) increases with decreasing fin pitch Py, since the smaller the Py the
greater the number of fins, implying a larger mass of desiccant available for dehumidification and a larger mass
transfer surface area. Note that when Cyis low, Y 0deavg 18 slightly larger than Y,.;,; this is because equation (50) used
to determine the dimensions of the HMX uses values of W(¢sna) and W(diniia) derived assuming negligible mass-
transfer resistance, which results in a slight under-estimation of the value of //P; required to realize the targeted
specific humidity Y,.;.. The average outlet air specific humidity during dehumidification Y 4. ae meets the target value
Y.in for Cr= 1.3 and T, 4e.av¢ remains nearly constant because the adsorption heat released is nearly the same for all Cy
values tested. This is because the moisture removal (Yiinde —Yaodeave) 1s nearly the same for all cases. As the
dehumidification performance becomes better with decreasing Py (increasing Cy), the effectiveness (¢zx and ey) values
improve. The effectiveness values range between approximately 0.8 and 0.9 with ery being consistently larger than ey.
The considered design of the HMX thus results in an efficient dehumidification performance. The coefficient of
performance, total cooling load CLiy (handled by the complete hybrid system), the cooling load CLymx handled by
the HMX, as well as the extra fluid power FP required for retrofitting an HMX to a conventional system (to yield the
hybrid system schematically shown in Figure 1) is plotted against Cy (and 1/P)) in Figure 10(b). The coefficient of
performance as well as CLyyx improve with increasing Cy (decreasing Py) and the required fluid power (FP) increases
as well. For Cy= 1.3, since CLumx is 6.6 times the fluid power required and the cooling coefficient of performance is
approximately 10 (significantly larger than the base-line COPconventional 0f 4), the HMX is well suited for this case.
Notice that CLgx = 45.6 kW while total cooling load CL (on hybrid air-conditioning system) = 77 kW; the HMX thus
handles 60% of the total cooling load.
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44°C and 50°C are not shown in the paper to avoid showing results that are
qualitatively similar to those shown in Figure 9 and Figure 10. For the sake of completeness however, the results are
included in the Supplementary material (Figures 6,7 and 8). Table 6 summarizes the results pertaining to Figure 10
and Supplementary material’s Figures 6,7 and 8 for Cy= 1 and the value of Cr for which Y deae €quals the target



Table 6: Summary of results for a ICHDHMX retrofitted to a conventional HVAC system with a cooling COP of 4.

Tw,in,re Case Cf Ps Ya,in,de Ya,o,de,avg Ya,o,de,min Ta,in,de Ta,o,de,avg &Yy ERH CLHMX FP CLtotal COPnew
1 2.34 0.0097 31.6 0.79 | 0.86 43.98 | 3.60 9.32
38 5 0.02 0.0070 32 77.1
1.3 | 1.80 0.0094 31.6 0.82 | 0.88 45.58 | 6.90 9.79
1 3.69 0.0102 313 0.63 | 0.71 17.70 | 0.84 6.05
3 0.0155 0.0071 28.5 52.3
1.7 | 2.17 0.0094 31.2 0.73 | 0.80 2146 | 2.14 6.78
1 3.58 0.0102 31.8 0.65 | 0.73 29.55 | 0.87 7.37
44 4 0.01775 0.0061 30.25 64.6
1.3 | 275 0.0094 31.7 0.71 | 0.79 32.78 | 1.32 8.11
1 344 0.0100 32.3 0.67 | 0.75 41.62 | 0.92 8.69
5 0.02 0.0051 32 77.1
1.2 | 2.86 0.0093 32.2 0.72 | 0.79 44.67 | 1.23 9.51
1 8.04 0.0101 28.4 0.22 | -0.02 -1.84 | 0.20 3.75
1 0.011 0.0067 25 27.7
1.9 | 4.23 0.0094 29.7 0.37 | 0.33 -1.30 0.30 3.82
1 4.15 0.0104 30.5 0.40 | 0.43 5.92 0.31 4.69
2 0.01325 0.0060 | 26.75 40
1.6 | 2.59 0.0093 31.0 0.54 | 0.61 9.39 0.62 5.23
1 3.16 0.0105 31.5 0.49 | 0.57 16.11 | 0.45 5.78
50 3 0.0155 0.0052 28.5 52.3
1.4 | 226 0.0094 31.7 0.59 | 0.67 20.32 | 0.83 6.54
1 2.63 0.0105 323 0.55 | 0.64 27.31 | 0.61 6.93
4 0.01775 0.0045 | 30.25 64.6
1.3 |2.02 0.0094 324 0.63 | 0.72 31.74 | 1.08 7.86
1 2.27 0.0103 33.0 0.59 | 0.69 39.07 | 0.82 8.14
5 0.02 0.0037 32 77.1
1.2 | 1.89 0.0094 33.0 0.65 | 0.74 42.88 | 1.28 9.05
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It may be observed from Table 6 that for T, = 44 °C case 3, wherein Y, 4. 18 low (and simultaneously Yy, . is
high), the Crvalue at which Y, o qae approaches Y., is relatively higher while as Y in 4 increases (and simultaneously
Y4 inre reduces), Cr value at which Yo deae approaches Y,.;, decreases (1.3 and 1.2 for cases 4 and 5 respectively).
Notice that as the proportion of fresh-air increases from case 3 to 5 (See Table 5), T, inde and Y4 increase and so
does the total cooling load CLw and CLumx. Thus, while retrofitting the HMX offers considerable advantage for all
the three cases (notice that the COP is substantially improved and FP is negligible compared to CLumx), the greatest
improvement in COP is realized for case 5 for which inlet humidity (and of course the latent heat load) is maximum.

Note from Table 5 that for cases pertaining to 7, = 50 °C, Ly = 0.21 m, which is much smaller compared to L,
for lower T,in. Therefore, the effectiveness (ery and ey) values are relatively lower since the surface area is smaller
owing to smaller L, and relatively larger Ps. It may be noted that the fin pitch is highest for case 1 and lowest for case
5, therefore the heat and mass transfer coefficients as well as the surface area are lowest for case 1 resulting in lower
effectiveness values of the former. Notice that ¢z = 0 for Cy= 1 for case 1. This is because, although the amount of
moisture removed from the air is non-zero (resulting in a non-zero value of &y), the low air temperature 7 deave
caused the relative humidity at the outlet to be close to that at the inlet. For cases 2 to 5, it is easily noticeable that the
coefficient of performance of the hybrid system is improved compared to that of the conventional system. Also, the
extra fluid power required is much smaller compared to the cooling load handled by the HMX. Thus, use of an HMX
is well justified for these cases. For case 1 however, it is clear that the cooling load handled by HMX is negative. This
is because for this case, 100% of the room-return air is being handled by the HMX. Room air has a small latent heat
load, since (¥, — Y.ix) is 0.0016 kg/kg dry air, but a substantial sensible heat load. Although the HMX manages all the
latent heat load, it increases the temperature of the room-return air from 25°C to nearly 30 °C. This means that the use
of an HMX adds sensible load to the air to be treated resulting in net enthalpy-gain of air. Therefore, the HMX should
not be used under inlet conditions of case 1.

Taking a holistic view of Figure 10 and Table 6 (or Figures 6, 7 and 8 in the Supplementary material), the design
methodology, even without the knowledge of Cr(i.e. when its value is assumed to be 1), provides an excellent starting
point to conduct a parametric study to determine the critical geometrical parameters of the HMX that would help
achieve the targeted dehumidification performance. It is worth noting that even if corrections are not made to account
for the difference between idealized and real sorbate uptake (meaning that if Cy= 1), the outlet humidity for all tested
cases was within 0.0011 kg/kg dry air of the targeted value of Y, (9.4 g/kg dry air). Thus, the design methodology
works reasonably well. However, knowledge (or an educated guess) regarding the value of C; would certainly be
helpful in achieving the outlet specific humidity of the dehumidified air more precisely at the targeted value. The
optimal value of Cyis found to be ranging from 1.2 to 1.9. For cases with smaller Y, ;4 but large Yo nr, the value of Cy
is on the higher side, while for cases with larger Y inq. but small Y s, the value of Cyis on the lower side in this
range.

6. Conclusions

In this work, low-grade heat driven, internally cooled and heated desiccant-coated heat and mass exchangers
(ICHDHMX) are studied using an experimentally validated comprehensive heat and mass transfer model. Important
contributions and findings of this work are as follows:

e The concept of an ideal HMX was specified and expressions for the performance of such an ideal exchanger were
derived and validated.

e A simple graphical (psychrometric-chart based) methodology was presented as an alternative to determine the
ideal (limiting) performance of the HMX.

e  The humidity-ratio effectiveness (¢y) and relative-humidity effectiveness (ery) for ICHDHMX were defined such
that for a close-to-ideal HMX, their values approach 1. This was validated as well.

e A simple, non-iterative methodology was presented (avoiding complicated numerical modelling), which helps to
determine whether an HMX is feasible, under the given inlet conditions of air and water-streams, and helps to
estimate the geometric dimensions of the HMX in a straight-forward manner without the need for arduous
comprehensive modeling and simulation.

e Using the comprehensive model, several cases were simulated for a range of inlet air-stream conditions, keeping
the cooling water temperature constant at 30°C. All cases pertained to 250 um thick silica-gel coating on both the
sides of the fins of the HMX. Simulation results indicate that the design methodology, without the use of any
tuning or correction factor (Cr= 1), can help design an HMX that could yield an outlet humidity of dehumidified
air to within 0.0011 kg/kg dry air of the targeted value of Y,;, (9.4 g/kg dry air). For cases requiring precise outlet
specific-humidity conditions, only a single tuning parameter Cyis required to improve the geometric design of the
HMX. The value of Cyranges between 1.2 and 1.9 for the cases presented here.

e  When hot water at 50°C is available for regeneration, an HMX is feasible for all cases. For cases 2 to 5, the
performance of HMX is excellent, delivering a cooling COP of up to nearly 10 (where the conventional COP was
4) while requiring relatively very low extra fluid power. Effectiveness values of up to 0.88 were observed with ey
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generally being larger than ¢y. The larger the depth (Ly) and smaller the fin pitch (P)) of the HMX, the larger was
its effectiveness.

7. Recommendations for future work

e A noteworthy observation from Figure 10 as well as Figures 6, 7 and 8 in the Supplementary material is that the
effectiveness values (ery and ¢y) are nearly independent of the inlet conditions of the air-streams, given a specific
design of HMX (L., Py etc). Table 7 concisely illustrates that, given a particular value of L, and approximate
value of Py clubbed under the same ‘Sr. No’ column in Table 7, ¢y is nearly the same, and so is ery. This is
characteristic of the definition of heat-transfer effectiveness er of heat exchangers: given a specific geometrical
design of a heat exchanger and flow-configuration, equations and charts exist which help evaluate &7 (see
Incropera and Dewitt [43]). The fact that the value of &7 is independent of the inlet conditions of the heat
exchanging fluids and that &7 can be evaluated based on the knowledge of the Number of Transfer Units is
something that makes evaluation of the heat exchanger performance relatively easy instead of having to use
detailed and cumbersome simulation models. An analogous observation regarding mass-exchanging fluids (air-
streams) hints at the possibility that it may be possible to derive expressions for mass-transfer effectiveness (ery
and ey). This, however, is beyond the scope of the present work and is recommend as a plausible direction for
future investigation.

Table 7: Observed similarities in the values of ey and ezy for the same HMX design but different inlet air-stream

conditions
Tov,inre Sr. No. | Case No. Ly (m) Pr(mm) range gy range £y range
3 3.69-2.63 0.63-0.7 0.71-0.78
44 1 4 0.504 3.58-2.75 0.65-0.71 0.73-0.79
5 3.44-2.86 0.67-0.72 0.75-0.79
) 2 3.19-2.59 0.48-0.54 0.54-0.61
3 3.16-2.63 0.49-0.54 0.57-0.63
3 2.63-2.26 0.54-0.59 0.63-0.67
>0 3 4 0.210 2.63-2.19 0.55-0.60 0.64-0.69
4 4 2.19-2.02 0.60-0.63 0.69-0.72
5 2.27-2.06 0.59-0.62 0.69-0.71

e While it is true that silica gel is among the most commonly used desiccant and its coating thickness typically
ranges from 100-250 pum, it is quite possible that another desiccant with substantially lower moisture diffusivity
and/or a thicker coating may be used. In such cases, Cris expected to be larger than the values determined in this
study. It is therefore pertinent to carry out a similar study for various desiccants (especially those with
significantly lower moisture diffusivity) and with a thicker coating.

e The focus of this work was on dehumidification exclusively by adsorption phenomena (not condensation). There
may be cases wherein cool water flowing through the tubes is below the dew-point temperature of the air-stream
to be dehumidified. Such cases require consideration of a combination of condensation over and above the
adsorption phenomena. This is a potential direction for future work.

e Practically, it is quite plausible that instead of hot water, it is hot air that is available, for instance in case of an air-
conditioning unit having an air-cooled (not water-cooled) condenser. Therefore, cases where quasi-isothermal
dehumidification (same process as studied here) and isenthalpic regeneration (process similar to that occurring in
the regeneration section of the desiccant wheel) occur, are also significant. Such cases shall be studied in our
future work.
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