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ARTICLE INFO ABSTRACT
Keywords: Due to the complicated nature of desiccant-coated heat exchangers (DC-HXs), solving the highly-coupled tran-
Desiccant-coated heat exchanger sient heat and mass transfer equations using numerical simulations are rather time-consuming and as a result
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may be impractical for real-time system optimization and seasonal simulations. On the other hand, the approach
of majority of studies associated with DC-HXs is numerical and experimental analyses and there is no analytical
model that can accurately predict the heat and moisture transfer in a DC-HX in the literature. Thus, in this paper,
a new closed-form analytical solution is proposed to accurately predict the heat and moisture transfer in a DC-HX
for the first time. The governing equations are simplified to a set of linear ordinary differential equations with
initial conditions and then solved analytically. In the present analytical model, both linear and exponential
profiles are assumed for the air temperature and humidity ratio along the DC-HX and the results are compared to
experimental data collected in our lab. A new DC-HX coated with AQSOA™-FAM-Z02 is also fabricated and
tested in our custom-built testbed under a wide range of operating conditions for model validation and per-
formance assessment. Our results indicate that the present analytical solution with exponential profile
assumption predicts the experimental data with an average relative difference of less than 10 %, while the linear
profile assumption results in a relative difference of ~ 20 % with the experimental data. The new analytical
solution is capable of predicting the performance of DC-HXs, which is crucial for design, optimization and
operating dehumidification systems in a variety of applications.

insufficient ventilation rate (~20 m3/h) [5]. Minimum required venti-
lation rate could be calculated based on ASHRAE standards, e.g. 75 m®/
h for a 70 m? single-bedroom apartment [6].

To provide the required air quality, mechanical and desiccant
dehumidification systems are the commonly-used systems for indoor
humidity control [7]. Mechanical dehumidification systems, such as
vapor compression refrigeration systems cool the air stream below its
dew point to extract the air water content, thereby removing the latent
load. On the other hand, desiccant dehumidification systems rely on the
absorption or adsorption of water vapor using desiccant materials. In
this method, the latent load and sensible heat can be removed using
thermal energy (waste-heat) as oppose to electrical energy used in me-
chanical dehumidification systems. In addition, there are membrane-
based enthalpy recovery ventilator (ERV) systems that provide fresh
air and ventilation in buildings, see Ref. [8-10] for more information,
however; ERV application in cold climate may be problematic due to
potential membrane freezing issues.

Waste-heat driven solid-desiccant dehumidification systems, see

1. Introduction

Human thermal comfort is attained by controlling indoor air quality
parameters, including temperature, relative humidity (RH), and air ve-
locity. Humidity control is an essential function of heating, ventilation,
and air conditioning (HVAC) systems. More importantly, when air
moisture content exceeds a certain level in a building, it can result in
fungus growth that can lead to serious health issues, particularly respi-
ratory diseases. The need for proper ventilation and humidity control
becomes more acute in northern cold climates such as Canada, where
people spend most of the cold season in indoor spaces. As such, Northern
Canada, Alaska and Greenland have the highest rate of respiratory in-
fections in infants [1]. The reason is energy saving strategies that
recommend air tight building construction in northern climates,
resulting in insufficient fresh air ventilation, humidity build-up, and
indoor mold growth [2-4]. Based on a study performed in Nunavut
(Northern Canada), the main cause of respiratory infections is
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Nomenclature

Cp Specific heat capacity (J/kg.K)

H Channel height (m)

h convective heat transfer coefficient(w/m2K)
hag Enthalpy of adsorption (J/kg)

hm convective mass transfer coefficient (m/s)
Nu Nusselt number (-)

k Thermal conductivity (W/m.K)

L length of channel(m)

RH Relative humidity (-)

P Pressure (Pa)

T Temperature (K)

t time (s)

u Air velocity (m/s)

W uptake of desiccant (kg/kg)

X Axial direction (m)

y Radial direction (m)

Greek parameters

p Density (kg/m3)

5 Thickness (m)
Humidity ratio (kg/kg)

Subscript

a Air

d Desiccant

HX Heat exchanger

HTF Heat transfer fluid

avg Averaged

in Inlet air

out Outlet air

r Regeneration

P Process

ref Reference

sat saturation

lam Laminar

tur Turbulent

q Isoflux

T Isothermal

section 2.1 for working principles, can significantly reduce the elec-
tricity consumption [11,12]. Recently, desiccant coated heat exchangers
(DC-HXs), which are manufactured by coating with a desiccant material
on a heat exchanger (e.g. fin-tube), has received immense attention due
to its advantages, namely reducing the energy consumption and efficient
dehumidification performance. Heat and moisture transfer are highly
coupled in DC-HX during regeneration and dehumidification processes.
This makes it difficult to handle both latent and sensible loads by only
using DC-HX. In order to provide comfortable air temperature and hu-
midity levels (Temperature of 20-24 °C and RH of 30-60 % [13]),
sensible and latent loads of the process air can be handled separately by
adding an extra system for handling the sensible load, e.g. an evapora-
tive cooling system [14].

Several studies have been conducted to investigate the characteris-
tics of DC-HX. Amani et al. [15] studied the effects of operating pa-
rameters on the performance of a new FAM-Z02 DC-HX for greenhouse
applications. They reported cyclic moisture removal capacity (MRC) and
dehumidification coefficient of performance (DCOP) in the range of
2.5-4.0 and 0.18-0.3, defined in Egs.(19) and (21), thereby introducing
suitable performance for greenhouse conditions. Ge et al. [16,17] pro-
posed a numerical model and studied the effects of main operation pa-
rameters and climatic conditions. Their model assumed that there was
only heat and mass transfer in one direction in a DC-HX. The accuracy of
their model was validated over a range of operation conditions, with a
relative difference of + 15 %. Saeed and Al-Alili [18] summarized the
empirical and numerical studies implemented on DC-HXs and reported
that SAPO34 generally has better dehumidification performance
compared to FAPO34 and silica gel. Zhao et al. [19] investigated a silica
gel-based DC-HX experimentally and reported that the DC-HX system
efficiency is affected remarkably by cycle time. Sun et al. [20] consid-
ered DC-HX with different structure sizes and concluded that the unit
with the highest surface compactness (the ratio of the total transfer
surface area to the total volume of the exchanger) has the greatest heat
and mass transfer performance, while higher air pressure drop was a
penalty. Erkek et al. [21] simulated a small-scale adiabatic and liquid-
cooled DC-HX using Modelica modeling language [22]. Their results
showed the advantages of a liquid-cooled dehumidification system over
adiabatic ones. Jagirdar and Lee [23] simulated heat and mass exchange
phenomena of a DC-HX using a finite volume method. They considered
fin efficiency as well as solid side mass transfer resistance in their
modeling and concluded that DC-HX has the potential to replace

conventional AC units if low-grade heat (50 °C) is available. Vivekh et al.
[24] developed a computational fluid dynamic approach to simulate the
simultaneous heat and mass transfer phenomena in DC-HX. The
maximum discrepancy between the modeling and experimental results
were reported to be + 14 %.

There are only a few studies in the literature that introduced
analytical solution for sorption-based heat exchangers. Lee and Kim [25]
simplified the governing equations of a desiccant wheel to a set of linear
ordinary differential equations using an integral model. Kang et al.
[26,27] used an explicit analytic solution for heat/mass transfer in a
desiccant wheel assuming linearized humidity and temperature profiles
and the root mean square errors of less than 10 % were reported. Bah-
rehmand et al. [28,29] proposed a novel analytical model to study the
performance of coated sorption beds and oscillatory heat transfer in air
conditioning units, for sorption closed-cycle, i.e. where non-condensable
gases (NCQG), e.g. air, were not present. Although not directly applicable
to DC-HX dehumidification systems— which can be categorized as open-
cycle sorption system since NCG are present— their analytical approach
is quite relevant and noteworthy. They employed orthogonal expansion
technique to solve the transient 2-D equations and validated their results
with measurements. In another study, Bahrehmand and Bahrami [30]
introduced an analytical design tool for sorber bed heat exchangers, and
reported that the cycle time, sorption composite composition, heat
transfer characteristics, and sorber bed geometry can have conflicting
counter effects on the performance, therefore should be optimized
simultaneously.

To the best of authors’ knowledge, the approach of majority of
studies associated with DC-HXs is numerical and experimental analyses
and there is no analytical model that can accurately predict the heat and
moisture transfer in a DC-HX in the literature. Due to the complicated
nature of DC-HX, solving the highly-coupled transient heat and mass
transfer equations using numerical simulations are rather time-
consuming and as a result may be impractical for real-time system
optimization and seasonal simulations. Thus, the gap of research is felt.
Therefore, the objective of this study is to develop a new closed-form
analytical solution to evaluate the performance of DC-HX. In the pre-
sent analytical model, both linear and exponential profiles are examined
for the air temperature and humidity ratio along the heat/mass
exchanger and the results are compared to the experimental data. To
validate the proposed model, an AQSOA™-FAM-Z02 DC-HX is built and
tested over a range of operating conditions in a custom-built testbed in
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our lab.

2. DC-HX principle of operation and the experimental setup
2.1. DC-HX working principle

Fig. 1(a) shows a sorption coated on the fins of a fin-tube heat
exchanger. In the DC-HX, the process air flows over the fins of the
exchanger and is dehumidified. During the adsorption process, a cooling
heat transfer fluid (HTF) is circulated in the exchanger to remove the
generated adsorption heat, thereby enhancing the dehumidification ef-
ficiency. The desiccant becomes saturated at the end of the dehumidi-
fication process. In the regeneration process, hot HTF is circulated
through the exchanger to evaporate the water vapor from the desiccant
(regenerate the active material). A schematic view of the working
principle of a DC-HX is shown in Fig. 1(b).

2.2. Experimental setup

In order to verify our analytical solution, an AQSOA™-FAM-Z02 DC-
HX was built and tested. AQSOA™-FAM-Z02 was introduced for air-
conditioning applications by Mitsubishi Chemical Ltd. [33]. Isotherm
of FAM-Z02 has been measured in our lab and depicted in Fig. 2.

Our custom-built testbed is shown in Fig. 3. The testbed consisted of
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Fig. 2. Isotherm curve of AQSOA FAM-Z02 DC-HX at 20 °C.

an environmental chamber, a fan, a duct, a voltage regulator, a data
acquisition system, and two thermostatic baths. The environmental
chamber which simulated the indoor air condition supplied the air using
a centrifugal fan. The air flow rate is adjusted by a voltage regulator. The

(b) Hot/cooling o
HTF inlet - ?::::rclz:llt

Hot/cooling .y 7
HTF outlet Yalblhy

Cycle HTF
Tube (coo0ling HTF )

Moisture being adsorbed

Desiccant

Ambient air — = —_ Processed air
— 7

Ileat exchanger

[__‘, éDehumidification Process
V42—

Regeneration Process

Fin

Adsorption heat

Cycle HTF
Tub (hot HTF)
e C/‘ 07‘ Moisture being desorbed

Desiccant

Fin

Heat

Fig. 1. (a) Image of a DC-HX [31]; (b) working principle of DC-HX [32].
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Fig. 3. (a) Schematic diagram (b) a photo of the custom-built testbed in our lab.

air and HTF temperature and air RH at the inlet and outlet of the heat/
mass exchanger were measured using PT100 and Vaisala-HMP110
sensors with the accuracy of + 0.1 °C and + 1.5 %RH, respectively.

Table 1
Specifications of the DC-HX.

To measure the airflow rate, an orifice plate (4” Oripac© model 4150) Parameter Value
with the accuracy of + 0.25 % of the measured value was employed. Heat exchanger dimension 305 x 355 x 38 (mm)
Two Polystat® cooling/heating thermostatic baths were used to attain Mass of heat exchanger 7250 (g)
desired cooling and hot HTF temperatures. Finally, the data were 11:12 fﬁ:i{‘ness (2)? Ezg
collected using LABVIEW software [34] with a sampling interval of 3 s. Tube diameter .95 (mm)
The details of the DC-HX in our study is presented Table 1. Tube material Copper

The operating conditions of the experimental analysis are listed in Fin material Aluminum
Table 2. The analytical solution validation conditions can be found in Desiccant weight 800 ()

Desiccant thickness 0.3 (mm)

the third column of Table 2.
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Table 2
Operating conditions of the experiments.

Parameters Experimental conditions Validation conditions
Airflow rate 34-136 m®/hr 34 and 136 m®/hr
Air temperature 10-30 °C 20 °C

Air relative humidity 40-90 % 60 %

Cooling HTF temperature 5-30 °C 10°C

Hot HTF temperature 50-90 °C 70 °C

2.3. Uncertainty analysis

The method proposed by Kline and McClintock [35] is used to
calculate the uncertainty of the experimental study as follow:

o 2 o 2 oF 271
Ay = {(Txlel) + (a—szxz) e (d_anx") (@D)]

1
o A\ e o an)']
ox; y ox; y ox, y
where, x;, x, etc. are the independent variables of f function, Ax,
Ax, etc. denote the absolute error of variables and Ay/y represents the

relative error. Based on this method, calculated uncertainties of
measured MRC and DCOP are 8.4 % and 10.3 %, respectively.

Ay

(2)

y

3. Analytical model

A simplified 2-D geometry is considered and shown schematically in
Fig. 4. This geometry consisted of air stream, desiccant layer, heat
exchanger (HX), and HTF. Based on the physics of adsorption/desorp-
tion cycles, cyclic steady state is assumed for the presented model. The
following additional assumptions are made to simplify the model
development:

Thermophysical properties for the air, HX, and desiccant layer are
assumed constant.

The regeneration temperature is low (less than 90 °C [36]). Thus, a
constant enthalpy of adsorption (hyg) is assumed following Ref. [37].

Air stream is assumed to be fully-developed over the heat/mass
exchanger. Therefore, the heat and mass transfer coefficients are
considered constant over time.

Axial heat conduction in the air stream and desiccant layer are
considered negligible.

Lewis number equal to unity is assumed.

Applied Thermal Engineering 219 (2023) 119467

Constant average values are considered for the rate of change in the

water uptake (W) with respect to humidity ratio and the desiccant layer
Wy & Wy
dwg dT4
ratio and temperature do not change significantly during a cycle [26].

The effects of unsteady terms in the air stream (%t ~ %2 ~ 0) are

temperature ( ). This assumption is justified when humidity

assumed negligible, following Ref. [26].

HTF temperature along the channel is assumed to remain constant;
this assumption is in agreement with our measurements.

As the desiccant layer is thin, averaged properties in the y-direction
are used, namely, T4(x,t),wq(x,t) [38].

Convective effects of the sorbate inside the sorbent coating are
negligible as the coating is thin and the vapor pressure is fairly low
[26,28,29,39,40].

Sorption/desorption heat is released/absorbed at the interface be-
tween the desiccant layer and the air.

Based on well-stablished internal flow studies, air temperature and
humidity profiles are assumed to be exponential in the x-direction (See
Eq.(4)) [41]. Previous studies assumed linear change in the x-direction
(Eq.(3)) for the air temperature and humidity profiles [26,27]. This
assumption is valid for high flow rates and short channels and will be
discussed further in the present study. In this study, both linear and
exponential assumptions are assumed and compared with experimental
data.

3.1. Governing equations

As shown in Fig. 4, two control volumes CV; and CV; are considered,
where the energy and mass exchanges between: i) the air with desiccant
layer (CV1); and ii) the desiccant layer and HX with HTF and air (CVy).
Based on the above-mentioned assumptions, the energy and mass bal-
ances for each control volume are expressed as:

Energy and mass balance in CVj.

oT,(x,1) 1

Uavg ox 7paCP’ﬂHh(Td(X7 t) 7Ta(x= t)) ®
dwa(x,1) 1

um.g%”) = hn(@a(x.1) = 0, (x,1)) @

where, Ugyg, T,(x,t) and wq(x,t) are average values in y-direction for
air velocity, temperature and humidity ratio, respectively. The average
temperature of air as listed in the assumptions is calculated based on two
different profiles as:

In which a(t) is an unknown function of time, which should be

Uq in

To(x, t), w, (x, t)

Uqg out

H/2 |:>

dx
l—I —': \ 2
Desiccant : : Ty(x,t),wq(x, t) 84 ::
1 1 A
HX 1€V2y Tux(x, y,t) Sux
HTE,, 1 v HTF gy,

X Symmetry line

Fig. 4. Sectional schematic view of DC-HX calculation domain and selected control volumes for the present model.
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calculated and S; is listed in Table 4.
Energy and mass balance in CVy.
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aT, X, t aT, avg(in y) (X, T aZT avg(iny) (X5 T
/),ICP,dlsdid(gt ) +,0HXCP,HX5HX7HX st (1) = Raap Jim (@4 (%, 1) — @4 (x,1)) + h(Ta(x, 1) — Ta(x, 1)) + hare(Trre — Tux (X, Hure /2, 1)) + Oy —— B ()g)(cz ()
)
60@., : (’[)
OWa(x,) OTulwst) | OWa(1) 00u(X,1) _ Py oy () or, = 1520 (Quanss (1) = Quansy (1)) + 85y (Gucnss (1)
= m a ’x7 - d 'x7
Ta(x,1) d deq (1) o Pada — Od.avgp (T)) —S4p (Gd,avg,p(T) - 0HTF.p) ] 12)
The governing equations should be solved simultaneously with the
fo.llowing initial conditio.ns. These conditions are d.erived based on cy- agd-aavg-r(f) = [ (Quane () = Luangr (7)) + 53, (B (¢)
clic steady state assumption and the fact that there is no temperature or Tr
humidity ratio jump in the desiccant layer while switching from — Ouargr (7)) = Sar (Oaavg.r () — Ourrr) ] 13
adsorption to regeneration and vice versa:
04(x,0) = wy (x, t + t,,)At the beginning of regeneration ¢ Mass balance in CV,
—e) = inni : 00401 (7) 0824 415 (7)
W4(x,t, — €) = wy(x, 1, + €)At the beginning of process - Sop da:p +Sa daTgp = S5 (Quares (T) = Quavg (7)) 14
Ty(x,0) =T, (x, t + t,,)At the beginning of regeneration ? ?
P = inni ’ “ess 06, avg,r 0Q avg,r
Ty(x,t, — €) = Ty(x, 1, + €)At the beginning of process Sy, d,a:, (1) +Sa, d,a: () = S5, (Qur (7) — g (7)) (15)

In which ¢, and t, are process and regeneration time, ¢ is an infinite
small time step, t, —e and ¢, +¢ represent the end of regeneration process
and beginning of the adsorption, respectively. The derivation method of
parameters used in the above governing equations are summarized in
Table 3.

To develop a generalized solution for various conditions and geom-
etries, proper dimensionless parameters should be defined, which are
listed in Table 4.

By averaging the above equations over the length of the DC-HX (axial
direction) (; * fé dx) and introducing the dimensionless variables listed
in Table 4, the following equations are obtained.

e Energy balance in CV;

(Ot (7) = Ouing) = S1 (B () = ucae (7)) @®

(ea.out.r (T) - ea.in,r) = S] (ed.avg (T) - Hall\vg,r(r)) (9)

e Mass balance in CV;

(Qa.aur,p (T) - Qa,in.p ) = Sl (Qd.avgp (T) - Qa,avg,p (T)) (10)
(Qa,GL(I,)'(T) - Qa,[n,r) =38 (Qd.m'g.r(’[) - Qa,avg,»‘(T)) (11)
e Energy balance in CV3
Table 3
Derivation of used parameters in the governing equations.
Parameter Formula
o 0.622RHPq; / (Pagm — RHPyq;)[42]
Nug tam (isoflux) 4.36 [41]
Nur jqm(isothermal) 3.66 [41]
Nugyg jam (Nurjgam + NUq.Iam>/2
h Ni Uavg.lamkﬂ /H
hm h/pcy[41]
Nugr 0.023Re*/> Pr!/3[41]
hyrr Nugrkpre /Hure

The above system of equations needs four initial values. As it was
mentioned, considering the cyclic nature of the DC-HX operation, four
initial conditions for Qgaygp, Qdaver> Odavgps aNd Ogaver could be obtained
as follows:

Qiavgp(0) = Quavg(1)At the beginning of process
Qavg.r(0) = Qyavep(1)At the beginning of regeneration 16)
O avep(0) = Ouang,(1)At the beginning of process

Osave,r(0) = Osavgp(1)At the beginning of regeneration

A general form of the final solution for the dimensionless desiccant

Table 4
Definition of the dimensionless variables used in the analytical solution.
Dimensionless time _t _t
T ==, T =—
t t

Dimensionless temperature T-Tp T-Tp

(Trf is an arbitrary value; not equal to Tj,)
Dimensionless humidity ratio
(wyer is an arbitrary value; not equal to w;)
Rate of change in uptake with dimensionless
temperature
Rate of change in uptake with dimensionless
humidity ratio
Convection heat/mass transfer rate in air over
heat/mass carried by air mass flow (advection)
Adsorption heat generation over heat stored in
HX and desiccant layer

Amount of heat transferred from desiccant to air
over thermal inertia of HX and desiccant layer

Amount of heat transferred from HX to HTF over
thermal inertia of HX and desiccant layer

Convection mass transfer over mass of desiccant
layer

Tt —T, AT
_ @ _®—Wp
T wp— et Ao
_ OWy(7)
agd,avg(r)
So — W ayg(7)
o = - dawet)
an,avg(T>
Rl L
Uavg PqCPaH Uqyg H

0

S1

Sap(orn =

haapahm Aot (orr)
(Pacp.ada + puxcrrxdux) AT

S3p(orrn =
(Pacp.ada + /)HXCP.HX5HX)
Saporn =

(PaCp.add + PuxCr.HxOux)
I’ahmtp (orr)
Paba

Ssporr) =
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Table 5
List of constants in the final solution of outlet air temperature.
Xav Xq:
AS2)(Qinj — i) — (32— j) [S14 ;= (4S5 +5154)) ]
2y Xaj
By = S
1(Aij — 4¢ ;)
ay = (%= /%3 - 4%, ) /2
(1 —exp(— S1) )for linear profile
A= 28,
512 ———for exponential profile
_ ( Sp  S3jSa  S5184;5a +ﬂ) . ASSs
Ssj  S2;Ss;  AS2;Ss;  Saj $180
AS3jA0  S4jA®\ _ ASy;Ss;
Xo; =
2 = ( 515, 82 ) SiSa
AS3jAw S4 iAw AS3;Ss.
X3 = 1770, 24759 J95)
34 ( aing 1 52 HTF) 5154
. s J2fi=1 . _frifi=p
1710r27>17{1lﬁ_2]7porr7>] pifi=r

temperature and outlet air temperature for adsorption process, are
shown in Eq.(17) and Eq.(18), respectively and the constants are listed
in Table 5. The details of the solution for both heat and mass transfer
during adsorption and regeneration can be found in Appendix A: Solu-
tion detail.

gd,avg,p(r) = Bl.pexp(_ﬂl.pf) + BZ,pexp(_AZ,pT) +X3.p/X2,p (17)
ea.oul.p (T) =A ad,avg,p (T) + (1 - A)ea,in‘p (18)
0.025
(a) ® Outlet Air HR (Experimental)

0020 - Outlet Air HR (Linear)
§ Outlet Air HR (Exponential)
2
b 0.015 Flow rate: 136 m%/hr
2
o
2 0010 Inlet air condition
=7 bt Nttt »
IS
p=}
T 0.005

Regeneration | Adsorption
0.000 1 1 1 1 1
0 5 10 15 20 25 30
Time (min)
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Outlet Air HR (Linear)

o 0035 Outlet Air HR (Ex i
g ponential)
S 0030
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2 0025
O
o Regeneration | Adsorption
> 0020 8 7
2 0015
g Inlet air condition
2 0010 8o Ny, OO .

0.005

0.000 L L L L L

0 10 20 30 40 50 60 70 80 90
Time (min)

Fig. 5. Comparison between the present models, assuming both linear and
exponential profiles for temperature and humidity ratio, against collected data
(+0.5 gr/kg uncertainty) collected in our lab. Variation of outlet air humidity
ratio for air flow rate of (a) 136 and (b) 34 m®/hr.
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3.2. Performance indices

To evaluate the performance of the DC-HX, the commonly-used
moisture removal capacity (MRC) and dehumidification coefficient of
performance (DCOP) parameters are used in this study. The time-
averaged moisture removal during the adsorption process, MRC, can
be calculated as follows [43]:

3600*1000
1

Ir
MRC = / g (O ou — D in)dt 19
0

which can also be described based on the simplified non-dimensional
solution as:

t
MRC = —3.6 x 10°
t, +t,

P

1
/)uH A(J)/ (Qa,uznf - Qa,iﬂ-,f )dT
0

=3.6x 10°

t. puHAw [ (B, 4 By,
lp + 1, ASz,r /1]. r /‘LZ. r

+ By, r)] (20)

) (AS3, + S184,) + 51 (Ba,

It should be noted that to calculate the amount of water which is
adsorbed/desorbed during one cycle, MRC should be multiplied by cycle
time (¢, + t).

DCOP is the ratio of the latent heat removed during the adsorption
process (Qg) over the heat exchanged of HTF during the regeneration
process (Q,eg). The electrical power input of the pumps and fans are
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rather small and neglected. The DCOP can be computed using the
following equation [44]:
) .a ajin — Wa,oul ha s
peop — L al@uin = Oucu) s @1
Q,eg mwcpw (Tw,in - Tw,oul)
which can also be described based on the non-dimensional solution
as:

1 (5% + Z?"r) (AS3, + 8184,) + S1(Boy + By, )
A SIS4,r + XB’)

Xo.r

DCOP = (22)

Bar
Ao

B,

Ourrr — (A“ +

4. Results and discussion

In this study, both linear and exponential profiles are considered for
the air temperature and humidity ratio along the DC-HX. For model
validation, the present analytical solution is compared to the experi-
mental data collected in our lab, see Table 1 for the details of the
developed and tested DC-HX in this study. Fig. 5 (Fig. 6 in non-
dimensional form) shows the variation of the outlet air humidity ratio
for air flow rate of 34 and 136 m®/hr. During regeneration or adsorption
process, the area between the outlet (blue or red line) and inlet (black
dashed line) air HR curves (Fig. 5), represents the amount of water
desorbed/adsorbed in one cycle, i.e., MRC (See Eq.(19)). It should be
noted that based on the cyclic steady state nature of the system, calcu-
lated areas for both regeneration and adsorption process are identical.
However, in non-dimensional form (Fig. 6), because of the difference in
regeneration and adsorption process time, these two areas are not
identical and do not represent MRC. To have a representation of MRC
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based on the non-dimensional curves, each of the areas should be
multiplied by their actual duration (¢ and t,). (See Eq.(20)).

As can be seen from Fig. 5(a), the proposed analytical solution pre-
dicts the experimental data accurately for both linear and exponential
profile assumptions for air flow rate of 136 m3/hr, with an averaged
relative difference of 5 %. Fig. 5(b) indicates that the exponential profile
for the air temperature and humidity ratio provides a slightly better
agreement with our experimental results with an averaged relative dif-
ference of 10 %, while linear profile assumption overestimates the outlet
humidity ratio at the peaks.

Fig. 7. (Fig. 8 in non-dimensional form) shows the variation of outlet
air temperature for air flow rate of 34 and 136 m>/hr. It should be noted
that the area between the outlet (blue or red line) and inlet (black
dashed line) air temperature curves (Fig. 7) represent the sensible heat
transferred to and removed from air during the desorption/adsorption
process. As shown in Fig. 7(a), the present analytical solution predicts
the experimental data accurately for both linear and exponential profile
assumptions for the air flow rate of 136 m>/hr, with relative difference
of 5 %. Fig. 7(b) reveals that considering the exponential profile for the
air velocity has a good agreement with the experimental results, with
relative difference of 10 %, while linear profile assumption leads to
unrealistic results.

The relative difference between the two assumed profiles are also
calculated for temperature and humidity ratio with maximum values of
30 %, 20 % and average values of 10 % and 5 %, respectively.

The linear velocity assumption is perhaps not valid for high C; =
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upfﬁl (see Table 4) values. This can be explained by considering that

when C; is high, the heat/mass transferred to air is relatively high,
thereby leading to a significant change in air temperature/humidity
ratio profile at the entrance of the air channel in the DC-HX. This can
cause an error in a linear assumption. On the other hand, exponential
profile is capable to take this rather fast change into account and shows
more accurate results even for high C; values.

Appendix A:

Solution detail.
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The MRC and DCOP of the studied DC-HX are also compared for
various air flow rates. It should be noted that the regeneration and
adsorption cycle time varies for each air flow rate (34-136 m3/hr). The
cycle time is set in a way that at the end of each process, the DC-HX is
saturated, i.e., the outlet air approaches a steady-state condition. Fig. 9
(a) shows the MRC change with the air flow rate. As it can be seen, both
assumptions show good prediction for MRC. As it was mentioned before,
linear assumption’s error is mostly in prediction of peak’s humidity
ratio, which in current experiment is relatively short in comparison with
adsorption/desorption time. It means that by choosing shorter adsorp-
tion/desorption time this error is more emphasized. Fig. 9(b) shows
DCOP change with air flow rate. Exponential assumption shows a good
agreement with experimental data. As it is expected, linear assumption
error in lower air flow rates increases.

5. Conclusion

A new closed-form analytical model is developed that can predict the
performance of a DC-HX and validated against experimental data
collected in this study. The present model accurately predicts: i) the
humidity ratio, ii) temperature variations, iii) MRC, and iv) DCOP of the
DC-HX. Both assumptions of linear and exponential profiles are
considered for the air flow temperature and humidity ratio. After careful
examination and comparison with experimental data, it is concluded
that an exponential profile is more realistic as it provides more accurate
results for the DC-HX with average relative difference of than 10 %,
compared to linear profile with relative difference of 20 %. This study
provides insight in the heat and mass transfer and adsorption processes
involved in DC-HX and offer a computationally efficient tool for optimal
design and real-time control of dehumidification systems for a wide
range of applications.
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To solve the mentioned system of partial differential equations (PDEs) (Eq.(8) to Eq.(15)), following steps were taken:
The results for process (p) and regeneration (r) are shown as following subscript:

riff =p

j=porr=>j = e
J=p J {plﬁ:r

(e.8. 1 Ouug; = 1means : Oyugp =18& Oyape, = 1)

1- From Eq.(8) and Eq.(9) for both process and regeneration, 6, 0, (7) is expressed as functions of 0, i, and 64, (7). The same expression is obtained

for Qo from Eq.(10) and Eq.(11).

2- Replacing Qg ou: from step 1 into Eq.(12) and Eq.(13), Qg 4, is then obtained based on 00y 4,(7)/07, and 0y 4y,.
3- Replacing Qg q,; from step 2 into Eq.(14) and Eq.(15), as a result, the two PDEs are turned into second order ordinary differential equations

(ODEs):
0 davej +X1,0,

d,avg.j

+ X2,0u.avgj = X3,
where:
0/ = agd,avg\/(f)/aTr

d.avg.j

0" aavej = 0O (7) /07,

»

(A1)

(A2)

(A3)
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S 838 S184,S, A AS, ;S5
xu:(__uMJFMJF “’)XM (A4)

Ss; 82;8s;  AS2;Ss;  Saj S18a
AS; Ao Sy Aw AS; S5
X, — 3 J 95, A5
2‘, ( S182; + AT ) % S1Sa *3)
ASg_,’A{H S4J)ACU ASZ Ss
X, = S O in 0, e halA A6
3 ( $15, Cemi g, O ) X g g (A6)

For a linear profile assumption, one can use:

A=(1—exp(—S1)) (A7)
For exponential profile assumption, one can use:

A=125/(5 +2) (A8)

4- Solving each of the above two ODEs results in a solution with two constants (B, and B), four in total for adsorption and regeneration air (B1 p(orr)
and BZp(ur r) ):
As there are two constants, they are shown by the following subscript:

. L [2ifi=1
i=1lor2 =>1i = { lifi = 2 (e.g: Bip = lmeans: B, =1&B,, =1)
Ou g (7) = Bijexp(—24,7) + Bajexp(—do,7) +X3;/Xs, (A9)

where:

Aij = (Xl,/ £ /X1, — 4%, )/2 (A10)

5- In step 2, Qg q, Was obtained based on 644, and its first derivitive. Following that, an expression for Qg 4, with the same constants as 6,
(B1p(orr and By orr)) can be obtained:

By, By,
Qunj (1) = fﬁ” (SiA1; — (ASs; + S1Sa;) Yexp( — Auj7) + Asi (Sida, ;= (ASs; + 8184;) )exp( = Aaj7) + Quiny (A11)
2, 24
6- Applying the initial conditions (Eq.(16)) on Eq. (A9) and Eq.(A11) will lead to the following system of four linear equations and four unknowns,
i.e., B1p(urr) and BZp(urr)-
Note: By p(orr) and By p(orr) €quations are found by solving this system of equations. As it is a tedious process, only simplified solution is included
here.

Ouangp(0) = O avgr (1) (A12)
Oaangp(1) = Ouavgs(0) (A13)
Qg (0) = Quavg (1) (A14)
Qi avgp(1) = Qaarg,(0) (A15)

Based on the fact that heat and mass transfer reach the steady state at the end of each process, it can be concluded that exp( —4;;) is negligible. With
this simplification it can be concluded that:

A8y Q) — (R ) 510, - (483 + 5150

i (A16)
! S1(Aij = A¢ ;)

7-In the end, through the following equations outlet air temperature and humidity ratio equations (which are the target of this modeling) are
calculated.

Ha,umj(T) =A ed,avg,/'(T) + (l - A)aa.inj (A17)
Q aout.j (T) =A Qd,avgj(r) + (1 - A)Qa.in.j (A]. 8)
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