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Abstract

Efficient humidity control is essential for maintaining indoor thermal comfort, yet conventional vapor-
compression-based dehumidifiers are energy-intensive. Employing separate sensible and latent cooling
through desiccant-coated heat exchangers (DCHEs) combined with evaporative coolers offers energy
savings of up to 80% compared to conventional systems. However, the dehumidification performance of
DCHEs remains limited due to the use of polymer binders for coating desiccant materials onto heat
exchange surfaces. In our previous study, we developed a multilayer fixed-bed binder-free desiccant
dehumidifier (MFBDD) that demonstrated high dehumidification capacity and low pressure drop compared
to rotary desiccant wheels. Nevertheless, its potential for further enhancement through internal cooling and
the use of step-shaped adsorption isotherms has not been explored. In this study, a physics-based one-
dimensional (1D) transient model is developed and validated to capture the coupled heat and mass transfer
processes in the MFBDD and extended to simulate internal cooling using a high-capacity composite metal—
organic framework, MIL-101/GO-6 (water uptake ~1.6 g/g within 35-47% RH). The model enables
detailed analysis of local air and bed temperature dynamics and quantifies how internal cooling affects the
dehumidification performance under a wide range of operating conditions. Results show that integrating
internal cooling and using MIL-101/GO-6 enhance mass adsorbed, moisture removal capacity, and
dehumidification effectiveness by 50%—99% compared with the M.S. Gel baseline. The study further
reveals that achieving near-isothermal operation requires simultaneous enhancement of the convective heat
transfer coefficient and heat exchange surface area. This work provides the first detailed physical insight
into the interplay between internal cooling and step-shaped isotherms in a binder-free desiccant device and
establishes a validated modeling framework for scaling up and system-level performance evaluation of
next-generation energy-efficient dehumidification systems.

Keywords: multilayer binder-free desiccant dehumidifier; one-dimensional model; integrated internal
cooling; step-shape isotherm; heat and mass transfer; isothermal dehumidification
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1 Introduction
As buildings serve as the primary environment for work and living, people spend approximately 90% of

their time indoors [1]. Therefore, controlling indoor humidity is essential to safeguard occupant well-being
and prevent sick building syndromes. Elevated humidity level may result in mold growth, bacterial
proliferation, and other moisture-related issues, while excessively low humidity can lead to respiratory
discomfort and various health related problems [2]. Conventional indoor humidity control relies on energy-
intensive vapor compression systems, which cool air below its dew point to condense moisture, followed
by reheating to achieve ideal indoor temperatures [3]. In contrast, desiccant-based hybrid air-conditioners
(DHAC) dehumidify air above the dew point using suitable desiccant materials and are often paired with
evaporative coolers to achieve desired indoor temperatures for occupants’ thermal comfort [4, 5]. This
approach separates sensible and latent load management, offering a more energy-efficient solution [6].
Studies have shown that DHAC has the potential to reduce electricity consumption by 30%—-80% [7-9] and
achieve 75%-120% higher second law efficiency [10] as compared to conventional vapor compression-
based systems. Besides DHAC, desiccant materials are also attractive for drying applications due to their
low energy consumptions [11].

DHAC can be designed either using solid desiccant [12, 13] or liquid desiccant dehumidifier [14].
However, solid desiccant systems (SDS) are less prone to corrosion and have no desiccant leakage issue
when compared to liquid ones [15]. Therefore, significant efforts have been devoted to evaluate the
performance of SDS using a variety of desiccant materials. To date, silica gel or silica gel-based composites
are the most widely used desiccants as they are cheap and easy to synthesize in large scale. However, several
other new desiccants with large water vapor uptake capacities and improved thermophysical properties have
been investigated too, including metal-organic frameworks (MOFs) [13, 16-18], super adsorbent polymers
(SAPs) [19, 20], and hydrogels [21, 22]. Among these new desiccants, MOFs have attracted growing
attention owing to their unique porous architectures and facile functionalization, which make them
promising candidates for applications in moisture control [5, 6] heat transformation [23-27], and HVAC
[28, 29]. In particular, MOFs exhibit great potential for dehumidification applications due to their tunable
step-shaped sorption isotherms, which enable high moisture uptake within a narrow relative humidity range,
allowing performance optimization for specific climate conditions [30-32]. Studies have demonstrated that
MOF-based desiccants or composites can outperform silica gel and zeolite-based desiccants by 30%—50%
in terms of dehumidification capacity [16].

In addition to the development of new desiccant materials, innovative designs of solid desiccant
systems (SDS) have also been explored, including desiccant-coated heat exchangers (DCHEs) [33], rotary
desiccant wheels [34, 35], packed bed systems [36, 37] and fluidized bed systems [38]. Nevertheless,
DCHEs offer distinct advantages over other system configurations, including the absence of moving parts,
minimal size constraints, high surface-area-to-volume ratios, reduced pressure drop, and the potential for
internal cooling arrangements. Consequently, multiple studies have evaluated the moisture removal
performance of DCHEs using a variety of desiccant materials and geometric configurations of the heat
exchanger substrate [23, 24, 39-43]. However, since adsorption is an exothermic process, the enthalpy
released during water vapor uptake increases the desiccant bed temperature, thereby reducing
dehumidification performance. Suppressing this temperature rise is therefore crucial for enhancing moisture
removal efficiency. Li et al. [25] reported that higher face velocities and lower bed temperatures are
instrumental in improving mass transfer coefficients in SDS. In this context, DCHEs are particularly
attractive, as internal cooling can be readily integrated into their design to mitigate temperature rise during
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adsorption [29, 43-45]. Table 1 summarizes some of the recent studies that have investigated the

performance of internally cooled DCHE:s.

Table 1. Summary of the recent studies investigated the performance of internally cooled DCHEs.

Ref. | Methodology/ | Desiccants Key Conclusions and Critique/Research Gaps
Publication Used
Year

[10] | Steady state Ceramic silica | = Composite desiccants exhibited 2.6 times higher 2" law efficiency
thermodynamic | gel, PVA-LiCl and four times higher dehumidification capacity as compared to

model (1% and
2nd Jaw
analysis)
(2020)

(50w%), SAP-
HCO,K
(50w%), SAP-
LiCl (50w%)

silica gel.

= Reducing hot water temperature by 10 °C achieved two times
higher 2" law efficiency. But it will also adversely affect the
moisture removal ability. Hence a tradeoff is required.

= Chilled water flowrate was constant at 2.5-2.7 L/min. Thus, the
article investigated only the influence of varying chilled water
temperatures.

= Despite four desiccants being used, the article did not report the
adsorption-desorption isotherms of the desiccants.

[46]

Modeling
(2018)

Silica gel paper
composite,
Aluminum
fumarate

= The study reported a step-shape adsorption isotherm of aluminum
fumarate, but the maximum uptake was limited to 0.5 g/g only.

= Although the study compared adiabatic and water-cooled cases,
the study did not investigate the influence of varying chilled water
temperature and mass flow rates.

= Water cooled cases outperformed the adiabatic cases and achieved
70% higher removal of adsorbate.

= Although water uptake capacity of silica gel was lower, it achieved
17% and 66.6% higher adsorbate removal for water cooled and
adiabatic cases, respectively, when compared to aluminum
fumarate. The authors did not explain the underlying reasons for
high performance of silica gel.

[47]

Modeling &
Experiment
(2021)

Type B silica
gel with epoxy-
polyester
binder

= The study investigated the performance of a desiccant coated
microchannel heat exchanger (DMHE) and fin-tube heat
exchanger (DFHE). The study mainly focused on geometrical
parameters such as fin pitch and thickness, flat tube pitch and
thickness, and desiccant thickness.

= The results show that DMHE outperforms DFHE in terms of
thermal coefficient of performance, and air velocity was identified
as the most influential parameter for performance.

= The experiment was limited to DMHE only and model validation
was limited to comparing heat and moisture transfer coefficients.
The model was not validated for dehumidification capacity and
outlet air temperature with experimental results.

= The study did not discuss the transient evaluation of local air and
bed temperature. Air temperature at the outlet was reported.

= The study used hot water for bed regeneration only. Effect of
internal cooling during adsorption was not investigated.

[48]

Experiment
(2023)

Encapsulated
composite
desiccant
(AFLi30@P),
Type A silica
gel

= The study reports synthesis of a new encapsulated composite
desiccant (AFLi30@P) membrane with high water uptake capacity
3.8g/g. Only adsorption isotherm was reported, and desorption
isotherm was overlooked.

= Although new desiccant was membrane, it’s performance was
compared with Type A silica gel instead of comparing other
membranes.
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Temperature distribution of DCHE was reported at different time
steps for regeneration process only. Only qualitative data obtained
potentially by an infrared camera were provided, and no
quantitative data was reported. Besides, the authors did not provide
details of the temperature measurement device and process.

Only the influence of chilled water temperature on moisture
uptake difference was investigated, effect of chilled water flowrate
was overlooked.

The authors compared the performance of their DCHE with new
composite membrane against DCHEs from literature (coated with
different desiccants) and showed their DCHE can outperform the
other DCHEs. But the inlet conditions for DCHE with AFLi30@P
were different than the studies they compared with.

[33]

Experiment
(2019)

Silica gel
(SCHE), Silica
gel with

Sodium Acetate

(SASCHE),
Silica gel with
Potassium
Formate
(PSCHE)

SASCHE exhibited 10% and 30% higher dehumidification
capacity as compared to PSCHE and SCHE, respectively.

Despite new composite desiccants being synthesized, their
adsorption/desorption isotherm and stability under cyclic operation
were not reported.

Only the chilled water temperature variations were investigated
and chilled water flow rate variations was overlooked.

Key performance indicators were outlet air temperature, outlet air
humidity ratio, heating capacity and heat recovery efficiency.
Thus, the article overlooks the transient evaluation of local air and
bed temperatures.

Cycle duration was fixed to 720 sec. Thus, the article does not
discuss how internal cooling can influence the performance for
different cycle durations.

[40]

Experiment
(2024)

Silica gel with
LiCl (5w%)

The study investigated the performance of a silica gel and LiCl
coated DCHE for normal and deep dehumidification (i.e., air dew
point temperature below 0 °C).

Key performance indicators were moisture removal capacity
(MRC) (g/kg), COP defined as the ratio of enthalpy change of air
during dehumidification to the heat exchange with water during
both dehumidification and regeneration.

The study did not report the adsorption/desorption isotherm of the
synthesized composite desiccant. Also, the article did not report
dehumidification capacity which is a key performance indicator
commonly used in the literature.

The article did not investigate the air temperature change locally as
well as at the outlet and local bed temperature change due to the
internal cooling.

Despite water inlet and outlet temperatures were used in COP
estimation, but these data were not reported in the article.

[49]

Experiment
and modeling
(2024)

Composite
MIL-100 (Fe)
and silica gel

A DCHE was prepared using composite MIL-100 (Fe) and silica
gel and its performance was evaluated for three different binder
types (PVP, PVA and PVB).

The results showed that MRC of composite MOF could be as high
as 149.63% compared to silica gel coating and the cost of
composite MOF was 78.04% lower compared to pure MOF.
Although the article reported synthesis of new composite
desiccant, the performance of DCHE was evaluated using a
numerical model. Validation of the model was conducted using
data from the literature.

Model parametric study was mainly conducted for structural
parameters (fin height, spacing and coating thickness). For
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operating conditions only chilled water temperature and initial
moisture content of the bed were considered.

Thus, the article did not discuss the influence of inlet air humidity,
air flow rate, water flow rate, cycle duration. Also, the article did
not report on the local distribution of air and bed temperatures.

[50]

Experiment
(2024)

MIL-101(Cr)

MIL-101(Cr) was synthesized using hydrothermal method and its
equilibrium water uptake capacity was reported as 1.17g/g at 90%
RH. The adsorption isotherm exhibited a stepwise uptake at 35%
to 45% RH range. However, the authors did not report the
desorption isotherm of the synthesized MOF.

Performance of MOF coated DCHE was evaluated experimentally
under a wide range of conditions and using two different layouts of
DCHE (series and parallel). The reported dehumidification
capacities were in the range of 0.26-0.43 kg/h and 0.24-0.40 kg/h
for the parallel and series modes respectively.

The study only reported the dehumidification performance of the
DCHE and overlooked the air and water temperature at the outlet
as well as temporal evaluation of local air and bed temperatures.

[51]

Experiment
(2025)

Composite
desiccant
(Silica gel,
CaCl, 12 wt%,
HEC 3.3 wt%)

A counter flow DCHE featuring internal embodiment and coated
with composite desiccant were tested experimentally under variety
of operating conditions.

Key performance indicators were dehumidification capacity,
cooling capacity, COPemar, specific humidity effectiveness and
relative humidity effectiveness to be reported in the range 6.4-12.8
g/kgpa, 454-1545 W, 0.18-0.56, 54%-73% and 69%-85%,
respectively.

The article reported only adsorption isotherm of composite
desiccant but did not report the desorption isotherm. Also, the
article strongly claims composite desiccant used in the experiment
can be regenerated at ultra-low temperature (i.e., 50 °C), but
according to other literature, at 50 °C silica gel-based composites
cannot be fully regenerated.

The article compared the performance with other DCHE from the
literature, but the authors did not mention what desiccants were
used in that literature, which makes the performance comparisons
vague.

The article reported 90% energy savings compared to conventional
vapor compression refrigerant systems but did not provide the
details and basis of this estimation.

The articles reported air temperature at the outlet for the base case
only but did not show how it affected under different operating
conditions. Also, the article overlooked local distribution of air
and bed temperatures.

[52]

Modeling
(2024)

Silica gel

The study compared the performance of a wavy fin DCHE with a
plain fin DCHE and the results showed that wavy fin configuration
could achieve 61% higher dehumidification capacity.

The article did not provide any information on the desiccant used
including its adsorption/desorption isotherm.

The model assumed binder quantity is small and has no effect in
the modelling which is not practical.

The article reported only the air temperature at the outlet and
overlooked the local air and bed temperature distribution.
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Although DCHEs show great potential for efficient dehumidification, their current manufacturing
typically relies on coating desiccant materials onto heat exchange substrates using polymer binders. Several
studies have highlighted that the use of binders can significantly reduce the dehumidification capacity due
to pore blockage effects [53, 54]. To assess the true dehumidification potential of desiccant materials,
employing them in a binder-free configuration is essential. To address this challenge, in our previous studies
[55, 56], we reported the performance of a multilayer fixed-bed binder-free desiccant dehumidifier
(MFBDD) device, as illustrated in Figure 1. The device utilized a silica-based high-purity spherical Micro
Sphere Gel (M.S. Gel) as the desiccant (Figure le represents the scanning electron microscope (SEM)
image of spherical M.S. Gel particles), manufactured by AGC, Inc., Japan, which exhibits an S-shaped
(Type 1V) adsorption—desorption isotherm. The adsorption and regeneration performance of the MFBDD
device was systematically evaluated through both experimental investigations [55, 57] and numerical
modeling studies [56, 58].

Due to its sheet-type configuration (Figure 1b) arranged in a multilayer assembly (Figure 1a), the
MFBDD device demonstrated minimal flow restriction, achieving nearly 98% lower pressure drop
compared to conventional rotary desiccant wheels [55]. Besides, the MFBDD device employed a binder-
free configuration, wherein stainless steel (SS) mesh (Figure 1c and 1d represent the photograph and SEM
image of SS mesh, respectively) was used as the structural support to house the M.S. Gel desiccant instead
of coating them using polymer binder. This approach effectively eliminated the pore blockage issue and
facilitated higher water vapor uptake by the pure M.S. Gel desiccant. As a result, the MFBDD device
achieved approximately 36% improvement in moisture removal capacity compared to a typical rotary
desiccant wheel [55]. Figure 1f shows the optical microscope image of M.S. Gel desiccants loaded within
the SS mesh.

__ (c) SS Mesh
. . .
et o
e @
o
Desiccant
Particles Water Vapor

(f) M.S. Gel after
Loading in SS Mesh Wet Airin Adsorption

- :»--_: > (a) Process

M.S. Gel

SS Wires

(b) =Y 5

~L_| . I -~

- Bry Air out
Sheet-type desiccant bed

Figure 1. Illustration of multilayer fixed-bed binder-free desiccant dehumidifier (MFBDD) proposed
by Shamim et al. [55]. (a) MFBDD device showing the arrangement of desiccant sheets with inlet and
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outlet airflow directions, and water vapor adsorption mechanism in desiccant particles; (b) photograph of
sheet-type desiccant bed filled with M.S. Gel; (c) photograph of SS mesh used to fabricate desiccant bed
[59]; (d) SEM image of SS mesh showing the voids between SS wires [59]; (¢) SEM image of M.S. Gel
showing the spherical particles [60] and (f) Optical microscope image of the portion of desiccant bed filled
with M.S. Gel.

While the MFBDD demonstrated promising dehumidification performance, its potential for further
performance enhancement by integrating internal cooling remains unexplored. Lily et al. [61] conducted an
optimization study of a water-cooled MFBDD device using a lumped parameter model. However, the
effects of internal cooling and step-shape isotherms on the coupled mass and heat transfer characteristics,
along with the underlying physics, were not discussed in sufficient detail. In this study, we therefore
investigate the heat and mass transfer performance of the MFBDD in greater depth by incorporating internal
cooling and employing a MOF-based composite desiccant (MIL-101/GO-6, where GO-6 represents 6 wt.%
of Graphite Oxide) using a physics-based one-dimensional (1D) model framework. The composite MOF
considered in this study was reported by Yan et al. [62], and exhibited very high water uptake capacity
(close to 1.6 g/g) within a narrow relative humidity range (35% - 47%). To the best of authors’ knowledge
and based on the review of literature presented earlier in Table 1, the dehumidification performance of such
a composite desiccant characterized by high water vapor uptake within a narrow relative humidity range
has not yet been reported for an internally cooled binder-free dehumidifier configuration.

Furthermore, the existing literature largely overlooks the transient evaluation of local bed and air
temperature profiles, as well as the influence of internal cooling on dehumidification performance across
different cycle durations. These parameters are critical for advancing the fundamental understanding of the
adsorption process within the desiccant bed and for identifying pathways to enhance system performance.
Accordingly, the present study provides a detailed analysis of these parameters and their impact on overall
dehumidification behavior. Finally, the present study reports a detailed parametric study elucidating how
internal cooling influences the relative humidity within the bed, and how simultaneous enhancement of the
convective heat transfer coefficient and the heat exchange surface area between the chilled water and
desiccant bed facilitates near-isothermal dehumidification by maintaining the bed’s relative humidity
within the target narrow range corresponding to the step location in the desiccant’s isotherm. Such
discussions, which deepen the fundamental understanding of adsorption mechanisms in internally cooled
desiccant systems, also remain scarce in the literature.

To be noted that 1D model is often preferred over computational fluid dynamics (CFD) or lumped
parameter models as CFD requires intensive computation, and the lumped model cannot provide
information on the local distribution of parameters — such as humidity (mass transfer) and temperature
(heat transfer) — due to the assumption of spatial uniformity. In contrast, 1D models simplify the governing
equations along a single spatial direction, significantly reducing computational time while retaining most
of the key physics-based phenomena [63]. Due to their inherently modular and computationally lightweight
nature, 1D models are easier to scale up and integrate into system-level simulations, making them ideal for
training machine-learning algorithms requiring large datasets. Hence, in this study, a 1D model was
developed based on the coupled mass and energy conservation equations to establish a framework for future
performance optimization of MFBDD using data-driven and Al-assisted methodologies.

The developed model was validated for both adsorption and regeneration processes using
experimental data [55, 57] and CFD results [56, 58] from previous studies conducted on the MFBDD device
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without water circulation. Upon validation, the model was extended to evaluate adsorption performance in
the MFBDD device integrated with chilled water cooling. For the water-cooled cases, MIL-101/GO-6 was
selected as the desiccant due its high water uptake capacity within a narrow relative humidity range [62].
The effects of varying chilled water flow velocities and inlet temperatures were investigated, and a
comprehensive parametric study was conducted to identify the key factors enabling isothermal
dehumidification under water-cooled operation. The proposed 1D model provides a framework for system-
level performance evaluation that accounts for separate sensible and latent cooling processes, facilitating
the scale-up of the MFBDD device and its integration within building HVAC systems for improved energy
management.

2 Dehumidifier Design and Materials
2.1 Original MFBDD Design
Figure 2 illustrates the geometry and dimensions of the MFBDD desiccant sheet used for heat and mass

transfer analysis in the current 1D model. As shown in Figure 2a, the central region, measuring 200 mm
in length and 10 mm in width, contains the M.S. Gel desiccants loaded between SS mesh layers. The frame
dimensions are 210 mm x 20 mm. The cross-sectional view (Figure 2b) shows a vertical stack of five
desiccant sheets, each 1 mm thick, separated by air channels. This configuration results in a total height of
30 mm and a width of 10 mm (excluding the SS frame). The calculated cross-sectional area for five
desiccant sheets is 50 mm?, while the cross-sectional area for air channels is 250 mm?. This design offers a
balanced trade-off between desiccant loading and airflow passage, promoting efficient adsorption with
minimal pressure drop.

210 mm 10 mm
(without frame)
+—
Air

E Lach = Lpeda =200 mm Channel
a £
Desiccant — ::#:E E
- ™

DesiccantBed (@) Top View Sheet
SS Frame
No. of sheets =05, Sheet thickness 1 mm, Sheet Material: Steel

Agpeer(mm?) = 10 x 1 X 5;  Aycy(mm?) = (30 X 10) — Agpeer (b) Cross-Section

Figure 2. Physical dimensions of the desiccant sheet and air-channels in MFBDD prototype device.
(a) top view of the desiccant sheet; (b) cross-section view of the MFBDD device showing air channels (blue
area) and five desiccant sheets (white stripes). Total five desiccant sheets were used in MFBDD prototype.
Aspeer represents total cross-section area for five desiccant sheets and A4y represents total cross-section
area for six air channels. The length of air channel (L4¢y) and desiccant bed are assumed to be equal.

2.2 MFBDD with Internal Cooling
Figure 3 depicts the structure of the modified MFBDD desiccant sheet, incorporating hollow water

channels embedded within the 5 mm-wide stainless steel (SS) frame. This configuration enables concurrent
airflow over the desiccant layer and water flow along both lateral edges of the sheet. During the adsorption
cycle, the exothermic heat generated by water vapor uptake is effectively removed through heat exchange
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with the circulating cooling water. This thermal management suppresses temperature rise within the
desiccant bed, thereby enhancing adsorption capacity and mass transfer rates. The device can support both
co-current and counter-current flow of air and water (this study uses a co-current flow), offering flexibility
to maximize heat and mass transfer performance. The length of the water channel (Lyycy) is assumed to be
the same as the length of the air channel (Lgcy) (i.e., 200 mm).

ww ol

S

wiwd

Cross-Section

Figure 3. Three-dimensional view of the modified MFBDD device including water channels. Water
channels can be made on two sides by using hollow SS frames.

2.3 Desiccant Materials
The M.S. Gel desiccant (99.9% SiO,) employed in the MFBDD device was characterized by a pore diameter

of 2.7 nm, pore volume 0.60 ml/g, particle diameter 63—210 (63 mm down < 8.0% and 210 mm up > 10.0%),
and BET surface area 897 m?/g [55]. The adsorption and desorption isotherms of M.S. Gel was measured
at 298.15 K as presented in Figures 4a and 4b, respectively (solid red lines). The corresponding fitted
curves using the Langmuir—Sips equation [64] are shown as dashed red lines in the above figures. Figure
4c¢ shows the adsorption and desorption isotherms of MIL-101/GO-6 at 298.15 K, which exhibits a BET
surface area of 3522 m?/g and a total pore volume of 1.78 cm?®/g, as reported by Yan et al. [62]. MIL-
101/GO-6 was employed in the water-cooled MFBDD owing to its step-shaped adsorption isotherm within
a narrow relative humidity range, enabling a performance comparison with M.S. Gel, which exhibits an S-
shaped isotherm. Due to the absence of a single isotherm model capable of accurately capturing the step-
shape behavior of MIL-101/GO-6, piecewise-linear equations were employed to fit the isotherm across
three distinct relative humidity ranges: 0-35%, 35-47%, and 47-100%, as shown in Figures Sla-c,
respectively, in the SI. The thermophysical properties and total mass of M.S. Gel and MIL-101/GO-6
desiccants utilized in the present study are provided in Table 2 and Table 3, respectively.
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(a) Adsorption Isotherm (M.S. Gel)

(b) Desorption Isotherm (M.S. Gel)
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Figure 4. Adsorption and desorption isotherms of the desiccants considered in the present study. (a)
adsorption isotherm (experimental and fitted) of M.S. Gel [56]; (b) desorption isotherm (experimental and
fitted) of M.S. Gel; (c) adsorption/desorption isotherms of MIL-101/GO-6 and MIL-101 reported in [62].

Table 2. Thermo-physical properties of M.S. Gel

Properties Value Unit Ref.
Density 1100 kg/m?
Specific heat capacity 921 Jkg. K
Enthalpy of Adsorption 2.26x10° J/kg [56]
Adsorption rate constant 3.5x1073 s
'Bed porosity | Adsorption 0.3 - [56, 61]
(€bea) Regeneration 0.5 - [58]
Mass of Adsorption 0.0076 kg [55]
desiccant in Regeneration 0.0055 kg
five sheets
Thermal conductivity 0.34 W/m.K [65]
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!Bed porosity for adsorption and regeneration cases with M.S. Gel desiccant were adopted from our previous
modeling studies [56, 58, 61]. In previous studies this parameter was considered as a fitting parameter to obtain a
good agreement between numerical and experimental results.

’The mass of M.S. Gel was measured experimentally during the fabrication of desiccant sheets.

3Table 3. Thermo-physical properties of MIL-101/GO-6

Properties Value Unit Ref.
Density 1305 kg/m?
Specific heat capacity 1200 Jkg. K [66]
Enthalpy of Adsorption 2.52x10° J/kg
“Adsorption rate constant 3.5x1073 s Assume same as M.S.
Gel
Bed porosity 0.42 - -
Mass of desiccant in five sheets 0.0076 kg -
®Thermal conductivity 0.126 W/m.K [67]

Notes

3Due to the limited availability of thermophysical data for MIL-101/GO-6 in the literature, the properties of MIL-
101/GO-5, as reported by Xia and Li [66], have been adopted in this study. Additionally, the bed porosity for MIL-
101/GO-6 has been adjusted to ensure an equivalent desiccant mass between MIL-101/GO-6 and M.S. Gel, allowing
for a meaningful performance comparison.

“No reported values for the adsorption rate constant of MIL-101(Cr)/GO are currently available in the literature.
However, Wee et al. [68] report that the adsorption rate constant for MIL-101(Cr), across various binder ratios, is
on the order of 10* s™. Given that MIL-101(Cr)/GO exhibits a higher adsorption capacity than its parent material,
MIL-101(Cr), the same adsorption rate constant as that of M.S. Gel is assumed in this study for the sake of modeling
simplicity.

’Bed porosity for MIL-101/GO-6 was estimated assuming equal mass of M.S. Gel (i.e., 0.0076 kg in 5 sheets). The
volume of each 1.0 mm thick sheet is 2x10° m3as per dimensions shown in Figure 2. Bed porosity can be estimated

%4
according to the expression: Epeq =1 — S/ (Vs + Vsheot

) where Vs and V sheerrepresents volume of solid and sheet,

respectively.

®Due to the lack of available data for MIL-101/GO in the literature, the thermal conductivity of MIL-101(Cr)-5%GrO
at 303 K, as reported by Elsayed et al. [67], has been adopted in the present study.

3 Model Description and Simulation Method
3.1 Model Assumptions
= Equations of mass and energy balance are solved in axial direction (X-axis) only.

= The bed porosity is assumed to be uniform in axial direction.

=  Temperature dependency of desorption isotherms is not considered in the modeling of
regeneration process.

= Only the macroscopic properties (i.e., inter-particle porosity and adsorption/desorption rate
constant of desiccant bed) are considered in the governing equations to model moisture transport
in the desiccant bed.
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= The influence of intra-particle porosity (i.e., transport inside the particle) is assumed to be included
in the experimentally measured adsorption/desorption isotherms.

= The convective heat transfer coefficients between the desiccant bed and flowing air, and between
desiccant and ambient, as well as adsorption/desorption rate constants of the desiccant bed are taken
as fitting parameters for simplicity and due to the lack of appropriate models.

= Saturation vapor pressure and partial vapor pressure of water vapor in the desiccant bed is estimated
using average desiccant temperature assuming local thermal equilibrium between the desiccant and
air within the bed.

= Thermal resistance between the desiccant bed and water channel is neglected due to the tiny
thickness (0.1 mm) of the channel wall thickness.

3.2 Governing Equations: Mass and Energy Banalce

Mass balance: The coupled heat and mass transfer processes in the MFBDD desiccant bed are described
by a series of 1D partial differential equations. The mass balance (Eq. (1)) accounts for the transient
accumulation of moisture content in the desiccant bed, convective and diffusive transport of water vapor in
air, and the adsorption rate within the desiccant matrix.

aw aw d2w Pdes (1 — €pea) Asneer dQ
— + Ugir—— = Dair - - - = = Eq. (1)
dt dx dx? Pair (Aach + EpeaAsheet) dt

In above equation, Agpeer= 51072 m2, Aycy= 2.5x10~% m2, Dy, is taken as 2.82 X 10~

m? s—1; and the values of inter-particle porosity in the bed, £peq used for different cases are listed in Table

dQped
dt

1 and Table 2. Modeling of the source term representing the rate of moisture adsorption will be

discussed in section 3.3.

Energy balance in the air channel: The energy balance in the air channel (Eq. (2)) considers
unsteady and convective heat transfer, axial conduction, and heat exchange with the desiccant bed through
the interface area.

dTair dT g

U dsz-r hsa Asa
dt air

dx  Fair gy + (Aach + €pedAsheet) Pair Cpair Lacu (Tvea — Tair) Eq. (2)

InEq. (2), Asq =2 x1072m? | ag;y =1.9 X 107> m2 571, poy = 1.225 kgm=3, and Cp qir =
1.027 x 103 ] kg=! K=, hyg is treated as a fitting parameter and is taken as 7.9 Wm~2.K~! for adsorption
and 25 Wm=2.K~! for regeneration in the present study [56, 58, 61].

Energy balance in the water channel: The energy balance in the water channel (Eq. (3)) accounts
for thermal transport and heat transfer from the desiccant bed to the circulating water. Due to the minimal
channel thickness (0.1 mm), the heat capacity and conduction resistance of the water channel is neglected.

dar,, ar, _ _ d?T, how Asw
dt T Uy dx — w dx2 + Awch Pw Cpw Lwen (Tbed —Tw) Eq. (3)

In the above equation, constants Aycy = 3.84 X 1070 m?, A,=3.2 X 1074 m?, Lycy = 0.2m,
a,=1.41x 107" m? s~1 and C,,,, =4185 Jkg~ 1K~ (evaluated at 288.15 K). p,, is modeled as functions
of temperature by fitting a third-order polynomial equation to the experimental data of water density across
a range of temperatures sourced from reference [69], as shown in Figures S2 in the SI. Modeling of the
term hg,, will be discussed in section 3.4.
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Energy balance in the desiccant bed: The energy balance within the desiccant bed is modeled
under two scenarios. For the dry case (Eq. (4)), heat accumulation is governed by conduction, adsorption
heat release, convective exchange with air, and ambient heat loss. For the water-cooled case (Eq. (5)), an
additional term is included to represent convective heat transfer between the desiccant bed and the cooling
water. In both cases, the heat of adsorption is modeled as a source term dependent on the adsorption rate.

dThed _ d?Thea | HadsMaes dQpea  _Nsa Asa _ hamp
dt - abed dx? mbedcp,bed dt - mbedcp,bed (Tbed - Tair) - mbedcp,bed (Tbed - Tamb) Eq (4)

dTbed —q dszed Hadsmdes deed _ hsa Asa (T T ) _
dt bed dx2 mbede,bed dt mbede,bed bed air
hsw Asw Ramb
mbede,bed (Tbed - TW) - mbedcp,bed (Tbed - Tamb) Eq (5)

In Eq. (4) and Eq. (5), Hags is taken as 2.26 X 10° ] kg—! for M.S. Gel [56], and 2.52 X 10°
J kg~ for MIL-101/GO-6 [66]. Here, hamp, is used as a fitting parameter and its values are adopted as
0.104 W K~ for adsorption and 0.25 W K~ for regeneration, for the total heat exchange surface area of
the dehumidifier with the ambient [56].

Boundary and initial conditions: The boundary conditions used to solve the equations (Eq. (1) through
Eq. (5)) are listed in Table S1. The initial conditions used in the model validation for adsorption [56] and
regeneration [58] are listed in Table S2 and Table S3, respectively, in the SI.

3.3 Modeling of Adsorption Kinetics

The adsorption kinetics within the desiccant bed are modeled using the Linear Driving Force (LDF)
approach [70] as expressed in Eq. (6), which assumes that the rate of adsorption is proportional to the
difference between the equilibrium adsorption capacity Q.4 and the instantaneous adsorption value Q.

% = KLDF(Qeq - Qbed) Eq. (6)

In Eq. (6), K;pF is a fitting parameter and adopted as 3.5 X 1073 s~ for both adsorption and

regeneration cases with M.S. Gel and MIL-101/GO-6 based on our previous studies [56, 61]. To initialize

the numerical iteration for Eq. (6), the initial mass of water in the desiccant bed is taken as 6 X 10~>

kg kg ce (tepresenting initial mass of water close to zero) and 4 X 10~ kg kgy/s (., (representing

2.3x1073 kg water in 5.5x10-3 kg M.S. Gel) for adsorption and regeneration, respectively as estimated in our
previous modeling studies [58, 61].

The equilibrium uptake Q.4 of M.S. Gel is modeled using the Langmuir-Sips isotherm model
which captures both Type I (Langmuir) and Type V (Sips) adsorption behavior through a two-term
expression as expressed in Eq. (7) [64]:

— big bao"

here, parameters a, b1, b, and n are fitting parameters to fit the experimental adsorption and
desorption isotherms of M.S. Gel. Table S4 lists the numerical values of the parameters a, b1, b, and n.
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In Eq. (7), @ is the relative humidity of air within the bed and is defined as the ratio of the partial
vapor pressure P, to the saturation vapor pressure Py, as below [56]:

x 100 Eq. (8)

The saturation vapor pressure and partial vapor pressure are determined using Eq. (9) and Eq. (10),
respectively [56]:

17.27(Tped.avg — 273.15)
Py = 610.78 ex avg Ea. (9
s p( (Tbed,avg—35-85) ) q ( )

Wavg Pair R Tbed,zwg
M,,

P,= Eq. (10)

Here, constants R = 8.3145 Jmol='K—1, M,, =18.015 x 1073 kg mol~!. In the equations of
Pgqt and P, the average temperature of the bed (Thedavg in K) is used assuming a local thermal
equilibrium between the desiccant and air within the bed [56]. In Eq. (10), W 4,4is the average air specific
humidity within the air channel.

3.4 Modeling Convective Heat Transfer Coefficient of Water

The convective heat transfer coefficient between the cooling water and the desiccant bed, hy,,, is calculated
using the Nusselt number correlation as expressed in Eq. (11) [61]. The Nusselt number is estimated from
the empirical correlation provided in Eq. (12), which is valid for laminar, fully developed flow. The
Reynolds number and Prandtl number are estimated using Eq. (13) and Eq. (14), respectively, for different
water temperatures and flow conditions. The hydrodynamic entry length for laminar flow is calculated
using Eq. (15) and is found to be 104.19 mm at a water flow velocity of 1 m s~1. Since this entry length is
significantly smaller than the total length of the water channel, the flow within the channel is assumed to
be fully developed.

Nuk,,
how = D, V' wherey = 1/6 Eq. (11)
Nu = 0.00881 Re%-8991py0.391 Eq. (12)
WD w
Re =2t Eq. (13)
Cow bw
Pr= pT Eq. (14)
Lentry = 0.05 Dy Re Eq. (15)

Here, k,, = 0.59 Wm—1K~1, treated as constant at 288.15 K. u,, is modeled as functions of
temperature by fitting a third-order polynomial equation to experimental data of water dynamic viscosity
across a range of temperatures sourced from reference [71], as shown in Figure S3 in the SI.
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3.5 Auxiliary Equations

Several other auxiliary equations are used to solve the governing equations of mass and energy as listed in
Eq. (16) through Eq. (23) [56, 61]. In Eq. (16), the total mass of the desiccant bed, myq, is the sum of the
mass of the desiccant material (mges) and the mass of air within the bed (Mg in_peq). The thermophysical
properties of desiccants (e.g., density (pqes), specific heat capacity (Cp,qes) and thermal conductivity (Kges))
for M.S. Gel and MIL-101/GO-6 used in Eq. (16) through Eq. (23) are listed earlier in Table 1 and Table2,
respectively.

Mped = Mdes T Mair_in_bed Eq. (16)
Mies = (1 - 5) Pdes Asheet Lacu Eq. (17)
Mair_in_bed = Ebed Pair Aach Lacu Eq. (18)
Cp, bed = €bed Cp,air +(1 - Sbed)Cp.des Eq. (19)
Kpea
Aped = (pcpjbed Eq. (20)
kpeda = €ped Kair + (1 — €pea)kdes Eq. (21)
(pcp)bed = &bed Pair Cp,air + (1 - gbed) Pdes Cp,des Eq- (22)
kair = Qair Pair Cp,air Eq. (23)

3.6 Simulation Method and Performance Indicators

The conservation equations of mass and energy, along with the supporting equations described in the
previous sections, are solved in MATLAB (version R2024b) using the method of lines approach [72]. The
system of partial differential equations (Egs. (1)—(5)) is transformed into a set of ordinary differential
equations (ODEs) by discretizing the spatial derivatives: first-order derivatives are approximated using the
backward-difference scheme, while second-order derivatives are treated with the central-difference scheme.
The resulting ODE system, along with the associated algebraic equations, is solved using MATLAB’s
ode23s solver. The air channel, desiccant bed, and water channel are each discretized into 50 uniform
segments (N=50, where N represents the total number of segments, and N;,, N, N;....Ns, representing
individual segment numbers), corresponding to a spatial resolution of 0.4 m per segment. For all cases,
inlet, middle, and outlet are defined at the 2™ (N,), 25" (N,;5), and 49" (N,9) segment. The 1% and 50"
segments are used to supply inlet and outlet boundary conditions, respectively. A fixed time step of 1 second
is used, and simulations are conducted over a total period of 900 seconds.

The performance of the MFBDD device is evaluated based on four key indicators: (i) total mass of
water vapor adsorbed in or desorbed from the bed (g), (ii) dehumidification or regeneration capacity (g
kgp2), (iii) air temperature difference between outlet and inlet of the dehumidifier (AT ;) in K, and (iv)
the mean bed temperature (K). The definition of these performance indicators is available in our previous
studies with the MFBDD device [55-58, 61]. The numerical expressions used in the present study to
estimate these performance indicators at each individual time-step are expressed through Egs. (24)—(28).

Total mass adsorbed or desorbed (g) = Qpeq X Mges X 1000 Eq. (24)
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Dehumidification capacity (DC) (g kgps) = (W iy — W pye) X 1000 Eq. (25)

Regeneration capacity (g kgps) = (Woue — W) X 1000 Eq. (26)
AT gir (K) = Tair_out - Tair_in Eq. (27)
Mean bed temperature (K) = Mean (Tbed(Nz):Tbed(N 49)) Eq. (28)

4. Experiment and Model Validation

4.1 Experimental Setup and Procedure

Test facility: The adsorption and regeneration performance of MFBDD device (without water) employing
M.S. Gel desiccant was evaluated experimentally and reported in detail in our previous studies [55, 57]
using a test facility as shown in Figure S [57], built at the University of Tokyo, Japan. A photograph of the
test facility is provided in Figure 6 [57]. The system consisted of a test section (MFBDD dehumidifier
device), a gas mass flow meter (Azbil Corporation, CMS Series) to measure the incoming air flow rate, two
humidity sensors (Rotronic HY GROLOG-HL-NT3), and a differential pressure gauge (OMRON ZN-
DPX21-S). A humidity controller (Kotohira KTC-Z02A) was used to supply inlet air at desired temperature
and humidity. A three-way valve was used to regulate the air flow from the humidity controller to the test
section, which facilitated by-passing of the air heater during adsorption. The test section was placed inside
a constant-temperature oven (Yamato, DKN 402, temperature range 10-260 °C) to precisely control the
ambient temperature and the whole test facility was insulated to avoid heat loss to the ambient during the
regeneration experiment. An air heater was used to supply hot air during the regeneration process, and the
temperature of the air heater was controlled using a proportional-integral-derivative (PID) controller.

Humidity Sensor —| Data Acquisition System [— Humidity Sensor
(Outler) (Inlet)
0 Te:l Tmid Tent
(]
® ® .-\ilIcIunlol ° ®
u T & Bed ® I i
- Air|channel -
200 180 160 100 40 20 0
Const. Temp. Oven . i Flow Meter
\ " / I Flow Control Valv I
o S = <
Vy
Dry Airin Multilayered Desiccant Dehumidifier N, Cylinder :‘XJ
i (Regeneration) N
Humidiry
. Controller
o o
Sheet-type Desiccant Bed Wet Air Out
~ Three Way Valve “i‘+
I Air In —
MFBDD Test Section .

Figure 5. Schematic of the test facility used in the experimental adsorption and regeneration
performance assessment of MFBDD device [57].
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Figure 6. Photograph of the test facility used in the experimental adsorption and regeneration
performance assessment of MFBDD device [57].

Sensor locations and data acquisition: Eight K-type thermocouples were installed at various locations in
the test section as illustrated in Figure 5 to record the local desiccant bed and air temperatures. To ensure
precision of temperature data, all the thermocouples were calibrated using constant temperature calibration
bath. The inlet and outlet temperatures of air (74 in and Ty ou, respectively) were recorded at the inlet and
outlet plenums of the test section, respectively. For the adsorption experiments, both air and bed
temperatures inside the device were recorded at x=0.012 m, 0.10 m and 0.188 m from inlet towards outlet.
For the regeneration experiments, thermocouple positions were slightly modified, the bed temperatures
were recorded at an axial distance x = 0.04 m, 0.10 m and 0.16 m; and air temperatures were recorded at x
=0.02 m, 0.10 m and 0.18 m from inlet to outlet. A National Instrument (NI) compact USB data acquisition
system (NI ¢cDAQ-9174) with 8-channel thermocouple input module (NI-9219) powered by LabVIEW was
used to record the transient bed and air temperatures at a 1 s interval. Inlet and outlet air humidity and
pressure drop data were recorded at an interval of 5 s using distinct data loggers provided by the
manufacturers of the respective sensors.

Test procedure: The details of the experimental test procedures during adsorption and regeneration
experiments are provided in our previous studies [55, 57]. The adsorption experiment comprised of the
following two steps [55]: (i) drying the M.S. Gel bed using dry Nitrogen (N,) gas at room temperature, and
(i1) supplying the wet air at desired humidity and temperature from the humidity controller to the test section
via inlet plenum, which was an empty space at the upstream of the test section to ensure uniform distribution
of the incoming air through all the desiccant layers. Dry N, gas was used in step (i) to precisely control the
initial condition of the desiccant bed before each experimental run. During the experiment, moist air flowed
over the desiccant beds, adsorption occurred, and the dry warm air appeared at the outlet of the test section.
The constant temperature oven was not in operation during adsorption experiments.

Unlike adsorption experiment, the regeneration experiment comprised of six steps as illustrated in
Figure 7 [57]. The first two steps included drying of the desiccant bed using N2 gas, then adsorption at
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room temperature to ensure the same initial mass of water accumulated in the bed prior to each experimental
runs [57]. After that hot air was supplied to the test section under a wide range of conditions to evaluate the
regeneration capacity of the bed in different conditions. Following hot air regeneration, the desiccant bed
was cooled down and a second adsorption was conducted to understand the effect of different regeneration
conditions on the following adsorption process.

Steps in Regeneration Experiment

Drying of desiccants using dry N,
(room temperature)

4

Adsorption (1st)
(room temperature)

4

Preheating of test section in oven
(as mentioned in Table 1)

Regeneration by hot air
(as mentioned in Table 1)

Cooling of test section
(room temperature)

Adsorption (2nd)
(room temperature)

Figure 7. Flowchart showing the steps included in the experimental regeneration performance
evaluation of the MFBDD device [57].

Test conditions: The details of the experimental conditions during adsorption and regeneration processes
are also provided in our previous studies [55, 57]. In the original studies a wide range of conditions were
investigated including varying air inlet humidity, inlet velocity and desiccant bed thickness. However, in
the present study air velocity was maintained constant at 0.9 ms™! during both adsorption and regeneration
experiments. This velocity was chosen based on the ASHRAE Standard 55-2021: Thermal Environmental
Conditions for Human Occupancy, which states that the upper limit of average air speed should be 0.8 ms-!
for air temperatures above 25.5°C to ensure occupants’ thermal comfort. During adsorption three different
humidity mixing ratios (10.01 g kg!, 14.87 g kg'!, and 23.19 g kg!) were chosen for in the inlet air. The
respective air inlet temperatures and air relative humidities are provided in Table 4. These humidity mixing
ratios were chosen to cover a wide range of humidity conditions (from very high, medium and low) during
the performance evaluation. During regeneration, humidity mixing ratio and air temperature at the inlet
were kept constant at 8.0 g kg'! and 325 K, representing 9.52 % relative humidity.

Table 4. Inlet air humidity mixing ratio, temperature and relative humidity during adsorption
experiment

Humidity Mixing Ratio (g kg™') Air Temperature (°C) Air Relative Humidity %
10.01 26.49 46.8%
14.87 26.21 70.5%
23.01 28.31 96.7%
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Uncertainty analysis: The details of the uncertainty estimation including uncertainty of sensors and
measured data during adsorption and regeneration experiments are provided in our previous studies [55,
57]. In summary, the propagated uncertainty, dUp was estimated using Eq. (29), where dUg is the
uncertainty is associated with the repeatability of the experiment, and dU is the uncertainty associated with

the measuring instruments.
AUp=\0Ug? + 0U,? (29)

The magnitude of AU in the current study is £5% based on the repetitive measurement data provided in
Figures 8(a)-(d). The magnitude of dU; for different sensors used in the experiment are provided in Table

5. The propagated uncertainty for mass of adsorbed/desorbed and bed/air temperature were 5.06% and
5.05%, respectively, based on the Eq. (29).

Table 5. Operating range and accuracy of the sensors used in the experiment

Sensor Name Manufacturer and Operating Range Accuracy
Model
Mass flow meter Azbil Corporation 0-50 Lmin™! +3%
(CMS Series)
Differential Pressure OMRON (ZN-DPX21- | £500 Pa +3%
Sensor S)
'RH sensor Rotronic (HL-NT3) -10 to 60 °C; +0.1 °C; £0.8% RH
0-100% RH
K-Type Thermocouples | National Instruments 0-482 °C +2.2 °C or £0.75%
'RH: Relative Humidity
15 T T T T » T T T T
(a)
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Figure 8. [S7] Here, m;.4 is the mass of water desorbed from the bed during regeneration, Tf,fl-‘fi is the

bed temperature recorded at the middle (x=0.1 m), T%, is the air temperature recorded at the middle (x=0.1
m), and Mg is the mass adsorbed in the bed during 2" stage adsorption as illustrated earlier in Figure 7.
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4.2 Model Validation: Adsorption
The developed 1D model was validated against adsorption experiment data obtained from our previous

study with the MFBDD device (without water channel) [55] and also compared with results from a
previously published CFD model by Hsu et al. [56]. The inlet boundary conditions used in this case for
humid air specific humidity, velocity and temperature are 0.0148 kg kgps, 0.9 ms—1, and 300 K
respectively. The desiccant bed was assumed to be at 300 K initially. The ambient temperature was assumed
to be constant at 300 K. As shown in Figure 9a, the predicted total mass of water vapor adsorbed over time
(red solid line) closely matches the MFBDD experimental results (blue solid line). The model deviations
remain within a margin of £6% (gray shaded area), when compared to both the MFBDD experiment and
Hsu’s CFD model (dash black line). Similarly, in Figure 9b, the DC (g kgp5) predicted by the 1D model
aligns well with the experimental data and Hsu’s CFD results throughout the adsorption cycle, maintaining
deviations within 10% (gray shaded area). The spatial distribution of humid air specific humidity versus
time at three distinct locations (inlet, middle and outlet) is shown in Figure S4 in the SI.
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Figure 9. 1D model validation results for adsorption (without water) against MFBDD experiment
data [55] and CFD model data of Hsu et al. [56]. Comparisons of (a) mass adsorbed, (b) dehumidification
capacity and (c) air temperature difference between inlet and outlet of the dehumidifier device. (inlet and

initial conditions: W = 14.8 g kgp4, Uair = 0.9 ms™L, Tair in = 300 K, Tpeq = 300 K, Tamp = 300 K).

Figure 9c presents the air temperature difference (AT 4;,-) between the outlet and inlet, where the
1D model successfully captures the Hsu’s CFD results with reasonable accuracy, remaining within a +5%
margin (gray shaded area). However, both the 1D model and the CFD model fall short in accurately
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reproducing the experimental AT ;- observed in the MFBDD system. This discrepancy arises primarily due
to the assumption of a constant convective heat transfer coefficient between the air and the desiccant bed (
hsg). Capturing the dynamic behavior of AT 4;,- in the MFBDD experiment requires incorporating a time-
dependent hg,, which will be discussed in the next section. Overall, the 1D model demonstrates strong
predictive capability with respect to key performance indicators, validating its suitability for simulating the
coupled heat and mass transfer phenomena in the MFBDD system.

“To be noted that experimental validation of present 1D model under water-cooled conditions in
MFBDD device is not feasible as the current device and test facility cannot be modified for chilled water
circulation. In the current model, adsorption of water vapor in the bed is mainly governed by the following
key parameters which are same for the beds without and with internal cooling: interparticle porosity of the
bed, adsorption rate constant, and adsorption isotherm of the desiccants. Adding the equation of water
circulation in the energy balance only facilitates additional heat transfer between the bed and circulating
water, which reduces the desiccant bed temperature and leads to a higher dehumidification performance.
Thus, water circulation does not directly affect the key parameters involved in adsorption of water vapor in
the bed, and hence this should not affect the predictive nature of 1D model. This approach was also adopted
in our previous performance optimization study of the MFBDD device [61].

4.2.1 Time-dependent Convective Heat Transfer Coefficient for Adsorption

Figure 10 demonstrates the capability of the 1D model to capture the experimental AT ;- of the MFBDD
device when a time-dependent convective heat transfer coefficient hg, (t) is incorporated into the energy
equations for air (Eq. (2)) and dry desiccant bed (Eq. (4)). The time-dependent behavior of hg, is simulated
using the following empirical expression:

hsa(t) = p(1 — e(—aD+7)+g Eq. (30)

In the above equation, t is the time, and p = 10, ¢ = 0.0013, r = 0.05, and s = 4.7, are the fitting
parameters. This expression provides a physically meaningful evolution of hg,(t), starting from an initial
value and asymptotically approaching a maximum (Figure 10a).

Figure 10b compares the predicted AT ;- after incorporating hg,(t) in 1D model (red line) against
experimental MFBDD data (blue line). With the time-varying hg,(t), the 1D model accurately captures the
transient behavior of AT;., consistently staying within the £5% range (gray shaded area) of the
experimental data. This result confirms that incorporating a time-dependent convective heat transfer
coefficient significantly improves the model's ability to simulate realistic thermal behavior in the MFBDD
system.

Page 22 of 45



12 T T T T 10 T T T

"l (a) | (b) —— MFBDD
8 - -=-=Hsu CFD
10} N —— 1D Model
¥ [ e Deviations +5% |
o~ g r . Bl -
£ < |
g ¢
= g
i 414 ERRC SO
=
E |-
2 ,
5" heo() =p(1 - e(‘qt)+"r)+s
4 ! . 1 0 1 L 1 1
0 200 400 600 800 100 0 200 400 600 800 1000
Time (s) Time (s)

Figure 10. Comparison of air temperature difference (AT ;) between inlet and outlet of MFBDD
device obtained by 1D model (present study) when time-dependent convective heat transfer co-
efficient (hsq(t)) is considered between the bed and air. (a) The time-dependent profile of hg,(t) and
the corresponding equation used to obtain the profile, and (b) the comparison of AT 4;,- obtained by using
the time-dependent hg,(t) in the 1D model. The 1D model successfully captures the experimental data of
AT 4i- when the time-dependent hg,(t) is used. Inlet and initial conditions considered in this comparison
are: W = 14.8 g kgp 3, Ugir = 0.9 ms™ 1, T iy in = 300 K, Theq = 300 K, T g = 300 K.

Figures 11(a) and 11(b) compare the time course of mass adsorbed in the bed and dehumidification
capacity, respectively for the cases when hg,was treated as constant and as a function of time. The
comparison reveals that the variations in mass adsorbed and dehumidification capacity remain within £5%
and £6% (gray shaded region), respectively, when hg, is considered time-dependent relative to the constant
hg, case. Hence, to simplify the modeling framework without significant loss of accuracy, the constant hg,
was adopted for the rest of the parametric study, consistent with our previous modeling studies [56, 61].
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Figure 11. Comparison of (a) mass adsorbed and (b) dehumidification capacity obtained by 1D model
for the cases when hg, treated as constant and as a function of time.
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4.2.2 Spatial Distribution of Desiccant Bed and Air Temperature: Limitation of the 1D Model
The spatial distribution of air temperature and desiccant bed temperature during the adsorption process at

three axial locations (7 inand Theq in at x= 0.012 m, Tyir mig and Thed mia at 0.1 mm, and Ty oy and Tieq oue at
0.188 m) predicted by the 1D model is compared against Hsu’s CFD results and MFBDD experiment
results. Figures 12a-c show the air temperature comparisons at the respective locations, and Figures 13a—c
present the corresponding desiccant bed temperature comparisons. The results indicate that for the air
temperature, 1D model exhibits better accuracy than CFD model. For instance, the deviations between 1D
model and experiment lies within +£0.5% (gray shaded area in Figures 12a-c), while the deviations between
CFD results and experiment lie within +1% (pink shaded area in Figures 12a-c.). The qualitative trend of
the air temperatures obtained from the experiment (i.e., air temperature gradually increases from inlet to
outlet) is captured by both 1D model and CFD model in this case.
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Figure 12. Air temperature distributions obtained by 1D model and compared against CFD model and
MFBDD experiment results [56] during the adsorption process. (a) Ty in at X = 0.012 m, (b) Tyir miq at X =
0.10 m and (¢) Ty o at x= 0.188 m. The pink and gray zones indicate £1.0% and +0.5% deviations
respectively, using experiment results as baseline. The inlet and initial conditions are: W, = 14.8 g kgp 3,
Ugir = 0.9Ms™L, Tyir in = 300 K, Tpeg = 300 K, T gy = 300 K.

For the bed temperature, both 1D model and CFD model exhibit larger deviation as compared to
the cases of air temperature. However, near the inlet the deviation between 1D model and experiment is
smaller (+4.5%, gray shaded area in Figure 13a), as compared to the deviation between CFD and
experiment (6 %, green shaded area in Figure 13a). At middle and near outlet the deviations lie within
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+3% (pink shaded area in Figures 13b-c) for both 1D model and CFD model when compared to the
experiment. Thus, in terms of the deviation margin, 1D model performs slightly better than the CFD model.
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Figure 13. Bed temperature distributions obtained by 1D model and compared against CFD model
and MFBDD experiment results [S6] during the adsorption process. (a) 7Ty in at X =0.012 m, (b) Tyir mia
atx=0.10 m and (c) Tyir ou at x= 0.188 m. The green and gray zones in panel (a) indicate £6.0% and +4.5%
deviations respectively, and the pink zone in panel (b) and (c¢) indicates +3.0% deviations, using experiment
results as baseline. The inlet and initial conditions are: Wy, = 14.8 g kgpa, Ugir = 0.9 ms—1, T air in
=300K, Tpeq =300K, Tymp =300 K.

However, to be noted that the trend of local bed temperature in MFBDD experiment was as follows: the
peak bed temperature appeared at the middle (Tpeg miq), followed by Theq our and Tpeq in as shown in
Figure 14a. In the case of CFD results (Figure 14b), the bed temperature was highest at the inlet, followed
by Thed mid and T peq in- In the case of 1D model results (Figure 14c¢), the peak bed temperature was highest
at the outlet, Tpeq miq Was nearly identical to Tpeq oyt and Tpeq in Was the smallest. Thus, both CFD and
1D model failed to accurately predict the trend of local bed temperatures in the experiment. This
discrepancy arises because both models assume a uniform porosity of the desiccant bed along the axial
direction, whereas this assumption may not hold true in the actual MFBDD device. During the experiment,
the incoming airflow caused slight movement of the desiccant particles toward the middle of the bed due
to the binder-free configuration. As a result, the bed porosity near the inlet region became relatively higher,
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leading to a smaller amount of desiccant material and consequently a minimal temperature rise in this region
during the experiment.
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Figure 14. Comparisons of local bed temperature distributions. (a) MFBDD experiment [55], (b) CFD

results of Hsu et al. [56] and (c) present 1D model. The inlet and initial conditions are: W;,, = 14.8 g kgpa,
Ugir = 0.9ms™, Tyir in =300 K, Tpeg = 300 K, T gy = 300 K.

From Figures 14b and 14c, one can also observe that the trend of local bed temperature as
predicted by the 1D model is opposite to that observed in the CFD results: the 1D model shows an increasing
bed temperature from inlet to outlet, whereas CFD results show a decreasing trend along the axial direction.
During the operation of the MFBDD system, the majority of water vapor adsorption occurs within the initial
few tens of seconds. As adsorption progresses, the mass transfer zone advances from the inlet toward the
outlet due to gradual saturation of the desiccant material. Consequently, the majority of the enthalpy of
adsorption is released near the inlet at the onset of adsorption. Thus, a higher desiccant bed temperature
near the inlet physically reasonable for a bed with uniform porosity in the axial direction. However, in the
current 1D model, the adsorption kinetics is governed by the average specific humidity of air (W4,,4) and
average bed temperature (T ped, avg) across the spatial domain, as used in Egs. (9) and (10) to estimate Pgq¢
and P, respectively. This modeling approach is based on the lumped parameter method used by Lili et al.
[5] in their performance optimization study of the MFBDD system. Attempts to implement local values of
air specific humidity and bed temperature in these equations led to numerical instability, with MATLAB’s
ode23s solver unable to satisfy integration tolerances. As a result, the primary limitation of the present 1D
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model lies in its inability to resolve the trend of local desiccant bed temperatures during transient adsorption
processes.

To be noted that the local temperature distributions are useful to understand the underlying
adsorption mechanism in the desiccant bed. However, AT ,;,- between outlet and inlet are more important
for system design consideration, as this is directly related to the cooling load in the next stage to ensure
occupants’ thermal comfort when a desiccant dehumidifier is intended to use in hybrid air conditioning
system. As discussed earlier in Figure 9¢, 1D model could successfully capture AT ;- within +5%
deviations. Hence, the inability of 1D model to capture the trend of local bed temperature distribution will
not lead to significant errors in system design.

To compensate for this inability of the 1D model to capture the trend of local bed temperature
distributions, we compared the mean desiccant bed temperature predicted by the 1D model with that
obtained from Hsu’s CFD model, as shown in Figure 15. Despite the simplifications inherent in the 1D
approach, the model demonstrates excellent agreement in terms of mean bed temperature, with a deviation
of only +£0.3% (gray shaded area) from the CFD results. This strong alignment suggests that, while the 1D
model cannot resolve spatial variations, it remains highly effective in predicting overall thermal behavior
of the MFBDD device.

330 T T T

-=-=-=-Hsu CFD
325 —— 1D Model|

Deviations £0.3%

320

315

310

Mean Bed Temperature (K)

305

,.
1

300

1 | 1 |
0 200 400 600 800 1000
Time (s)

Figure 15. Comparison of mean desiccant bed temperatures obtained by 1D model (present study)
and CFD model of Hsu et al. [56]. The inlet and initial conditions considered in this comparison are as
follows: Wy, = 14.8 g kgp, Uair = 0.9 ms™1, Tyir in =300 K, Theq = 300 K, T 4y = 300 K)

4.3 Model Validation: Regeneration

Upon validation of the adsorption part, the developed 1D model was also validated against the regeneration
experiment and CFD results obtained from our previous studies [57, 58]. The inlet boundary conditions
used in this case for humid air specific humidity, velocity and temperature are 0.008 kg kgp4, 0.9 ms—1,

and 325 K, respectively. The desiccant bed was assumed to be at 325 K initially. The ambient temperature
was assumed to be constant at 327 K.
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As shown in Figure 16a, the predicted total mass of water vapor desorbed over time (red solid line)
closely matches the MFBDD experimental results (blue solid line). The 1D model remains within a +5%
margin, as illustrated by the gray shaded area, when compared with experimental data. In Figure 16b, the
predicted regeneration capacity also shows good agreement with experimental values; however, the
deviation increases to as much as £15% (gray shaded area). This larger discrepancy is attributed to the
complex heat and mass transfer phenomena inherent in the regeneration process, which is discussed in more
detail in our CFD modeling study [58]. Despite this, the 1D model demonstrates better accuracy compared
to the CFD model in predicting both the total mass of water vapor desorbed and the regeneration capacity
over time. Additionally, the spatial distributions of air specific humidity, desiccant bed temperature, and air
temperature during the regeneration process are presented in Figures S5a—S5¢ in the SI. The corresponding
air temperature difference AT ;- between the inlet and outlet during regeneration is shown in Figure S5d.
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Figure 16. 1D model validation results for regeneration (without water) against MFBDD experiment
data [57] and CFD model data of Shamim et al. [58]. Comparisons of (a) mass desorbed, and (b)
regeneration capacity (inlet and initial conditions: Wy, = 8.0 g kgpx, Ugir = 0.9 ms—1, Tir in=325K,
Tpea = 325 K, T qmp = 327 K).

5 Results and Discussion

5.1 Dehumidification Performance in Water-Cooled MFBDD with M.S. Gel
Influence of inlet specific humidity of air: Following model validation, the developed 1D model was

applied to predict the adsorption performance of the MFBDD device with internal cooling under various
operating conditions. Figures 17a and 17b illustrate the total mass of water vapor adsorbed and the DC,
respectively, for the M.S. Gel bed, both without internal cooling (dashed lines with circle markers) and with
internal cooling (solid lines), across a range of inlet specific humidity values from 10.0 —23.0 g kgp4. The
corresponding air temperature difference between inlet and outlet (AT ;) is presented in Figures 17c. To
be noted that the data for M.S. Gel bed without internal cooling are taken from our previous experimental
study [55]. The mean bed temperature and water outlet temperature obtained by 1D model for the water-
cooled cases are provided in Figure S6éa and S6b respectively, in the supporting information. The figures
clearly show that internal cooling significantly enhances both mass adsorbed and DC under all inlet
humidity conditions. The AT;- also becomes significantly lower for the water-cooled cases. Thus,
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introducing internal cooling of the bed has great potential to reduce the energy consumption for evaporative

cooling of air after the dehumidification.
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Figure 17. Comparison of dehumidification performance under different specific humidities of inlet
air in MFBDD without and with internal cooling. (a) mass adsorbed and (b) dehumidification capacity,
and (c) AT 4 between outlet and inlet of the dehumidifier. Inlet conditions considered in this comparison
are: Ug; = 0.9 ms™1, u, =08 ms™1, Ty i =300K, Ty, i = 293.15 K. Data for water-free cases are
taken from [55].

@) Influence of inlet velocity of water: Figures 18a and 18b present the total mass of water vapor
adsorbed and the DC, respectively, for the M.S. Gel bed with internal cooling at varying inlet water
velocities ranging from 0.6 — 1.0 ms~1. The results indicate that both adsorption capacity and
dehumidification performance improve with increasing water inlet velocity. This enhancement is primarily
attributed to the rise in the convective heat transfer coefficient between the circulating water and the
desiccant bed (hg,,) at higher inlet velocities. The associated air temperature difference between the inlet
and outlet (AT 4;-) and mean desiccant bed temperature are shown in Figures 18c and 18d, respectively.
Due to the enhanced mass flow rate, more heat was removed from the desiccant bed when the inlet water
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velocity was highest. Consequently, AT ;- and mean bed temperature were lowest in the case of highest
inlet water velocity (Figures S7a and S7¢). The corresponding water outlet temperatures for the cases with
different water inlet velocity are shown in Figure S7 in supporting information. As the water velocity
increases, the heat capacity of water increases due to the enhanced mass flow rate. As a result, the water
temperature at the outlet was lowest when the inlet water velocity was highest.
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Figure 18. Comparison of dehumidification performance under different inlet velocities of chilled
water in internally cooled MFBDD. (a) mass adsorbed and (b) dehumidification capacity, (c¢) AT g
between outlet and inlet of the dehumidifier, and (d) mean bed temperature. Inlet conditions considered in
this comparison are: W, = 14.8 g kgp 3, Ugir = 0.9 ms—1, Tair in=300K,T,, i =293.15 K.

(ii) Influence of the inlet temperature of water: Figures 19a and 19b present the total mass of water
vapor adsorbed and the DC, respectively, in the M.S. Gel bed with internal cooling under varying inlet
water temperatures ranging from 298.15 K to 283.15 K. As expected, both adsorption capacity and
dehumidification performance improve with decreasing inlet water temperature, due to enhanced heat
extraction from the desiccant bed. The corresponding air temperature difference between the inlet and outlet
(AT 4i7) and the mean bed temperature are shown in Figures 19c and 19d, respectively. As the inlet water
temperature decreases, both AT ;- and mean bed temperature decrease, indicating more effective bed
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cooling. The outlet water temperatures for all four cases are provided in Figure S8 in the supporting
information.
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Figure 19. Comparison of dehumidification performance under different inlet temperatures of
chilled water in internally cooled MFBDD. (a) mass adsorbed and (b) dehumidification capacity, (¢)
AT ;i between outlet and inlet of the dehumidifier, and (d) mean bed temperature. Inlet conditions
considered in this comparison are: W, = 14.8 g kgpi, Uair = 0.9 ms~, Tgir 1 = 300 K, u,, = 0.8 ms—1.

(iii) Summary of performance enhancement with internal cooling in M.S. Gel bed

In order to summarize the moisture adsorption performance with internal cooling in M.S. Gel bed, herein,
we report the percentage (%) increment of mass adsorbed, moisture removal capacity (MRC) (i.e., the cycle
average dehumidification caapcity) and dehumidification effectiveness (€gepum.) for three different
adsorption cycle durations (t.y. = 300s, 600s and 900s). Here, mass adsorbed (g) is the total mass of water
vapor in the desiccant bed at the end of each cycle time, and estimated using previously expressed Eq. (24).
MRC and €gopym are estimated using the following expressions:

JoE (Wi — Woue) X 1000) dt
MRC(g/kgpa) ==

Eq. (31)

tcyc
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€dehum = = Wi Eq. (32)

tcyc

Finally, the above three performance indicators estimated in M.S. Gel bed with internal cooling are
compared to those obtained from MFBDD experiment data (without internal cooling) as reported in [55].
For each performance indicator, we estimated the % increment under two scenarios: (1) varying the inlet
specific humidities while the circulating water inlet temperature was constant at 293.15K, and (2) varying
the inlet water temperatures while the inlet air specific humidity was kept constant at 23.0 g kgp 3. Other
-1

2

operating conditions considered in scenarios (1) and (2) are as follows: ug;- = 0.9 ms™1, u,, = 0.8 ms
Tair_in =300K.

Table 6 and Table 7 report the % increment for mass adsorbed, MRC and €gepym, respectively, for
scenarios (1), and (2), respectively. Table S5, Table S6 and Table S7 provide the absolute amount of mass
adsorbed, MRC, and €gepum, respectively, at the end of each ¢ty in the M.S. Gel bed with and without
internal cooling for scenario (1). Table S8, Table S9 and Table S10 provide the absolute amount of mass
adsorbed, MRC, and €gepyum, respectively, at the end of each t.y. in the M.S. Gel bed with and without
internal cooling for scenario (2).

According to the results presented in Table 6 and Table 7, all three performance indicators (i.e.,
mass adsorbed, MRC, and €gepym) €xhibit significant improvement when the M.S. Gel bed is water cooled.
From Table 7, mass adsorbed can be enhanced by over 70% with internal cooling at 283.15 K (when ty,

=900 s and W;, =23.0 g kgg}l). Similarly, both MRC and €g4epnym can be enhanced by over 80% with
internal cooling (Table 7) at 283.15 K (when ¢.,,,=900 s and W, =23.0 g kgph).

Also note that, under all the inlet conditions considered, the % enhancement for all three indicators
increase almost linearly as the cycle duration gradually becomes longer (from 300 s to 900 s). During water
vapor uptake, the release of adsorption enthalpy raises the desiccant bed temperature, leading to lower
relative humidity of the air in the desiccant bed (details will be discussed later). The rise of desiccant bed
temperature can be suppressed with internal cooling. As a result, the M.S. Gel bed without water circulation
approaches to the saturation condition earlier than the bed with water circulation. Thus, circulating cooling
water during adsorption allows the desiccant bed to maintain higher dehumidification performance over
longer cycle durations.

Table 6. Percentage increment of mass adsorbed, MRC, and €4¢p,,,, with water circulation in the M.S.
Gel bed as compared to the case without water circulation (T, ;;, = 293.15 K)

Inlet W Mass adsorbed MRC €dehum
—1
(9 kgpa 300s 600s | 900s | 300s | 600s | 900s | 300s | 600s | 900s
23.0 32.91 4462 | 5357 | 4146 |53.19 | 63.10 | 40.56 | 52.72 | 61.18
14.8 23.81 3434 | 3937 | 33.00 | 43.53 | 49.89 | 32.50 | 43.06 | 48.15
10.0 35.56 42.86 | 47.13 | 45.02 | 5434 | 58.92 | 46.09 | 53.76 | 57.33
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Table 7. Percentage increment of mass adsorbed, MRC, and €g.p,,,m» With water circulation in the M.S.
Gel bed as compared to the case without water circulation (W;, = 23.0g k g;},)

Ty in (K) Mass adsorbed MRC Edehum
300s 600s | 900s | 300s | 600s | 900s | 300s | 600s 900s
293.15 32.91 44.62 | 53.57 | 4146 | 53.19 | 63.10 | 40.56 | 52.72 | 61.18
288.15 40.51 5231 | 63.10 [ 4793 |61.81 | 73.10 | 46.94 | 61.22 | 71.37
283.15 45.57 60.00 | 71.43 | 53.78 |69.54 | 82.24 | 52.78 | 69.05 | 80.39

5.2 Dehumidification Performance in Water-Cooled MFBDD with MIL-101/GO-6
Desiccant materials exhibiting step-shape isotherms often demonstrate higher working capacities due to

their sharp water vapor uptake capacities within a narrow relative humidity range [73]. Hence, for
dehumidification applications, a step-shape isotherm is generally more advantageous than an S-shape
isotherm [35, 74]. MOFs are well-known for their ability to achieve high water vapor uptake with step-
shape isotherms [75]. Therefore, to enhance dehumidification capacity, herein, we simulated the adsorption
performance of the MFBDD device by integrating internal cooling with a composite MOF (MIL-101/GO-
6) reported by Yan et al. [62] that exhibited step-shape isotherm and exceptionally high water uptake (=1.6
g/g) within the narrow relative humidity range of 35-47% (as shown earlier in Figure 4c).

The simulated results for mass adsorbed, dehumidification capacity (DC), air temperature change (
AT 4;), and mean bed temperature for MIL-101/GO-6 with and without internal cooling, under various inlet
temperatures and specific humidities, are presented in Figures 20a—d. These results are also compared with
the baseline case using M.S. Gel without internal cooling. As shown in Figures 20a and 20b, both the mass
adsorbed and DC can be enhanced using MIL-101/GO-6 (solid green line), relative to the M.S. Gel baseline
(solid red line), even in the dry bed. However, when internal cooling is introduced to the MIL-101/GO-6
bed, the enhancements in mass adsorbed and DC become substantially higher (dashed lines), especially at
low water inlet temperature (283.15 K) (dashed blue line). The dashed pink line represents the case when
inlet specific humidity was increased to 20 g kgp 5 at water inlet temperature 283.15 K.

Table 8 summarizes the % enhancement in mass adsorbed, MRC, and €gepym for MIL-101/GO-6
cases compared to M.S. Gel baseline without and with water circulation when W, = 14.8 g kgf)},. Table
S11 provides the absolute amount of mass adsorbed, MRC, and € gepum, respectively, at the end of each ¢,y
for M.S. Gel (without water) and MIL-101/GO-6 with and without cooling water at different temperatures.
From Table 8, when MIL-101/GO-6 was employed in the dry bed, the enhancements in all three
performance indicators remained modest, ranging from 6% to 19%. In contrast, the inclusion of internal
cooling with MIL-101/GO-6 led to substantial performance improvements, with enhancements reaching as
high as 50%—-99% for three performance indicators. Table 9 presents a comparison of the MRC obtained
in the present study using MIL-101/GO-6 with values reported in recent literature under similar operating
conditions using different MOFs. The results indicate that the MRC achieved in this study is nearly twice
as high as those reported in the literature. These findings suggest that, although the step-shaped isotherm
of MIL-101/GO-6 enhances dehumidification performance, the integration of internal cooling and the use
of the desiccant in a binder-free configuration are critical for further performance improvements.
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Table 8. Percentage Increment of mass adsorbed, MRC, and € 4.p,m With MIL-101/GO-6 as compared
to the case of M.S. Gel without water circulation (W;, = 14.8 g k gE},)

Desiccant and Mass adsorbed MRC Edehum

conditions
300s 600s 900s | 300s 600s | 900s 300s | 600s 900s

MIL-101/GO-6 (No
water) 11.67 | 16.33 | 18.90 | 6.80 10.28 | 12.69 | 6.82 | 15.61 17.85

MIL-101/GO-6 (T, in
=293.15K)
MIL-101/GO-6 (T, in
= 283.15K)

53.33 | 62.24 | 73.23 | 48.07 | 55.14 | 65.81 | 47.73 | 61.85 | 75.08

63.33 | 78.57 | 96.06 | 58.89 | 71.78 | 87.96 | 56.82 | 79.19 | 98.65

Table 9. Comparison of MRC obtained in the present study with recent literature

Ref. Desiccant Chilled water Inlet specific Cycle time MRC
inlet temp. ( humidity (min) (g/kgpa)
°C) (8/kgpa)
Silica gel/ MIL-
[49] 100(Fe) 25 21.5 10 4.1
[50] MIL-101(Cr) 25 19.22 12 4.6
[46] Aluminum Fumarate 20 13 5 4.5
This work MIL-101/GO-6 20 14.8 5/10 9.58/8.3

To elucidate the mechanism underlying the significant performance enhancement achieved with
internal cooling in the MIL-101/GO-6 bed, we also analyzed the AT ;- and mean bed temperature, as shown
in Figures 20c¢ and 20d, respectively. As observed, both AT ;- and mean bed temperatures are higher for
the cases without internal cooling (solid lines). In the case of dry bed, the rise in AT ;- and mean bed
temperature for the MIL-101/GO-6 (solid green lines) is more pronounced than the M.S. Gel (solid red
lines) due to the high adsorption heat release associated with the larger water uptake capacity of MIL-
101/GO-6. However, when internal cooling is applied, both AT ;;,- and mean bed temperature (dashed lines)
are significantly reduced, falling below those observed in the cases without internal cooling. A lower mean
bed temperature leads to an increase in air relative humidity within the bed, which enhances the driving
force for adsorption and thus results in a substantial improvement in dehumidification performance. This
mechanism will be discussed in detail in the following section.
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Figure 20. Comparison of mass and heat transfer characteristics during adsorption in MFBDD device
when S-shape (M.S. Gel) and step-shape (MIL-101/GO-6) isotherms are considered. Results of (a)
mass adsorbed, (b) dehumidification capacity, (c) air temperature difference between inlet and outlet and
(d) mean bed temperature. The results show that with decreasing cooling water temperature, adsorption
performance can be noticeably improved and the benefit of using step-shape isotherm becomes more
obvious.

5.3 Influence of Internal Cooling on Bed Relative Humidity (¢)
To further elucidate the influence of internal cooling on enhancing dehumidification performance with

MIL-101/GO-6, the time course of relative humidity of air within the bed is plotted in Figure 21 for
different cases. This figure reveals that, in cases without internal cooling (solid red and green lines), ¢ drops
sharply during the early stage of adsorption, followed by a gradual recovery as adsorption progresses. The
sharp initial decrease is more pronounced for MIL-101/GO-6 than for M.S. Gel, due to the higher adsorption
enthalpy associated with the former. However, when internal cooling is applied (dashed black and blue
lines), the decrease in ¢ is smaller, and the recovery of ¢ after reaching the minimum point also takes place
rapidly compared to the non-cooled cases. Notably, in the water-cooled scenarios, a distinct slope change
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is observed when ¢ reaches approximately 35%, which corresponds to the onset of stepwise adsorption
behavior in the MIL-101/GO-6 isotherm within the identical relative humidity range (Figure 4c).
Furthermore, lowering the cooling water temperature causes this slope transition to occur earlier, as seen in
the dashed blue line at 283.15 K. When the inlet specific humidity is increased to 20 g/kgpa at 283.15 K,
the slope transition occurs even more quickly, as a larger amount of water vapor is supplied to the cooled
bed. These findings indicate that maintaining higher bed relative humidity by effectively removing the heat
of adsorption is a critical factor for enhancing overall adsorption performance and achieving deep
dehumidification.

¢ (%)

——M.S. Gel (14.8g/kg-No water)

MIL-101(Cr)-GO6 (14.8g/kg-No water)
15 - - MIL-101(Cr)-GOB (14.8g/kg-293.15k) | |
- - MIL-101(Cr)-GO6 (14.8g/kg-283.15K)
- - MIL-101(Cr)-GO6 (20g/kg-283.15k)

10
0 200 400 600 800 1000

Time (s)

Figure 21. Time course of relative humidity of air in the desiccant bed for M.S. Gel (without internal
cooling) and MIL-101/GO-6 (with and without internal cooling). The results show that as the cooling
water temperature decreases, @ shifts towards the desired operating window (35 - 47%), where the stepwise
adsorption takes place for MIL-101/GO-6.

5.4 Isothermal Dehumidification: Influence of hg,, and Ay,
As summarized in the previous section, lowering the mean bed temperature through the circulation of

chilled water increases the relative humidity of air within the desiccant bed, thereby enhancing overall
dehumidification performance. However, reducing the cooling water temperature below 283.15 K is
generally impractical, as in most commercial buildings chilled water is supplied within the range 280.15 to
285.15 K. Thus, the two most influential parameters for achieving isothermal dehumidification by
suppressing bed temperature rise are the convective heat transfer coefficient between the circulating water
and the desiccant bed (hg,,), and the available surface area for heat transfer (A, ). Therefore, we conducted
a parametric study using MIL-101/GO-6 desiccant, and by varying the magnitudes of hg,, and Ag,,, while
maintaining a constant chilled water temperature of 283.15 K to evaluate the influence of altering these
parameters on mass adsorbed, mean bed temperature, and bed relative humidity (¢). The results of the
parametric study are presented in Figures 22a—c, respectively.
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Figure 22. Results of the parametric study showing the influence of heat transfer coefficient (hgy,)
and heat transfer surface area (4s,) between water and desiccant bed to achieve isothermal
dehumidification. Time course of (a) mass adsorbed, (b) mean bed temperature and (c) relative humidity
of air within the bed (¢) for increasing values of hg,, and Ag,,. The temperature of cooling water was kept
constant at 283.15 K for all cases. The results show that with a ten-fold increment of hy, and Ay, the full
cooling potential of the chilled water can be utilized, resulting in an isothermal dehumidification.

As shown in Figure 22a, hypothetically increasing hy,, by fivefold (green dashed lines, Case 1) and
tenfold (black dashed lines, Case 2) compared to the baseline case (red solid line), while keeping Ag,,
constant, resulting in a significant enhancement in mass adsorbed. Accordingly, ¢ also reaches the target
operating window (35—47%, corresponding to the stepwise region of the adsorption isotherm in Figure 4c)
much earlier (Figure 22¢) as hy,, increases. However, in Case 1, the mean bed temperature still exhibits a
slight rise during the initial phase of adsorption (Figure 22b, green dashed line). In Case 2, the mean bed
temperature slightly decreases at the onset of adsorption and then remains nearly constant (Figure 22b,
black dashed line). Nevertheless, a notable gap between the mean bed temperature and the chilled water

Page 37 of 45



temperature (283.15 K) persists in case 2, indicating that the full cooling potential of the circulating water
is not yet fully utilized.

In Case 3, where both hg,, and Ay, were hypothetically increased by a factor of ten, the mean bed
temperature remained nearly constant at approximately 285 K throughout the entire adsorption cycle (blue
dashed line in Figure 22b), indicating that the cooling potential of the chilled water was fully utilized.
Consequently, ¢ started at 35% and remained within the desired operating window of 35—47% for the whole
duration of the adsorption cycle (blue dashed line in Figure 22¢), which in turn maximized the amount of
water adsorbed (blue dashed line in Figure 22a). These results clearly demonstrate that achieving
isothermal operation of the desiccant bed requires a system design that incorporates internal cooling with
both high hg,, and enlarged As,,. If the heat exchange between the desiccant bed and the circulating chilled
water are inadequate, the benefits of using an advanced desiccant with a step-shape isotherm and high
uptake capacity cannot be fully realized. Therefore, enhancing the heat exchange capacity of the desiccant
bed is just as critical as improving the desiccant material properties for augmenting overall dehumidification
performance. Exploring innovative heat exchanger designs with high surface area—such as triply periodic
minimal surfaces, metal foams, and other nature-inspired geometries, including fractal patterns—represents
a promising approach in this context.

6 Conclusion
In summary, this study presents a 1D numerical model that solves coupled mass and heat balance equations

to predict the mass and heat transfer performance of a previously reported multilayer, binder-free desiccant
dehumidifier. The model is validated for both adsorption and regeneration processes using experimental
data and CFD results from earlier studies on the M.S. Gel bed without internal cooling. The results
demonstrate that the 1D model accurately captures key performance indicators, including mass adsorbed,
dehumidification capacity, air temperature change (AT 4;;), and mean bed temperature within an acceptable
deviation margin compared to experimental and CFD data. The significantly less computational effort
required by 1D model as compared to CFD model without sacrificing accuracy makes it a powerful tool for
system-level integration, scale-up, and future performance optimization of the MFBDD device using Al-
based and data-driven approaches. Upon validation, the model is applied to assess performance
enhancements achieved through internal cooling and the use of a step-shape isotherm in a binder-free
configuration. The key conclusions from this study are:

= Internal cooling significantly enhances dehumidification performance by lowering the mean bed
temperature, thereby maintaining higher relative humidity in the bed and promoting greater water
vapor uptake.

= Step-shape adsorption isotherms, such as that of MIL-101/GO-6, enable high working capacity
within the narrow relative humidity range (35-47%), but their full potential is realized only when

the bed temperature is effectively controlled using circulating chilled water.

= [sothermal operation of the desiccant bed maximizes mass adsorbed and dehumidification capacity
by keeping the relative humidity within the target window throughout the adsorption cycle.

= The two most influential parameters to achieve isothermal dehumidification are convective heat
transfer coefficient and heat transfer surface area between the desiccant bed and chilled water.
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Simultaneously increasing these parameters is essential to fully utilize the cooling potential of the
chilled water and maintain an isothermal adsorption cycle.

Lastly, the present study only discusses the dehumidification performance in an internally cooled
binder-free dehumidifier and under a wide range of operating conditions. Addressing the demand for chilled
water, associated energy consumption and estimating thermal coefficient of performance is beyond the
scope of the present study. Therefore, future studies should focus on quantifying these parameters when
coupled with a complete HVAC system. Such system-level analysis would enable assessment of the total
energy efficiency and operational cost under realistic operating conditions. In addition, optimization of
control strategies using machine learning based models—such as dynamic regulation of regeneration
temperature, chilled-water flow rate, and cycle timing—could significantly improve energy utilization and
system responsiveness. Exploring integration pathways that utilize low-grade waste heat or renewable
thermal sources for desiccant regeneration may further enhance the applicability of the MFBDD technology
for energy-efficient building climate control systems.

Nomenclature
Symbol Description Unit
w Specific humidity of air kg/kgpa
Wavg Average specific humidity of air in the air channel kg/kgpa
T Temperature K
t time s
Ugir Inlet velocity of air ms—1
Dgir Water diffusivity in the air m?s—1
Eped Porosity of the bed -
Asheet Total cross-sectional area of five desiccant sheets m?
Aach Total cross-sectional area of the air channels m?
Pdes Density of desiccant kg m=3
Pair Density of air kg m—3
Cp, air Specific heat capacity of air J kg 1K1
Lach Length of air channel m
Qped Adsorbed/desorbed water in the bed kg/kgpes
Qeq Adsorbed water at equilibrium kg/kgpes
dQped Adsorption rate kg/kgpes /s
dt
T air Air temperature K
Agir Thermal diffusivity of air m?s~1
hsa Convective heat transfer coefficient between air and the bed Wm—2K—1
Agq Total heat transfer surface area between air and the bed m?
Ty Water temperature K
Uy Inlet velocity of water ms—1
ay Thermal diffusivity of water m2s~1
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how Convective heat transfer coefficient between water and the bed | W m—2K—1
Agw Total heat transfer surface area between water and the bed m?
AwcH Cross-sectional area of the water channel m?2
Pw Density of water kg m=3
Cpw Specific heat capacity of water J kg 1K1
Lwcu Length of water channel m
Aped Thermal diffusivity of the bed m?s—1
H 45 Enthalpy of water vapor adsorption J kg™t
Myes Mass of desiccant material in bed kg
Mped Total mass of the bed kg
Mair in_bed Mass of air in desiccant bed kg
Cp,bed Specific heat capacity of the bed J kg 1K1
Cp,des Specific heat capacity of desiccant material J kg 1K1
hamb Heat loss coefficient to ambient WK1
T amb Ambient temperature K
Kipr LDF rate constant s—1
a Langmuir-Sips parameter -
bq Langmuir-Sips parameter -
b, Langmuir-Sips parameter -
n Langmuir-Sips parameter -
Q Relative Humidity of air in the bed %
Pgat Saturated partial vapor pressure Pa
P, Partial vapor pressure Pa
Wavg Average specific humidity of air in the air channel kg/kgpa
R Ideal gas constant Jmol~1K—1
Tped Temperature of the bed K
Thed, avg Average temperature of the bed K
M, Molar mass of water kg mol~1
Kair Thermal conductivity of air Wm—2K1
Kdes Thermal conductivity of desiccant Wm—2K—1
kpea Thermal conductivity of desiccant bed Wm—2K—1
k., Thermal conductivity of water W m—2K—1
Dy, Hydraulic diameter of water channel m
Nu Nusselt number -
Re Reynolds number -
Pr Prandtl number -
Uw Dynamic viscosity of water Pas
Lentry Entry length for fully developed flow m
€dehum Dehumidification effectiveness -
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Subscripts

DA - Dry air

des - Desiccant

w - Water

ACH - Air Channel

WCH - Water Channel
amb - Ambient

ads - Adsorption

reg - Regeneration
dehum - Dehumidification
LDF - Linear Driving Force
avg - Average

in - Inlet

mid - Middle

out - Outlet

cye - Cycle
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