International Communications in Heat and Mass Transfer 178 (2026) 112062

Contents lists available at ScienceDirect

International Communications in Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ichmt

»
Multidimensional numerical analysis of coupled heat and mass transfer for e
energy-efficient desiccant bed regeneration

Minjun Kim, Gihun Son *
Department of Mechanical Engineering, Sogang University, 35 Baekbeom-ro, Mapo-gu, Seoul 04107, South Korea

ARTICLE INFO ABSTRACT
Keywords: This work implements a multi-dimensional numerical scheme to capture the time-dependent thermal and
Thermal regeneration moisture migration occurring inside zeolite 13X packed columns over cyclic sorption and desorption stages.

Desiccant bed

Coupled heat and mass transfer
Radial transport

Energy optimization

Zeolite 13X

By integrating implicitly coupled user-defined functions with linear driving force (LDF) kinetics and the Sips
equilibrium isotherm, a two-dimensional axisymmetric computational fluid dynamics (CFD) model ensures sta-
ble numerical convergence for both capture and release steps. Unlike traditional one-dimensional formulations
that overlook spatial variations, the present model effectively captures radial gradients in temperature, gas-
phase concentration, and solid loading arising from external heat transfer and column wall thermal inertia. A
comparison with the one-dimensional model showed that cross-sectional averaging underestimates the required
regeneration time by 12.0-15.3% for 50% moisture removal and by 21.3-30.4% for 75% moisture removal. To
avoid the inefficient tailing regime near equilibrium, a practical regeneration criterion of 90% moisture removal
was adopted. The desorption driving force is significantly amplified by elevating the regeneration thermal
input, which subsequently curtails the required purge-gas flow rate. In the high-efficiency regime where the
mass-flow-rate ratio was below unity, increasing the regeneration temperature from 453K to 463K and 473K
reduced the total regeneration power consumption by approximately 8% and 15%, respectively. The lowest
power consumption was achieved at 473K. These results demonstrate the importance of multidimensional
transport analysis for accurate regeneration prediction and energy-efficient desiccant bed operation.

1. Introduction influence local adsorption equilibrium and mass transfer characteris-
tics, highlighting the necessity of multidimensional computational fluid
Temperature swing adsorption (TSA) processes play a vital role dynamics (CFD) analysis for accurate prediction of practical desiccant

in gas purification, industrial dehumidification, and thermochemi- bed behavior [9-13].
cal energy storage systems where effective desiccant regeneration is Despite these advantages, implementing multidimensional CFD
paramount [1-3]. Due to its outstanding moisture affinity and superior models for adsorption systems remains numerically challenging be-
capacity at low partial pressures, zeolite 13X is frequently selected cause adsorption kinetics are highly nonlinear and strongly coupled
as the working adsorbent. High-fidelity performance forecasting of with heat and mass transport [14,15]. In commercial CFD solvers,
these columns necessitates a comprehensive mathematical formulation adsorption Kinetics are generally incorporated through User-Defined
that tightly couples multi-phase transport with intrinsic adsorption Functions (UDFs) as source terms in the governing equations [16].
kinetics [4]. When treated explicitly, these source terms frequently induce nu-

merical instability and non-physical oscillations, particularly during
the initial adsorption stage where the mass transfer driving force
becomes large [17,18]. Therefore, stable implicit coupling strategies
are required to ensure reliable transient simulations without excessively
small time-step requirements [14,19,20].

Similar numerical challenges have also been reported in non-
equilibrium phase-change and mixture-based heat and mass transfer
problems, where latent heat release, finite-rate mass transfer, relax-
ation effects, and local thermodynamic imbalance produce strongly

To minimize computational expense, conventional literature has
predominantly relied on one-dimensional (1D) lumped representa-
tions [5-8]. While such simplified models capture the macro-scale
axial movement of concentration and thermal waves, they fail to
resolve localized multi-dimensional phenomena. In practical packed
beds, cross-sectional distributions of velocity, temperature, and mois-
ture are rarely uniform, as they are strongly modulated by external
ambient cooling, non-isothermal flow profiles, and the heat capacity
of the desiccant column itself. These multidimensional effects strongly
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Greek Symbols

Isotherm affinity parameter [Pa—!]
Specific heat capacity of adsorbed phase
[J/(kg K)]

Specific heat capacity of gas [J/(kg K)]
Specific heat capacity of adsorbent
[J/(kg K)]

Specific heat capacity of wall [J/(kg K)]
Molar concentration [mol/m’]
Diffusivity [m?/s]

Sips isotherm parameter [—]

Adsorbent particle diameter [m]

Local relative error [—]

External heat transfer coefficient
[W/(m? K)]

Isosteric heat of adsorption [J/mol]
Identity matrix [—]

Permeability [m?]

Linear driving force mass transfer coeffi-
cient [s7!]

Thermal conductivity of gas [W/(m K)]
Thermal conductivity of wall [W/(m K)]
Column length [m]

Molecular weight [kg/mol]

Mass flow rate [kg/s]

Isotherm exponent [—]

Number of radial nodes [—]

Number of axial nodes [—]

Pressure [Pa]

Heating power [W]

Pumping power [W]

Saturation pressure [Pa]

Total power [W]

Adsorbed amount [mol/kg]

Equilibrium adsorption capacity [mol/kg]
Maximum adsorption capacity [mol/kg]
Volumetric flow rate [m?/s]

Universal gas constant [J/(mol K)]
Inner radius of the column [m]

Outer radius of the column [m]

Source term [kg/(m? s)]

Temperature [K]

Inlet temperature [K]

Ambient temperature [K]

Time [s]

Wall thickness [m]

Velocity [m/s]

Concentration wave velocity [m/s]
Mass fraction [—]

External void fraction [—]

Effective thermal conductivity [W/(m K)]
Gas viscosity [Pa s]

Gas density [kg/m3]

Adsorbent density [kg/m’]

(PCpef Effective density and specific heat
[J/m? K)]

Subscripts

ads Adsorption

eff Effective

T Total

v Water vapor

z Axial

Superscripts

T Transpose

coupled source terms. Recent studies on non-equilibrium condensation
in moist-air and wet-steam flows have demonstrated the importance of
robust numerical treatment for predicting coupled heat and mass trans-
fer, thermodynamic losses, and energy-system performance [21,22].
Although the present study deals with moisture adsorption/desorption
in a porous desiccant bed rather than condensation in transonic flows,
these studies provide useful methodological context for the implicit
treatment of nonlinear source terms adopted in this work.

In addition to numerical stability, the thermal regeneration stage
represents the dominant energy consumption process in TSA systems
[23-26]. Many previous studies have evaluated regeneration perfor-
mance under the assumption of complete desorption. However, prac-
tical industrial systems generally operate under fixed cycle times to
maintain continuous upstream and downstream processes [27,28]. Un-
der such constraints, attempting complete moisture removal leads to ex-
cessive energy consumption because desorption progressively slows in
the low-concentration regime, producing a severe tailing effect caused
by the steep equilibrium isotherm slope. Consequently, regeneration
performance should be evaluated based on realistic operational con-
straints and overall energy efficiency rather than complete desorption
alone [29-31].

In this study, a multidimensional numerical framework based on a
two-dimensional (2D) axisymmetric CFD model is developed to inves-
tigate coupled heat and mass transfer during adsorption and thermal
regeneration in a zeolite 13X desiccant bed. The adsorption kinetics
are implemented using implicitly coupled source terms incorporating
the Linear Driving Force (LDF) model and the Sips isotherm, enabling
stable transient simulations without non-physical concentration oscil-
lations. The proposed model is applied to analyze radial heat and mass
transfer characteristics, wall-induced thermal lag, and their influence
on regeneration prediction, which are inherently neglected in conven-
tional 1D approaches. To avoid the excessive energy penalty associated
with the tailing region, a practical regeneration criterion based on
90% moisture removal under fixed-cycle operation is introduced. The
total regeneration power consumption is evaluated by considering both
pumping power and thermal heating power, and the trade-off between
regeneration temperature and purge-gas flow rate is systematically
analyzed to identify energy-efficient operating conditions [32-35].

The main contributions of this study are summarized as follows: (i)
development of an implicitly coupled multidimensional CFD framework
for zeolite 13X adsorption and regeneration, (ii) quantitative assess-
ment of radial transport effects and the limitations of 1D modeling,
and (iii) optimization of thermal regeneration conditions based on a
practical fixed-cycle moisture-removal criterion.

2. Numerical analysis
2.1. Computational domain

A 2D axisymmetric computational domain was employed to simu-
late the adsorption and thermal regeneration processes in a cylindrical
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Fig. 1. Computational domain.

desiccant bed, as illustrated in Fig. 1. The desiccant bed consisted of a
uniformly packed zeolite 13X porous bed with a porosity of 0.37. The
axisymmetric formulation was adopted to capture radial heat and mass
transfer characteristics while maintaining computational efficiency for
long-term transient simulations.

The governing equations were numerically integrated via the com-
mercial software ANSYS Fluent. Ideal gas behavior was assumed for
the working fluid consisting of a nitrogen and water vapor mixture.
Fluid flow throughout the porous bed was restricted to an unsteady,
laminar regime. The inlet boundary was defined by prescribing the
fluid velocity, temperature, and species fraction, while the downstream
boundary condition utilized a fixed pressure outlet. Ambient heat dis-
sipation through the column casing was incorporated via an external
convective boundary layer. This modeling approach successfully cap-
tured the cross-sectional thermal fields and wall-induced thermal lag
across both cyclic operations.

2.2. Governing equations

The adsorption and regeneration processes within the porous desic-
cant bed were modeled using a transient 2D axisymmetric CFD frame-
work.

The physical system is governed by a fully coupled set of conser-
vation laws comprising continuity, momentum equations for porous
media, species transport, and energy balance equations. The transient
migration of moisture is tracked via the gas-phase mass fraction. The
governing equations are expressed as follows:

depg %
T+V~(£pgu)+(l—£)5Mv=0 (1)
depgu T 2 H
+V-(eup,u) = —eVp+V-u [Veu+ (Veu)' — =(V - eu)I] +e—u (2)
ot & 3 K
agngv aq
3 +V. (Epglle) =V - (pgeDVY,) - a- g)EMV 3)

oT dq
(PCper 5 +V + (epgCpguT) = V - [k VT1 = (1 =€) (AH +RT)  (4)

where
(pCp)eff = epgcp,g + (1 - e)pscp,s (5)
Keff = 8kg + (1 — S)ks (6)

Here, ¢ is the bed porosity, p, is the gas density, u is the superficial
velocity vector, Y is the vapor mass fraction, D is the vapor diffusivity,
K is the permeability of the porous medium, and ¢ is the adsorbed
amount of water vapor. The source terms in the continuity, species,
and energy equations account for adsorption and desorption occurring
within the porous adsorbent. The effective thermal conductivity was
used to represent heat conduction within the porous medium, while
the adsorption heat source term was incorporated through the heat
of adsorption AH. These governing equations were solved in a fully
coupled manner to capture the transient interaction between flow, heat
transfer, mass transport, and adsorption kinetics during both adsorption
and regeneration processes.
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2.3. Adsorption equilibrium and kinetics

The adsorption and desorption kinetics of water vapor within the
zeolite 13X bed were described using the Linear Driving Force (LDF)
model. The temporal evolution of the adsorbed amount ¢ was calcu-
lated as
9q _
5 =
where k;pp is the effective mass transfer coefficient and ¢* is the equi-
librium adsorption capacity. This lumped parameter approach offers
an elegant and computationally economical alternative to resolving de-
tailed intra-pellet diffusion profiles by consolidating the total transport
resistance into a single effective mass transfer coefficient [36-38].

The equilibrium adsorption capacity was determined using the mod-
ified Sips isotherm model [39]:

(bRTc,)"
7" =y 2 S ®)

[1+ (bRTc,)"] (1 - %)"

kipr(q® — @) (@]

where ¢, is the maximum adsorption capacity, b, d, and n are empirical
isotherm parameters, ¢, is the vapor molar concentration, P, is the
saturation pressure, and pg is the adsorbent density. The modified
Sips model was adopted because it accurately represents the adsorp-
tion equilibrium behavior of zeolite 13X over a wide humidity range,
including high relative humidity conditions [39].

The adsorption source terms used in the continuity, species, and
energy equations were directly calculated from the adsorption rate
’3)—:’. The kinetic and equilibrium models were fully coupled with the
CFD framework to capture the transient interaction between adsorp-
tion, heat transfer, and vapor transport during both adsorption and
regeneration processes.

2.4. Numerical implementation

The adsorption source terms appearing in the continuity, species,
and energy equations were implemented in ANSYS Fluent through
User-Defined Functions (UDFs). Because the adsorption kinetics are
strongly coupled with transient heat and mass transfer, explicit treat-
ment of the source terms can lead to numerical instability and non-
physical oscillations, particularly during the initial adsorption stage
where the concentration gradient becomes large [9,14,15].

To improve numerical stability, the adsorption source term in the
species transport equation was treated implicitly by linearizing the ad-
sorption rate with respect to the vapor mass fraction. The water-vapor
source term can be written as

S =—(1 - kpp(qd” — DM, )]

where ¢* is the equilibrium adsorption capacity obtained from the Sips
isotherm. Because the Sips isotherm introduces a nonlinear dependence
of ¢* on the local vapor molar concentration ¢, a local pseudo-Jacobian
was introduced for numerical stabilization as

dS _ dS dey q . Pg
—_—=— ~ [-(1-e)Mk — | M, - — . 10
Y, ~ de, dv, [ (1 - &)Mkipr <Cv v@ —q) M, (10)
Here, the local molar concentration ¢, is defined as

/’ng
o =22 an

v

It should be emphasized that (¢*/c,) in Eq. (10) is not intended to
represent the exact analytical derivative of the Sips isotherm. Instead, it
is introduced as a local linearization coefficient for the implicit source-
term treatment in the CFD solver. The original adsorption source term,
given by Eq. (9), is still evaluated from the LDF model and the Sips
equilibrium isotherm at each time step. Thus, the pseudo-Jacobian does
not replace or modify the physical adsorption kinetics.
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Fig. 2. Grid resolution test at = 15,000 s showing the sensitivity of (a) radial ¢, (b) radial T, (c) axial ¢,, and (d) axial T profiles.

The role of the local pseudo-Jacobian is to improve the diagonal
dominance of the discretized species equation and to guide the con-
vergence of the inner iterations within each transient time step. After
the prescribed residual tolerance of 107 is satisfied for the conser-
vation equations, the accepted solution is governed by the original
nonlinear adsorption source term and equilibrium relation. Therefore,
the proposed implicit stabilization improves numerical robustness and
suppresses non-physical oscillations without altering the underlying
LDF-Sips adsorption model.

This implicit source-term treatment suppressed non-physical con-
centration oscillations and enabled stable convergence under larger
time-step conditions compared with an explicit implementation. Conse-
quently, this stable formulation establishes an economically viable com-
putational architecture for the long-term prediction of simultaneous
heat and species transport within desiccant packed matrices.

2.5. One-dimensional formulation

For comparison with the multidimensional CFD framework, a sim-
plified one-dimensional (1D) benchmark model was formulated based
on the governing equations of the 2D model. The 1D formulation
assumes ideal plug flow, u = u(x), and instantaneous cross-sectional
thermal equilibrium between the fluid and wall, T; = T,,. It should
be emphasized that the assumption (7; = T,) does not imply that
the wall thermal inertia is physically negligible in the actual desiccant
bed. Rather, this assumption represents a conventional lumped one-
dimensional approximation in which the fluid, porous bed, and column
wall are assumed to be instantaneously equilibrated over each cross-
section. In this formulation, the thermal capacity and conductivity of
the wall are included through effective properties, but a separate wall
temperature and finite radial thermal response are not resolved. There-
fore, the 1D model should be interpreted as a simplified reference case
corresponding to the limiting condition of infinitely fast cross-sectional
thermal equilibration. Under these assumptions, radial variations in
velocity, temperature, and vapor concentration are neglected, allowing
the transport behavior to be described only along the axial direction.

The 1D model consists of the reduced total mass balance, vapor
species transport equation, and thermal energy conservation equation.
The total mass balance was used to update the axial variation of
the gas velocity, while the species equation describes vapor transport
coupled with adsorption and desorption kinetics. The energy equation
includes axial heat conduction, convective heat transport, adsorption
heat effects, and external heat loss through the column wall (r = r,).
The pressure drop across the packed bed was calculated using the Ergun
equation [6].

This formulation retains the same variables and material parameters
as the 2D model to ensure a consistent comparison between the two
approaches. Therefore, the 1D model is used not as an equivalent
high-fidelity model, but as a lumped reference model to evaluate
the prediction errors introduced by neglecting radial heat and mass
transfer, finite wall thermal response, and near-wall moisture retention,
which are explicitly captured by the 2D CFD framework. The governing
equations of the 1D model are given as follows:

d(epg)  d(epgu) aq
l—e)—M, =0 12
a1 o TUmeOg My (12
d(epgY,)  O(epguYy) F] Y, daq
-9 D—Y)—-(1-e)—=M. 13
a T ox ax(”g8 ax> (=5 My (13)
oT  9epgCpguT)
PCpleft 5+ ——5 ——
0 oT 2hgr, 9%
= — _— - T-T,)—(1—€e)—(4H + RT 14
ox"fox T T2 (I =Te) = (1 =), (AH + RT) a9
1 u-(1—62 L1750 —e)pg - u- |u|
_Q _ 50u uz( €) g (15)
dx dpfz dpé
where
r2 -2
(Pcp)eff = engp,g +(1- E)pSCp'S + r_ZIPWCPvW (16)
2_p 1
Kefp = ek + (1 — €)ks + ==Ly a”
F

i
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Table 1
Parameters used for the present analysis.
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Column parameters

Length, L [m]

Inner radius, r; [m]

Wall thickness, #,, [m]

External void fraction, & [—]

Density of wall, p,, [kg/m’]

Specific heat capacity of wall, C,,, [J/kg K]
Thermal conductivity of wall, k,, [W/m K]
External heat transfer coefficient, 4, [W/m? K]

0.3
0.0165
0.0023
0.37
8000
500

17
1.71

Gas and adsorbed phase parameters

Diffusivity, D [m?/s]

2.581 x 107 (ads)/4.864 x 107> (des)

Thermal conductivity of gas, kg [W/m K] 0.025
Specific heat capacity of gas, C,, [J/kg K] 1047
Specific heat capacity of adsorbed phase, C,, [J/kg K] 2392.6
Gas viscosity, u [Pa s] 1.8x 1072
Zeolite 13X pellet parameters

Adsorbent density, p, [kg/m?] 1100
Specific heat capacity, C,; [J/kg K] 920
Thermal conductivity of particle, kp [W/m K] 0.4
Particle diameter, d, [mm] 4.0

kipr [s71] 5.0x 107* (ads)/1.0x 107 (des)
Universal gas constant, R [J/mol K] 8.314

Saturation pressure, P, [Pa]

61094 exp [ 182021315

Sips isotherm parameters

g, [mol/kg] 14.9

b [Pa~!] 2.91x 1077
n [-] 0.288
d[-] 0.02772
Isosteric heat, —AH [J/mol] 6.27 x 10*
Boundary and initial conditions

Inlet temperature in adsorption [K] 293

Inlet temperature in desorption [K] 403-473
Inlet concentration in adsorption [mol/m?] 0.523
Initial concentration in adsorption [mol/m’] 1x1073
Inlet flow rate in adsorption [Nm?/s] 1.5x 10

2.6. Computational conditions

The computational parameters and operating conditions used in the
present simulations are summarized in Table 1. The material prop-
erties and adsorption parameters were selected based on previously
reported experimental data for zeolite 13X adsorption systems [5,39].
The adsorption process was performed at 293 K, while the regener-
ation temperature was varied from 393 K to 473 K to evaluate the
influence of thermal conditions on desorption performance and energy
consumption.

During adsorption, humidified nitrogen with a prescribed vapor
concentration and flow rate was supplied at the inlet boundary. During
thermal regeneration, dry purge gas was introduced under elevated
temperature conditions. To encapsulate ambient heat dissipation, a
convective boundary layer was prescribed along the outer surface of
the column shell [6]. The desorption simulation was initialized using
the final state obtained from the adsorption process to ensure physical
continuity throughout the cyclic operation. This initialization approach
allows the residual adsorbed loading and thermal distributions at the
end of adsorption to serve directly as the initial conditions for the
subsequent regeneration process.

Different k; py values were applied for the adsorption and desorption
processes, as listed in Table 1. A larger k;pp value was assigned during
regeneration to account for the fact that the increase in temperature
leads to higher intra-particle diffusivity and subsequently enhances the
lumped mass transfer coefficient. In the present study, the diffusivity
and kppp values for the desorption process were specifically evaluated
at a reference temperature of 423 K. The transient simulations were
conducted under fixed operating conditions to evaluate the regenera-
tion performance and total energy consumption for practical industrial
operation.

3. Results and discussion
3.1. Grid resolution test

To guarantee mesh-independent numerical results, a systematic grid
sensitivity evaluation was conducted at + = 15,000s. The spatial
resolution effects were isolated by separately varying the node counts
in the cross-sectional and flow directions. Specifically, three radial
configurations including N, = 80, 160,and 320 nodes were examined
under a constant axial resolution of Ny = 200 nodes, alongside three
axial grids from N, = 100 to N, = 300 with a fixed radial resolution of
N, = 80. As shown in Fig. 2, local vapor concentration and temperature
profiles were plotted across the bed to identify convergence thresholds.
Both transport variables exhibit negligible variations beyond specific
refinement levels.

To supplement the visual comparison and provide a quantitative
assessment of grid independence, a profile-wide error analysis was
performed using three mesh levels: medium (N, x N, = 80 x 200),
selected (160 x 200), and fine (320 x 300). The selected mesh was
used as the reference for evaluating the changes caused by coarsening
and further refinement. The root mean square error (RMSE) and the
maximum local relative error (e,,) were calculated for the spatial
profiles of vapor concentration (c,) and temperature (7)) during the
high-flux desorption stage.

As shown in Table 2, the medium mesh produced a maximum local
relative error of 2.18% for the vapor concentration profile, indicating
that the grid was not sufficiently refined. In contrast, further refinement
from the selected mesh to the fine mesh resulted in much smaller
differences. The RMSE values were 6.12 x 10~* mol/m~> for vapor
concentration and 0.28 K for temperature, and the corresponding e,
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(f)

= 0.523 mol/m3, u, = 0.188 m/s, T;, = 293 K: (a) vapor concentration, (b)

equilibrium adsorption capacity ¢*, (c) adsorbed amount g, (d) temperature, (e) gas density and (f) velocity magnitude. The domain dimensions are identical to

those shown in Fig. 1.

Table 2

Quantitative grid-independence analysis relative to the selected mesh.

Mesh level Grid dimensions Vapor concentration profile (c,) Temperature profile (7)

(N, X N,) RMSE [mol/m*] Cmax (%] RMSE [K] emax [%]
Medium 80 x 200 425x 1073 2.18 1.85 0.59
Selected (reference) 160 x 200 - - - -
Fine 320 x 300 6.12x 1074 0.32 0.28 0.15

values were 0.32% and 0.15%, respectively. Since these errors are
below the prescribed tolerance of 1.0%, the selected mesh (N, X N, =
160 x 200) was adopted for the remaining transient simulations as a
balance between numerical accuracy and computational cost.

3.2. Model validation for adsorption

To validate the proposed numerical framework, the adsorption pro-
cess was first investigated under the operating conditions summarized
in Table 1. Fig. 3 presents the transient spatial distributions of the key
transport variables during adsorption. As the inlet moisture front prop-
agates through the packed bed, a distinct mass transfer zone develops
and gradually moves toward the outlet, accompanied by a significant
increase in the local vapor concentration within the active adsorption
region, as shown in Fig. 3(a). According to the Sips isotherm, the
increase in vapor concentration leads to a corresponding increase in
the equilibrium adsorption capacity ¢*, as illustrated in Fig. 3(b).
The adsorbed amount q subsequently increases while following the
advancing adsorption front, indicating progressive saturation of the
desiccant bed along the axial direction, as shown in Fig. 3(c). The

adsorption process is strongly coupled with heat transfer due to the
exothermic nature of water vapor adsorption. The resulting thermal
response is presented in Fig. 3(d), where the local temperature rises
substantially within the active adsorption region due to the exothermic
adsorption of water vapor, reaching approximately 325 K during the
peak adsorption period.

The gas density distribution in Fig. 3(e) reflects the coupled thermal
and concentration effects within the porous medium. As adsorption
proceeds, the local temperature rise and vapor uptake modify the gas-
phase composition, leading to noticeable density gradients near the
active adsorption front. The velocity field shown in Fig. 3(f) exhibits
a moderate increase near the active adsorption region where the tem-
perature rises due to exothermic adsorption. This behavior is primarily
attributed to the local reduction in gas density associated with thermal
expansion. Under the imposed flow condition, the decrease in density
leads to a corresponding increase in the superficial gas velocity to
satisfy mass conservation.

The reliability of the proposed CFD framework was quantitatively
validated through comparison with experimental breakthrough data,
as presented in Fig. 4. The predicted normalized vapor concentration
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at x = 0.30 m shows good agreement with the experimental measure-
ments, accurately reproducing both the breakthrough time and the
characteristic S-shaped saturation behavior. In addition, the numeri-
cal result at x = 0.15 m illustrates the transient propagation of the
adsorption front along the packed bed, demonstrating the capability
of the present model to capture the axial transport dynamics during
adsorption.

The close agreement between the numerical predictions and exper-
imental data confirms that the present 2D CFD framework, incorporat-
ing the implicitly coupled LDF kinetics and Sips isotherm, can reliably
predict the coupled heat and mass transfer behavior in desiccant beds.
The validated model therefore provides a reliable foundation for subse-
quent analyses of multidimensional transport phenomena and thermal
regeneration characteristics.

3.3. Radial heat and mass transfer characteristics

The radial distributions of the key transport variables at the axial
midpoint x = 0.15 m are presented in Fig. 5 to provide a detailed
view of the transient multidimensional transport phenomena during
adsorption. The vapor concentration in Fig. 5(a) and the adsorbed
amount in Fig. 5(b) exhibit radial non-uniformity during the active
adsorption period. These distributions are closely associated with the
axial velocity field. Due to the no-slip condition at the column wall,
the axial velocity decreases in the near-wall region, resulting in a
delayed convective transport of water vapor compared with the central
region. Consequently, the adsorption front propagates more rapidly
along the bed center, while the near-wall region experiences slower
moisture penetration and delayed adsorption dynamics. This behavior
produces the observed radial variations in both vapor concentration
and adsorbed amount during the transient adsorption process.

The radial temperature difference relative to the bed center (T —
T,—y) is illustrated in Fig. 5(c) to reveal the transient thermal behavior
associated with the exothermic adsorption process. During the early
stages (r = 500 s and 5000 s), the near-wall region remains cooler than
the core region, exhibiting negative temperature transfer gradients due
to external cooling and wall thermal inertia. As adsorption progresses
to the intermediate stage (r = 15,000 s), a thermal inversion occurs
where the wall-adjacent zone becomes up to 3.7 K hotter than the bed
center. This inversion arises because the core region approaches local
saturation and undergoes thermal dissipation, whereas the structural
mass of the wall retains the accumulated exothermic heat. Eventually,
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as the entire bed reaches complete saturation (+ = 35,000 s), these
localized thermal gradients diminish toward a uniform thermal state.

The radial transport characteristics are also influenced by the ve-
locity distribution shown in Fig. 5(d). Owing to the no-slip condition
at the column wall, the axial velocity decreases near the wall region.
More importantly, the velocity near the bed center exhibits a transient
increase during the active adsorption period. As the gas temperature
increases in the central region due to the exothermic heat of adsorption,
the gas density decreases via thermal expansion. To satisfy total mass
conservation under the imposed flow condition, the localized superfi-
cial gas velocity increases proportionally. As the desiccant approaches
saturation, local heat generation ceases and the gas density recovers,
returning the velocity profile to its baseline distribution.

The transient evolution of the cross-sectionally averaged fluid and
wall temperatures at x = 0.15m and x = 0.30 m is presented in
Fig. 5(e). The fluid temperature rapidly increases during the initial
adsorption stage due to the exothermic heat release, whereas the wall
temperature rises more gradually. This clear thermal lag verifies that
the column wall acts as a structural thermal buffer, creating localized
equilibrium discrepancies between the fluid and solid phases. Fur-
thermore, the delayed temperature peaks between x = 0.15 m and
x = 0.30 m trace the macro-transport propagation of the thermal front
through the porous matrix.

The present results demonstrate that radial heat transfer and struc-
tural thermal inertia introduce severe spatial non-uniformities that con-
ventional 1D models cannot resolve. By enforcing instantaneous cross-
sectional equilibrium and effectively assuming infinite radial thermal
conductivity, a 1D formulation smooths out these localized thermal in-
versions and transport bottlenecks. The multi-dimensional CFD frame-
work successfully captures these coupled radial phenomena, proving
essential for the realistic representation of industrial desiccant systems.

3.4. Desorption transport dynamics under thermal regeneration

Following the adsorption analysis, the desorption behavior under
thermal regeneration conditions was investigated to evaluate the tran-
sient transport dynamics within the desiccant bed. Fig. 6 presents the
transient spatial distributions of the key transport variables during low-
temperature regeneration at T;;, = 293 K. As the dry purge gas enters the
bed, the vapor concentration ¢, shown in Fig. 6(a) gradually decreases
from the inlet region and propagates downstream. This reduction in
gas-phase moisture concentration shifts the local equilibrium adsorp-
tion capacity ¢* shown in Fig. 6(b) according to the Sips isotherm.
However, because the regeneration temperature remains relatively low,
the equilibrium adsorption capacity is only weakly reduced during the
process. Consequently, the adsorbed amount ¢ in Fig. 6(c) decreases
slowly, indicating limited moisture removal under low-temperature
regeneration conditions.

The thermal profiles depicted in Fig. 6(d) further substantiate how
the regeneration step acts as a localized heat sink. During regeneration,
thermal energy is consumed for moisture desorption, resulting in a
local temperature decrease below the initial bed temperature within
the active desorption region. This cooling effect generates a thermal
front that gradually propagates downstream along the bed. The gas
density distribution shown in Fig. 6(e) reflects the coupled influence of
temperature variation and vapor release during desorption. In addition,
the velocity field shown in Fig. 6(f) exhibits only slight local variations
associated with the corresponding density changes. Nevertheless, the
overall flow structure remains relatively uniform throughout the porous
bed.

These results indicate that regeneration at 293 K does not provide
a sufficiently strong thermodynamic driving force to effectively reduce
the adsorption equilibrium of zeolite 13X. As a result, moisture removal
remains limited and the desorption process proceeds slowly under
low-temperature conditions.
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Fig. 5. Radial distributions of transport variables at the desiccant center (x = 0.15 m) during adsorption at ¢, ;, = 0.523 mol/m?, u;, =0.188 m/s, T}, = 293 K: (a)
vapor concentration, (b) adsorbed amount, (c) temperature difference, (d) axial velocity, (e) Transient spatially averaged fluid and wall temperatures at the bed

center and outlet.

To investigate the influence of elevated regeneration temperature,
additional desorption simulations were conducted at 7;, = 423 K, as
presented in Fig. 7. Compared with the low-temperature case, high-
temperature regeneration produces substantially enhanced heat and
mass transfer characteristics. As shown in Fig. 7(a), the vapor con-
centration front propagates rapidly through the bed due to accelerated
moisture release. Correspondingly, the equilibrium adsorption capacity
q* shown in Fig. 7(b) decreases significantly because the elevated
temperature strongly suppresses the adsorption equilibrium predicted
by the Sips isotherm. Consequently, the adsorbed amount ¢ in Fig. 7(c)
decreases rapidly, demonstrating substantially enhanced desorption
kinetics under high-temperature conditions.

The thermal field shown in Fig. 7(d) captures the propagation of the
heating front through the porous bed. During regeneration, the supplied
thermal energy is consumed both for heating the porous matrix and for

supporting the endothermic desorption process, resulting in a transient
delay in the temperature rise during the early stage of regeneration.
Nevertheless, the elevated thermal input rapidly increases the bed
temperature and promotes effective moisture desorption throughout
the bed. The gas density distribution shown in Fig. 7(e) reflects the
combined effects of thermal expansion and vapor release under high-
temperature conditions. Correspondingly, the velocity field in Fig. 7(f)
exhibits moderate local variations associated with the thermally in-
duced density changes. However, the overall flow structure remains
stable during the regeneration process.

These findings demonstrate that elevated regeneration temperature
significantly enhances the desorption performance by increasing the
thermodynamic driving force for moisture removal. Compared with
the low-temperature case, regeneration at 423 K achieves substantially
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faster and more effective moisture desorption, highlighting the im-
portance of thermal management in practical desiccant regeneration
systems.

The radial distributions of the key transport variables at the axial
midpoint x = 0.15 m are presented in Fig. 8 to provide a detailed
understanding of the multidimensional transport behavior during high-
temperature regeneration. The vapor concentration profiles shown in
Fig. 8(a) and the residual adsorbed amount shown in Fig. 8(b) illustrate
the transient transport behavior. During the early stage of regeneration
(r = 500 s), the vapor concentration increases first near the bed center
as the desorbed moisture released from the inlet region is transported
downstream by the purge flow. Because the axial velocity is slightly
higher in the core region, the downstream propagation of the vapor
front occurs more rapidly near the bed center than near the wall
region, resulting in a distinct radial concentration gradient where cv
reaches its peak at r = 0.00 mm. As regeneration proceeds, the radial
non-uniformity of the vapor concentration gradually diminishes. Corre-
spondingly, the residual adsorbed amount shown in Fig. 8(b) decreases
progressively over the entire radial direction during the desorption
process, maintaining a slightly higher moisture loading near the cooler
wall boundary.

The radial temperature difference relative to the bed center (T —
T,_y) is illustrated in Fig. 8(c). Throughout the entire regeneration
process, the near-wall region remains continuously cooler than the core
region, as indicated by the persistent negative values of the temperature

difference. This thermal deficit expands to a maximum gap of —3.2 K
at the intermediate stage (+ = 5000 s) due to the structural thermal
inertia of the wall and external heat dissipation. Consequently, mois-
ture release and vapor transport proceed more rapidly in the hotter
core region. As regeneration progresses toward the late stages (r =
25,000 s and 35,000 s), the thermal energy gradually penetrates into the
peripheral layers, causing the radial temperature difference to contract
back toward a more uniform thermal state.

The radial velocity profiles shown in Fig. 8(d) also exhibit transient
radial variation during regeneration. In the hotter core region, the
gas density decreases because of thermal expansion, resulting in a
moderate increase in the axial velocity under the imposed flow con-
dition to satisfy mass conservation. Consequently, the central region
exhibits slightly faster downstream vapor transport than the near-wall
region, while the no-slip condition maintains lower velocity near the
wall boundary. These results demonstrate that radial thermal gradi-
ents and wall thermal inertia play important roles in determining
the multidimensional regeneration characteristics of practical desic-
cant systems, establishing transport bottlenecks that are inherently
neglected in simplified one-dimensional frameworks.

Fig. 9 compares the axial vapor concentration and temperature pro-
files predicted by the 1D and 2D models during regeneration. The vapor
concentration profiles are shown at r = 500, 15,000, and 35,000 s in Fig.
9(a)-(c), while the corresponding temperature profiles are presented
in Fig. 9(d)-(f). At + = 500 s, both models capture the overall axial
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Fig. 7. Transient spatial distributions of transport variables during high-temperature desorption at c,;,, = 0 mol/m®, u;, = 0.188 m/s, T;, = 423 K: (a) vapor
concentration, (b) equilibrium adsorption capacity ¢*, (c) adsorbed amount g, (d) temperature, (e) gas density and (f) velocity magnitude. The domain dimensions

are identical to those shown in Fig. 1.

propagation of the regeneration front. However, the 1D model overpre-
dicts the vapor concentration peak and the thermal-front propagation
speed because it enforces instantaneous cross-sectional equilibration.
The 2D model, by contrast, resolves radial variations in which the
bed core heats and desorbs faster, while the near-wall region exhibits
delayed thermal response and weaker vapor release due to wall thermal
inertia and finite radial transport resistance. As regeneration proceeds
to t = 15,000 and 35,000 s, the global axial profiles of the two models
become qualitatively similar, but noticeable quantitative discrepancies
remain. The 1D model tends to overpredict the bed temperature and
underpredict the vapor concentration because it cannot represent lo-
calized thermal lag and moisture retention near the wall. These results
demonstrate that radial transport effects, although partially masked in
cross-sectionally averaged trends, play an important role in predicting
the tailing behavior and completion time of bed regeneration.

The transient evolution of the vapor concentration and temperature
during high-temperature regeneration at 7;, = 423 K is shown in Fig.
10. Fig. 10(a) presents the cross-sectionally averaged vapor concen-
tration at the bed center (x 0.15 m) and outlet (x = 0.30 m). A
sharp concentration peak appears during the early stage of regeneration
owing to rapid moisture release induced by the hot purge gas. The peak
occurs earlier at the bed center, whereas the outlet shows a delayed
but larger peak because the desorbed moisture is accumulated and
transported downstream as the regeneration front propagates through
the bed.

Fig. 10(b) shows the corresponding fluid and wall temperature
histories at the same axial locations. The fluid temperature rises faster
than the wall temperature because the hot purge gas directly heats
the fluid region, while the column wall responds more slowly due
to its thermal inertia. In addition, the upstream position reaches the
regeneration temperature earlier than the outlet, indicating the ax-
ial propagation of the heating front. These results demonstrate that
regeneration is governed by the coupled evolution of vapor release,
downstream moisture transport, and wall-induced thermal lag.

To evaluate the effect of purge-gas humidity on regeneration per-
formance, desorption was simulated using humid purge gas with ¢ ;;, =
0.523 mol/m?>, as shown in Fig. 11. Unlike the dry purge-gas case, the
vapor concentration remains finite throughout the bed during regener-
ation because of the non-zero inlet moisture content. As a result, the
equilibrium adsorption capacity ¢* remains at a finite level even at the
elevated regeneration temperature of T}, = 423 K, as predicted by the
Sips isotherm. Consequently, the adsorbed amount q decreases only
until a new thermodynamic equilibrium state is approached, leaving
residual moisture in the zeolite 13X bed.

The temperature field in Fig. 11(d) shows the propagation of the
heating front, which is qualitatively similar to the dry purge-gas case.
However, the presence of moisture in the purge gas limits the reduction
in equilibrium adsorption capacity and therefore restricts the attainable
degree of desorption. The density and velocity fields in Fig. 11(e)
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Fig. 8. Radial distributions of transport variables at the desiccant bed center (x = 0.15 m) during desorption at ¢, ;, = 0 mol/m?>, u;, = 0.188 m/s, T;, = 423 K:
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and (f) mainly reflect the combined effects of heating, vapor content,
and gas expansion during regeneration. These results demonstrate that
regeneration performance is governed not only by the regeneration
temperature but also by the inlet moisture concentration of the purge
gas. Therefore, reducing purge-gas humidity is essential for improving
moisture removal and cyclic adsorption capacity in practical desiccant
systems.

Fig. 12 compares the temporal evolution of the spatially averaged
adsorbed amount for dry and humid purge-gas conditions during regen-
eration. In both cases, the adsorbed amount decreases rapidly during
the early stage of regeneration because of the elevated regeneration
temperature. However, the dry purge-gas case (cy;, = 0) exhibits a
continuous decrease in the adsorbed amount throughout the regenera-
tion process, whereas the humid purge-gas case (¢, 3, = 0.523 mol/m?)
approaches a higher residual equilibrium loading. This difference in-
dicates that the humidity of the purge gas significantly influences the
achievable regeneration level by modifying the equilibrium adsorption
capacity during desorption. Although elevated temperature enhances
the desorption kinetics, the presence of moisture in the purge gas
limits the ultimate extent of moisture removal. These results highlight
the importance of purge-gas humidity control for improving the cyclic
regeneration performance of practical desiccant systems.

The present simulations were performed under well-defined inlet-
gas conditions using a nitrogen-water vapor mixture to isolate the
fundamental heat and mass transfer behavior of the zeolite 13X bed.
In practical desiccant air-drying systems, however, the inlet humidity,
temperature, flow rate, and contaminant concentration may fluctuate
during cyclic operation. Because the present implicit source-term treat-
ment is evaluated locally from the instantaneous vapor concentration,
temperature, and adsorbed loading, the numerical framework can be
extended to time-dependent boundary conditions by updating the local
adsorption equilibrium and kinetic source terms at each time step.
Nevertheless, additional validation is required for strongly fluctuating
industrial operating conditions.

In addition, practical moist air may contain airborne pollutants,
such as oil vapor, volatile organic compounds, aerosols, or fine par-
ticles. Recent studies on polluted moist air have shown that particulate
matter and inlet humidity can significantly influence coupled heat and
mass transfer and system performance in moist-air energy systems [40].
In desiccant beds, such contaminants may alter the local thermody-
namic driving force for water adsorption by competing for adsorption
sites, modifying the effective adsorption equilibrium, blocking micro-
pores, or degrading the adsorbent over repeated cycles. These effects
may reduce the cyclic adsorption capacity and change the regeneration
requirement. The present model does not include multi-component
competitive adsorption or pollutant-induced adsorbent degradation,
and these effects should be addressed in future work by incorporat-
ing multi-species transport, competitive isotherms, and time-dependent
adsorbent properties.

Fig. 13 compares the regeneration predictions of the 1D and 2D
models under identical operating conditions. As shown in Fig. 13(a),
the 1D model consistently underestimates the desorption time required
to reach the target moisture-removal levels. The underprediction ranges
from 12.0% to 15.3% for 50% moisture removal and from 21.3% to
30.4% for 75% moisture removal. This discrepancy arises because the
1D formulation assumes instantaneous cross-sectional equilibration and
therefore neglects radial transport resistance, wall thermal inertia, and
delayed near-wall desorption

The temperature histories in Fig. 13(b) further show that the 1D
model overpredicts the bed temperature, with relative errors of 4.7% at
x = 0.15 m and 3.3% at x = 0.30 m. In contrast, the 2D model captures
localized thermal lag near the wall, which reduces the local desorption
driving force and delays moisture removal. These results indicate that
radial heat and mass transfer effects become increasingly important
as regeneration proceeds toward deeper moisture removal, where the
tailing behavior strongly influences the required regeneration time.

The above discrepancy is directly related to the lumped thermal-
equilibrium assumption used in the 1D reference model. Because (7; =
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Fig. 12. Comparison of the average adsorbed amount over time for different
inlet water vapor concentrations during the desorption process.
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T,) enforces instantaneous cross-sectional thermal equilibration, the
1D model cannot represent the delayed wall response or the cooler
near-wall region observed in the 2D calculation. As a result, the 1D
model tends to predict a higher effective bed temperature and a
stronger local desorption driving force than the 2D model. The purpose
of the 1D-2D comparison is therefore not to validate one model against
the other, but to quantify the consequence of applying a conventional
lumped 1D assumption to a system where wall thermal inertia and
radial transport resistance are important.

3.5. Energy optimization of desiccant regeneration

To identify energy-efficient regeneration conditions, the required
inlet operating conditions were determined for different regeneration
temperatures. In all cases, the regeneration process was designed to
achieve 90% moisture removal, corresponding to a normalized average
adsorbed amount of §/q,,, = 10%, within ¢ 35,000 s. Complete
regeneration was not considered because the final stage of desorption is
accompanied by severe thermodynamic tailing, resulting in extremely
slow moisture removal and inefficient energy utilization. According to
equilibrium-wave theory, the propagation velocity of the concentration
wave front u, is inversely related to the local slope of the adsorption
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Fig. 14. Comparisons of normalized average adsorbed amounts during desorption for different inlet velocities at two regeneration temperatures: (a) 7;, = 413 K
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isotherm and can be expressed as follows [6]:

u
lze ) %4
e "Sac

u (18)

oy
For zeolite 13X, the isotherm slope becomes very large in the low-
concentration region, significantly reducing the desorption-front ve-
locity near equilibrium conditions. Therefore, a practical regeneration
criterion of 90% moisture removal was adopted to avoid the inefficient
tailing regime during thermal regeneration.

Under this fixed-performance criterion, the inlet velocities required
to achieve 90% regeneration within 7 = 35,000 s were determined
for different regeneration temperatures. As shown in Fig. 14, the nor-
malized average adsorbed amount was evaluated using the reference
loading ¢, corresponding to the fully saturated average adsorbed
amount after adsorption. For each regeneration temperature, the inlet
velocity was adjusted until §/q,s reached 10% at r = 35,000 s. At
T,, = 413 K, relatively high inlet velocities were required to meet the
90% regeneration criterion, whereas at 7;, = 453 K, the same target
was achieved with much lower purge-gas velocities. This indicates
that increasing the regeneration temperature enhances the desorption
driving force and reduces the required purge-gas flow rate. Thus, Fig.
14 provides the basis for determining the minimum purge-gas flow rate
required at each regeneration temperature before evaluating the total
regeneration power consumption.

The transient regeneration responses under different operating con-
ditions are presented in Fig. 15. Although all cases achieved the target
regeneration level within ¢t = 35,000 s, the transient desorption behavior
varied depending on the regeneration temperature and inlet flow rate.
As shown in Fig. 15(a), the low-temperature case at 403 K exhibits
the most rapid initial decrease in the normalized adsorbed amount
because of the relatively high purge-gas velocity required to satisfy

14

the regeneration criterion. In contrast, the high-temperature case at
463 K shows a slower initial response due to the lower inlet velocity,
although the elevated temperature provides a stronger thermodynamic
driving force for desorption. As regeneration proceeds, the higher-
temperature cases maintain more gradual and sustained desorption
behavior, whereas the lower-temperature case approaches the tailing
region more rapidly.

The outlet vapor concentration profiles shown in Fig. 15(b) further
illustrate the influence of the regeneration conditions. At lower regen-
eration temperature, the large purge-gas flow rate results in relatively
diluted outlet vapor concentration despite the rapid moisture removal.
In contrast, the higher-temperature cases produce larger outlet vapor
concentration peaks because the desorbed moisture is transported by a
smaller purge-gas flow rate. The thermal responses shown in Fig. 15(c)
reflect the combined effects of convective heat transfer and endother-
mic desorption. The low-temperature case exhibits a relatively rapid
temperature increase because of the larger inlet flow rate, whereas the
higher-temperature cases show slower thermal response due to the re-
duced convective transport and increased thermal consumption during
desorption. Consequently, the thermal lag becomes more pronounced
as the regeneration temperature increases.

These results demonstrate the trade-off between regeneration tem-
perature and required purge-gas flow rate for achieving the target
regeneration performance. Lower regeneration temperatures require
substantially larger flow rates to compensate for the weaker desorp-
tion driving force, whereas higher temperatures reduce the required
purge-gas flow rate by enhancing the desorption process.

The total regeneration power consumption was evaluated by con-
sidering both the pumping power P,y and the thermal heating power
Pheat:

Poump = 4p - Oy 19
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Pheat = maiGC(Tin -Ty) (20)

The resulting power characteristics are summarized in Fig. 16. As
shown in Fig. 16(a), the required purge-gas mass flow rate decreases
significantly with increasing regeneration temperature because the ele-
vated temperature enhances the desorption driving force and lowers the
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Fig. 16. Effects of regeneration temperature on the energy consumption and
required mass flow ratio for desiccant regeneration: (a) overall trends and (b)
enlarged view of the high-efficiency regime(rir/rm,q, < 1).

equilibrium adsorption capacity. The mass-flow-rate ratio r/m,;, was
introduced to evaluate the practical purge-gas requirement relative to
the adsorption process. A value below unity indicates that the purge-
gas flow rate required for regeneration is smaller than the dry-air
flow rate used during adsorption. The ratio continuously decreases
with increasing regeneration temperature and falls below unity in the
high-temperature regime.

Fig. 16(b) provides an enlarged view of the high-efficiency regime
where rir/m,,, < 1. In this range, increasing the regeneration temper-
ature from 453 K to 463 K and 473 K reduces the total regeneration
power consumption by approximately 8% and 15%, respectively. This
reduction occurs because the decrease in purge-gas flow rate and
pumping power outweighs the additional thermal heating requirement.
Among the investigated conditions, the lowest total regeneration power
consumption is achieved at 473 K.

The comparison between the 1D and 2D models shows that the 1D
model slightly overestimates the total regeneration power in this high-
temperature regime, with discrepancies of 4.4%, 4.6%, and 4.6% at
453 K, 463 K, and 473 K, respectively. This difference arises because
the 1D formulation enforces cross-sectional equilibration and cannot
resolve radial thermal lag and residual moisture retention near the col-
umn wall. Consequently, the 1D model requires a slightly higher purge-
gas flow rate to satisfy the same moisture-removal target. In contrast,
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the 2D framework captures the balance between faster core desorption
and delayed near-wall regeneration, providing a more realistic estimate
of the regeneration power requirement.

It should be noted that the present power evaluation is based on
the macroscopic pressure drop across the packed bed and the thermal
energy required to heat the purge gas. This treatment is appropriate for
the low-velocity porous-medium conditions considered in this study,
where the bed-scale pressure drop is the pressure-loss contribution
considered in the pumping-power estimate. However, practical regen-
eration systems may involve additional loss mechanisms, including en-
trance and exit losses, manifold and valve losses, flow maldistribution,
local acceleration and deceleration associated with thermal expansion
and density variation, and turbulence-related dissipation. These effects
were not explicitly resolved in the present laminar porous-bed model.

In more complex internal flows involving non-equilibrium phase
change, turbulence modeling can significantly influence the predicted
flow structure, heat and mass transfer, and loss characteristics [41]. In
contrast to such high-speed internal-flow problems, the present study
focuses on coupled heat and mass transfer inside a low-velocity desic-
cant packed bed. Therefore, the calculated pumping power should be
interpreted as a bed-scale estimate rather than a complete system-level
power requirement.

Beyond the specific desiccant-bed configuration considered here,
the present energy analysis suggests that fixed-performance optimiza-
tion can be useful for other compressed-air energy systems where heat
and mass transfer, flow requirement, and energy loss are strongly
coupled. In compressed air energy storage systems, for example, com-
pressor performance can be affected by moisture-related phase change,
flow losses, and thermal-efficiency variations, and multidimensional
numerical analysis has been used to guide compressor-operation op-
timization [42]. Although the present study deals with adsorption/des-
orption in a porous desiccant bed rather than condensation in com-
pressor passages, both cases highlight the importance of resolving
coupled transport processes when evaluating energy-efficient opera-
tion. Future work will extend the present framework to include detailed
system components and additional flow-loss models for practical dryer
modules.

4. Conclusions

A two-dimensional axisymmetric CFD model was developed to sim-
ulate adsorption and thermal regeneration in a zeolite 13X desiccant
packed bed. The model incorporated LDF adsorption kinetics, a Sips
equilibrium isotherm, conjugate heat transfer between the porous bed
and column wall, and an implicit source-term treatment using a local
pseudo-Jacobian. The proposed formulation improved numerical stabil-
ity for strongly coupled heat and mass transfer without modifying the
original LDF-Sips adsorption source term.

The comparison between the one-dimensional reference model and
the two-dimensional CFD model showed that radial transport and
wall thermal inertia strongly affect the predicted adsorption and re-
generation dynamics. The one-dimensional model, which assumes in-
stantaneous cross-sectional thermal equilibrium, underpredicted the
regeneration time because it could not resolve the delayed near-wall
desorption and wall-induced thermal lag. This result demonstrates
the importance of multidimensional transport analysis for accurate
prediction of desiccant-bed regeneration.

The energy analysis further showed that regeneration temperature
significantly affects the balance between heating power, purge-gas
requirement, and pumping power. Under a fixed regeneration time
of 9.7 h and a 90% desorption target, increasing the regeneration
temperature reduced the required purge-gas flow rate and lowered
the total power consumption in the investigated operating range. The
high-efficiency regime was identified when the purge-gas flow rate
became lower than the adsorption flow rate, indicating that higher-
temperature regeneration can be advantageous when the reduction in
flow requirement outweighs the increase in heating demand.

International Communications in Heat and Mass Transfer 178 (2026) 112062

Overall, the present results demonstrate that a two-dimensional CFD
framework provides a more realistic basis for predicting desiccant-
bed regeneration and identifying energy-efficient operating conditions.
Future work will extend the present model toward practical dryer-
module optimization by considering time-dependent boundary fluc-
tuations, additional system-level flow losses, polluted moist air, and
multi-component competitive adsorption.
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