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ARTICLE INFO ABSTRACT

Keywords: This work presents for the first time a direct calculation of entropy generation mechanisms in a desiccant
Entropy wheel (DW). A previously validated model is used to compute the entropy generated by various irreversible
Deswc?nt wheel mechanisms. In addition, a clearly defined, idealized dehumidification process is proposed. The results show
I;/["del;cla that irreversible heat transfer is the dominant source of entropy generation, accounting for about 40 % in the
econd law

reference case. Mass transfer is the second-largest contributor, followed by dissipation and mixing. Comparison
with the ideal process reveals that a large share of the system’s exergy demand originates from irreversibilities
within the DW itself, rather than from losses in the exhaust air streams. Parametric analysis of regeneration
temperature and wheel rotational speed identifies operating conditions that minimize entropy generation. In
addition, the temperature spread at the wheel outlet is found to be a reliable indicator of entropy generation.
Local entropy generation analysis shows that optimal operating points exhibit a more dispersed distribution
of entropy generation, whereas non-optimal points feature smaller dominant active zones at the boundary
surfaces. These findings clarify the dominant loss mechanisms and provide practical guidance for improving
the design and operation of desiccant wheels.

Ideal dehumidification
Non-equilibrium thermodynamics

1. Introduction method lies in separating the sensible and latent loads in the con-

ditioning process, shifting the energy requirements from cooling the

The importance of air dehumidification in today’s world cannot be
understated. From industrial processes to the thermal comfort of peo-
ple, air dehumidification plays a crucial role in many applications. As
the need for air dehumidification increases and the energy supply of the
world shifts towards renewable energy sources, the need for efficient air
dehumidification processes is more important than ever [1].

Both in the realm of industrial and residential air conditioning,
the energy required to dehumidify air is a significant portion of the
total energy consumption. Especially in humid climates, the latent load
is the primary factor in the energy consumption of air conditioning
systems [2]. In the industrial sector, for example, one of the most
energy intensive steps in the production of lithium-ion batteries is
drying the air for the dry-room, consuming as much as 25% to 50 %
of the total energy demand of the process [3-5].

An effective approach to air dehumidification is the use of desiccant
materials, which extract moisture from air without the need for cooling
past the dew point. Especially for deep dehumidification requirements,
this technique has the advantage of reaching low air humidity ratios
without the need for sub-zero cooling. The key advantage of this
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processed air to heating the regeneration stream used to regenerate
the desiccant material [6,7]. Furthermore, the energy required to re-
generate the desiccant material can be provided by low-exergy heat
sources. Especially the integration with solar thermal collectors, waste
heat or further sources of renewable energy is an important advantage
to desiccant-assisted dehumidification [8-10].

1.1. Idealized processes and their real counterparts

As with any thermodynamic process involving using energy to
achieve a certain goal, thermodynamic laws pose boundaries on the
performance of a system. As in a work process, where the maximum
work output is limited by the Carnot efficiency, the removal of moisture
from a stream of air is also limited by the second law of thermodynam-
ics. These limitations are bounded by an idealized process, with further
limitations arising from irreversibilities present in a real process. Thus
comparing the performance of a real process against an idealized one
allows to quantify not the cost of operation from a perspective purely

E-mail addresses: jan.segura.schreiber@tuhh.de (J. Segura Schreiber), e.makhova@tuhh.de (E. Makhova), arne.speerforck@tuhh.de (A. Speerforck).

URL: https://www.tuhh.de/itt (J. Segura Schreiber).

https://doi.org/10.1016/j.icheatmasstransfer.2026.111172

0735-1933/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/ichmt
https://www.elsevier.com/locate/ichmt
https://orcid.org/0000-0001-8764-3241
https://orcid.org/0009-0000-9616-5085
https://orcid.org/0009-0009-8259-7771
mailto:jan.segura.schreiber@tuhh.de
mailto:e.makhova@tuhh.de
mailto:arne.speerforck@tuhh.de
https://www.tuhh.de/itt
https://doi.org/10.1016/j.icheatmasstransfer.2026.111172
https://doi.org/10.1016/j.icheatmasstransfer.2026.111172
http://creativecommons.org/licenses/by/4.0/

J. Segura Schreiber et al.

Nomenclature

Acronyms

CI Confidence Interval

Ccv Control Volume

DW Desiccant Wheel

LHS Left-Hand Side

PDS Partial Dead State

RD Regular Density

RHS Right-Hand Side

TDS Total Dead State

Roman Symbols

A m? Surface Area

c J/kgK specific heat capacity (liquid)
¢, J/kgK specific isobaric heat capacity
¢, J/kgK specific isochoric heat capacity
d m?/s diffusion coefficient

g J/kg specific Gibbs free energy

H J Enthalpy

h J/kg specific enthalpy

J kg/m?s Species (diffusion) Flux

j A/m? charge flux

J, W/m? Total Heat Flux

J; W/m? Measurable heat flux

K - Equilibrium constant

L m Length

m kg Mass

Pyop 1/h Rotational Speed

Nu - Nusselt-Number

p Pa pressure

Pr - Prandtl-Number

q kgw/kgq Sorbent water content

(0] J Heat

R J/kgK Specific gas constant

r mol/m3s rate of reaction

Re - Reynolds-Number

S J/K Entropy

s J/kgK specific entropy

Sh - Sherwood-Number

T K Temperature

t s time

U J Internal Energy

u J/kg specific internal energy

14 m? Volume

v m3 /kg specific volume

w m/s velocity

x kgw/kgpa Air moisture ratio/moisture content
x m spacial coordinate

Operators

o flow variable/time derivative

A Change in ...

0/ Partial derivative with respect to ...

> Sum over all elements of ...

Greek Symbols

X kgq/kg, rotor material mass ratio
S4p - Correction factor

u J/kg specific chemical potential
¢ \% electric potential

p kg/m3 density

c J/m3K local entropy generation
@ %rH relative humidity

= J Exergy

¢ - friction factor
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Subscripts

0 Dead State

a, A Air

adi Adiabatic

c Concentrate

conv Convective

d Desiccant Material
DA Dry Air

dir Direct

eff Effective

eq Equilibrium

f Feed

gasMix Substance Mixing
ij CV Coordinates

in At Inflow Boundary
ind Indirect

irr Irreversible Entropy Generation
k Species

m Mass

max Maximal

min Minimal

mix Mixing/Mixture
out At Outflow Boundary
p Partial

p Product

pro Process

Q Heat

r Rotor

ref Reference

Reg/r Regeneration

s Solid

S Saturation

s Sorption

sep Separation

thMix Thermal Mixing

v Vaporization

\ Water

Ap Pressure Loss

centered on the cost-of-energy, but to quantify how “good” the process
is compared to the theoretical maximum.

The concept of the least energy or work of separation is a con-
cept well known in the field of chemical engineering, with common
applications in the field of water treatment and carbon capture.

For example, Mistry and Lienhard [11] present a generalized ther-
modynamic analysis of the minimum energy of separation for the
purpose of water desalination. Here, the authors present a generalized
approach to calculate the minimum energy of separation for a general-
ized and idealized process, giving a lower bound for the energy input of
a technically realizable desalination method (membranes, distillation,
etc.). Caram et al. [12] show that the minimum work required to
extract a certain amount of CO, from flue gas in a CCS-process is
equal to the isothermal compression work required to compress the
same amount of gas from its partial pressure to ambient conditions.
Yuan and Rochelle [13] also give a method to calculate the minimum
work required to separate a CO, stream from an amine solution. The
minimum work of separation obtained by the authors mentioned above
is obtained by the difference in the Gibbs free energy of the material
streams before and after separation, assuming partial and total dead
state conditions at the process boundaries. However, the concept of
an idealized process for air dehumidification is not (consistently) de-
fined in literature, thus not allowing to compare real dehumidification
processes against an idealized one.
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Seeing as dehumidification is similar to the above mentioned pro-
cesses in the sense that a binary mixture is separated into two streams
(product and concentrate), the concept of minimum energy of separa-
tion can be applied to dehumidification processes as well. As indicated
by Mistry and Lienhard [11], the minimum work of separation can be
obtained from an exergy balance of the system, assuming that the input
and output streams are at the total or partial dead state. The total dead
state is defined as the state of a fluid stream in thermal, mechanical
and chemical equilibrium with its surroundings, while the partial dead
state allows for chemical imbalance while maintaining thermal and
mechanical equilibrium. The fact that for an idealized process all input
and output streams are in thermal and mechanical equilibrium shows
that in the ideal case dehumidification (or chemical separation in the
general case) must be isothermal.

A comparison of the performance of the real (simulated) process
against the ideal counterpart is then meaningful, as it allows to quan-
tify the performance of the system against the maximum theoretical
performance, taking into account the constraints imposed by thermo-
dynamics. For the process presented in this paper, such a comparison
is presented in the results section.

1.2. Second law analysis of dehumidification systems

Second law analysis of an energy system is a powerful tool to
identify sources of irreversibility and to quantify the potential for
improvement of the system. Especially in desiccant systems, where
(coupled) heat and mass transfer processes take place, understanding
these phenomena is crucial to improve system performance. The stud-
ies presented in the following sections, based on the second law of
thermodynamics, study the constraints the second law imposes and the
concepts that arise from it, such as exergy and entropy generation.

1.3. Review of exergy and entropy generation analyses

Exergetic analysis is widely used to study and evaluate the per-
formance of air conditioning and dehumidification systems [14-16].
This type of analysis is based on the second law of thermodynamics
and the concept that not all energy is convertible into useful work, or
for the case of counter-clockwise-running cycles, a certain minimum
amount of energy must be provided as work or as a heat flow with
a certain temperature difference to the reference state (normally the
environment). This minimum temperature difference is an indicator to
where this energy can be sourced from: Processes with a low exergy
requirement can be supplied with renewable, more accessible or less
expensive energy sources, such as waste or solar heat, while processes
with a high exergy requirement need to be supplied with high-quality
energy sources, such as electricity, fossil- of biofuels.

Exergy analyses have been performed on desiccant dehumidification
systems in the past, mainly focusing on an indirect calculation of exergy
losses based on a reference state that is chosen arbitrarily and rarely
matches between studies. For example, Ma et al. [17] presented an
analysis of exergy losses differentiating between chemical and thermal
exergy losses from transfer and mixing phenomena in a desiccant wheel
system for conventional and deep dehumidification (the authors define
deep dehumidification as reaching dew points below 0°C or an air
moisture content below 3.8 g, /kgp,). They find that the greatest exergy
losses are caused by transfer phenomena in desiccant wheels with a
3:1 ratio of process to regeneration wheel face area ratios, and mixing
losses rapidly increase with an increasing regeneration air moisture
content. For the transfer losses, the authors state that the greatest ex-
ergy losses are of thermal nature. The authors do not consider pressure
drop in the calculation of exergy losses.

Tu et al. [18] also conducted an exergy destruction analysis of a
desiccant-wheel-based cooling system based on a simulation model.
Exergy destruction is calculated for the desiccant wheel in an indirect
way, balancing the exergy of the air streams entering and leaving it.
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The same method is used to calculate the exergy destruction in the
other components of the desiccant cooling system (regeneration air
heater, enthalpy recovery wheel and spray towers). It is found that
(apart from exergy destruction in the electric heating unit) the great-
est exergy destruction occurs in the desiccant and enthalpy recovery
wheels, with the latter being the most significant source of exergy
destruction. The high rate of exergy destruction of desiccant wheels is
also reflected in other similar studies [19,20]. This indicates that heat
and mass transfer phenomena in desiccant systems are the main sources
of irreversibilities, as is reflected in the high exergy destruction rates
in the components where these phenomena take place. Furthermore,
mixing of inhomogeneous air streams is also a significant contributor
to exergy destruction: Guan et al. [21] present an experimental and
simulation-based investigation of the exergy destruction from mixing
at the outlet of a DW. They find that for the analyzed scenarios, around
10 % of exergy is lost through mixing, and over 96 % of these losses arise
from inhomogeneities in the tangential direction of the wheel, while
those in radial direction are negligible. Furthermore, the authors find
that the largest proportion of exergy losses are of thermal nature. These
findings are similar to the investigations presented by Ma et al. [17],
while the contribution of mixing to the total exergy losses presented
by Tu et al. [22] presents larger variations.

In the studies mentioned above, exergy destruction is calculated
in an indirect way by balancing the exergy of the substance streams
at the system’s control boundaries. Furthermore, the differentiation of
exergy into thermal and chemical is only linked to the temperature
and moisture content of the air streams (respectively) at the control
boundaries, without considering how these two variables are affected
by transfer phenomena. As such, the effect that — for example — water
vapor adsorption and desorption (via mass transfer) has on the temper-
ature of the air stream is only reflected in the thermal exergy, which
is also affected by heat transfer. This approach thus does not allow
to differentiate between the contributions of the transfer phenomena
themselves.

As the amount of exergy contained in an energy stream depends
on the reference state chosen to calculate it, the choice of a reference
state is not trivial, especially when the reference temperature and the
temperature of the process studied are close to each other [15,23].
In the context of buildings, the choice of a reference state and its
meaning in terms of context is a topic of discussion [23,24]. Exergy
destruction, however, is a concept that is directly linked to entropy
generation, which is independent of the reference state chosen [25,26].
It only depends on the state of the media in the system, regardless of
its surroundings and is linked to exergy destruction by Eq. (1):

Eloss =Tp- Sirr’ @

where Z is the exergy loss, Ty, is the reference temperature and Sj,,
is the entropy generation. Therefore, entropy generation can be used to
evaluate the performance of an energy system in a more general sense
and optimize it accordingly.

Previous studies have used entropy generation to analyze and opti-
mize fluid flow and heat transfer phenomena [27,28]. For the perfor-
mance of air conditioning systems, entropy generation has also been
a valuable tool in previous studies: For example, Yang et al. [29]
presented a local entropy generation analysis of an evaporative cool-
ing system, where entropy generated through heat and mass transfer
was used to select optimal operating conditions. Kocher et al. [30]
also use entropy generation analysis to evaluate the performance of a
thermoresponsive polymer-based dehumidification system, where the
low entropy generation of the system is linked to its high efficiency.

Desiccant systems have also been analyzed regarding entropy gen-
eration. Giannetti et al. [31] analyzed the entropy generation in a des-
iccant wheel system from an analytical point using wheel effectiveness
parameters for steady state operation, using an indirect approach to cal-
culate entropy generation from heat and mass transfer. Similarly, Myat
et al. [32] show that low entropy generation in a desiccant-based
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multi-bed dehumidification system also leads to high efficiency. Guo
et al. [33,34] also use local entropy generation analysis to evaluate the
performance of a CO, capture process, where local entropy generation
from transfer phenomena is calculated via CFD-Simulation.

Of the studies mentioned above, only Guo et al. [33,34], Yang et al.
[29] differentiate entropy generation through heat and mass transfer in
the system by source, while Myat et al. [32] presents the equations
to calculate entropy generation from different sources, but does not
present the contribution of each source separately in the results. These
studies do not consider the contribution of mixing to total entropy
generation.

The approach of Giannetti et al. [31] towards entropy generation
is indirect, as it uses effectiveness parameters to calculate the en-
tropy generation of the system rather than focusing on the transfer
phenomena themselves. The approach of Kocher et al. [30] calculate
entropy generation in the dehumidification system is also indirect.
Furthermore, Kocher et al. [30], Myat et al. [32] use models that
do not consider stream mixing from heterogeneous outlets from the
cooling/desiccant system, so there is no consideration of the entropy
generation from mixing.

To the best of the authors’ knowledge, the literature does not
yet present a comprehensive direct calculation of entropy generation
within a desiccant wheel that accounts for transport phenomena and
dissipation evaluated at the control-volume level, as well as the con-
tributions from downstream flow mixing. In this paper, this novel type
of analysis is presented in detail, where entropy generation through
the various transfer phenomena is calculated directly from the transfer
equations, allowing to identify the sources of irreversibilities in the
system. The contribution of mixing and pressure drop to the total
entropy generation is also presented, further widening the knowledge
of irreversibility sources in desiccant wheels. Furthermore, as heat and
mass transfer are local phenomena by nature, entropy generated form
these sources is also calculated locally, not only allowing to identify
how irreversible losses arise, but also where in the wheel they occur.
The information gained from this new approach to the entropy sources
in a desiccant wheel can therefore be used to optimize the design and
operation of dehumidification systems.

2. Desiccant wheel modeling and entropy calculation

The model, its governing equations and the entropy generation
methods are presented in the following sections.

2.1. Modeling of the desiccant wheel

The 2D finite volume element model analyzed in this work, im-
plemented in the modeling language Modelica, was first introduced
by Casas [35] and further developed and validated by various teams
at Hamburg University of Technology [36,37]. The operation of the
desiccant wheel is depicted as a two-dimensional (2D) finite-volume
model discretized in the axial and tangential directions, resulting in
control volumes (CVs) shaped like a slice of pizza. The CVs are divided
into a solid and fluid part, between which heat and mass transfer
phenomena take place, as shown in Fig. 1.

Both sides of the CV exhibit a mass flow rate m at the inflow and
outflow boundaries, as well as the exchanged heat and mass flow rates
O and r,, between them. For the solid part, the mass flow rate s,
represents the wheel’s rotational movement. The state of the fluid and
solid parts of each CV is defined by the temperature 7', the air humidity
ratio x and the desiccant moisture content ¢q. From these, energy and
mass balances for each volume element are formulated. For the air part,
these are given by [35]:

oT . . . .
Cpa® Vep- E = Hin + Hout + Qconv + Qconv,w ()]
and
7]
v. 2 i + Wgy + My, 3

o
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My, out
Tr, out
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Fig. 1. Interface between solid and fluid control volumes.

where c,, , is the specific heat capacity of air, V' is the volume of CV, p is
the air density, H,, and H,,, are the enthalpy flow rates at the inflow
and outflow boundaries, O, and Q.,,., are the convective heat flow
rates, and m i, , mg, and m,, are the mass flow rates at the inflow and
outflow boundaries and the mass flow rate of water vapor.’

For the solid side of the CV, the energy and water mass balances are
given by [35]:

oU, . .
7 = Qconv + Qconv,w
= Qconv + mw : hw’ (4)
and
om . dq
a—tw=mw=mr~)(~5. 5)

The state equation for the solid part of the CV is derived from Eq. (6):
oU, _oU, U,

a o ot
where U is the internal energy of the solid part of the control volume,
which is the sum of the internal energies of the solid desiccant and rotor
carrier materials U, and the adsorbed water U,. The internal energy of
the adsorbed water is calculated from the enthalpy of adsorption A, and
the enthalpy of water vapor h,, [38]:

(6)

Ua:ms')('q'“a:ms')('fI'(hw—hs)y )

where m,, , is the mass of adsorbed water in the solid part of the control
volume. The enthalpy of adsorption A, is equal to the isosteric heat of
adsorption. This leads to the formulation of the state equation for the
solid part of the CV:

%=(cs+x-q-cp,w)v%—?+x-<(hw—hs)—q'(2—};s>'%, (®)
where ¢, = (1 — x) - ¢, + x - ¢q is the specific heat capacity of the
rotor carrier material and the solid desiccant and ¢, is the specific
isobaric heat capacity of water vapor. The partial derivative of the
enthalpy of adsorption dhg/dq is derived from the sorption heat data
of the desiccant material.

The equations describing the calculation of exchanged heat flow,
mass flow and pressure loss are presented in A.1 to A.3.

The equilibrium moisture content x, is calculated by evaluating the
sorption isotherm of the desiccant material,given in the general form:

Peq = Peq(q:T) )]

1 Flow quantities (mass flow, heat flow, ...) are defined as positive when
entering a control volume and negative when leaving it. Therefore, all flow
quantities have the same sign in the balance equations regardless of the CV
boundary where they are evaluated.
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where @, is the equilibrium relative humidity for a given moisture
content ¢ and temperature T.

For the studied material (Silica Gel), the sorption isotherm is given
by Pesaran and Mills [39] for regular density (RD) silica gel (T, ~
25°C) in Eq. (10).

Peq(q) = 0.0078 — 0.05759 g + 24.16554 ¢* — 124.78 ¢ +204.226 4* (10)

The known sorption heat hy(g,T) is used to calculate the sorp-
tion isotherms at different temperatures through the Van’t Hoff equa-
tion [40]:

olnK\ _ ARD)
( oT )p_ RT? an

where K = p,,/p, is the equilibrium constant and ARNT) = h
is the enthalpy of the reaction. Taking into account the enthalpy of
vaporization given by the Clausius-Clapeyron equation (assuming ideal
gas behavior and negligible liquid phase volume) [25]:

dlnpg . (T) _ h, 12)

oT RT?
(where p;,(T) is the saturation pressure of water at a given Tempera-
ture T') a relationship between the equilibrium vapor pressure, the heat
of vaporization, the enthalpy of sorption and the temperature can be
established [41,42]:

hy <01H(Peq(Tref,q))>
h(T) — \ 91n(py(T))
With the definition of the relative humidity ¢ = Ppw /ps(T) the
sorption isotherm for different temperatures can be expressed in its
general form by integrating Eq. (13) and using the definition of relative
humidity:

13)

hs
T 7y (T)
psw()>h<>. 14)

0eq(@:T) = 9eq(q, Tres) - <
sw( ret)

2.2. Entropy generation in heat and mass transfer processes

For systems where transfer phenomena (mass, heat and the cou-
pling thereof) are driven by gradients in a potential quantity (tem-
perature, pressure), entropy generation is inherent to the system. In
general terms, the entropy generation rate ¢ at a local level for a
one-dimensional® process assuming mechanical equilibrium is given
by [44]:

= ix(%) ZJ]‘ = (-7)

(199 4G
+j <—?a—x>+r<—T>, (15)

where Jq is the (total) heat flux, J, is the flux of species k, j is the
flux of charge, r is the rate of reaction, g, is the chemical potential
of species k, ¢ is the electric potential, 4.G is the Gibbs free energy
of reaction and T is the temperature. The total irreversibilities can be
obtained by the integration of the local entropy generation over the
system volume:

Si”:/o'dV. 16)
14

In a desiccant wheel, chemical and charge equilibrium is assumed,
which allows to neglect the last two terms of the Right-Hand-Side (RHS)
of Eq. (15).

2 The equations presented here, although valid for 3D-processes when
considering further spacial dimensions, are presented here for a 1D-Process
to avoid unnecessary burden. For a 3D-representation, the reader is referred
to [43,44].
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The total heat flux Jq is the sum of the measurable heat flux Jé and
the enthalpy transport:

Jy= I+ Y J s a7)
k
where Ay is the enthalpy of species k [44,45].

Using the measurable heat flux Jé and neglecting the aforemen-
tioned terms, the entropy generation rate ¢ simplifies to:

91 1 Oy,
o (2) e T (40
Vv %,_J
Qi Om,irr

with du /0x being the gradient of the chemical potential of species k
at constant temperature.

The assumption of mechanical equilibrium does not hold in the
context of desiccant wheels, especially when considering the tradeoff
between pressure loss and heat/mass transfer efficacy. Therefore, the
term shown in Eq. (19) to calculate entropy generation arising from
pressure losses is added to Eq. (18):

19dp
“Tox’
where A is the cross-sectional area, w is the fluid velocity and p is the
pressure [46].

=A- 19

2.3. Simplifications and assumptions

In the context of desiccant wheels, assuming ideal gas behavior
allows for further simplifications. Specifically, it is assumed that gases
follow the ideal gas law and Dalton’s law applies for the mixture of
dry air and water vapor. These properties allow for the gradient of the
chemical potential at constant temperature to be expressed as [44]:

Lor 10 oy _pg| = 24 20)
T o0x T ox T 0X

Here, as the specific enthalpy 4(T) is a function of temperature only, the
differential is zero and the gradient of the specific chemical potential
is reduced to the gradient of the specific entropy ds/odx.

Furthermore, fluid heat conduction in flow direction and solid heat
and mass conduction between CVs are neglected, and the solid is
modeled as ideal in regard to mass transfer. It is assumed that all
CVs of one rotor section (process/regeneration) have the same geo-
metrical dimensions and that local mass transfer equilibrium applies
at the boundary layer between fluid and solid. The moisture content
of the fluid boundary layer is the equilibrium moisture content of the
desiccant material for its given state.

2.4. Implementation of entropy calculation in the DW model

In the model presented here, four sources of entropy generation are
considered: Heat transfer S, mass transfer S,,;, pressure loss S,
and stream mixing at the DW outlet surfaces S,;,. The sum of these
terms yields the total entropy generation rate for the DW via the direct
method:

Sirr,dir = SQ,irr + Sm,irr + SAp + SmiX' (21)

The first three sources of entropy generation are calculated at the
CV level, while stream mixing is calculated downstream of the wheel.
The discrete nature of the model calls for careful choice of evaluation
points for state variables, especially for the calculation of gradients,
which become differences in the discretized equations.

In order to visualize the calculation of heat and mass transfer
entropy generation, a generalized control volume with two material
streams (fluid and solid) shall be considered. The exchanged heat and
mass flow from A to B, where A and B are the respective parts of the
CV (solid or fluid, depending on the exchange direction). The inflow
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G

'gasMix

in " -

1&
SthMix

out,

B.
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Fig. 2. Entropy flow and generation diagram for a Control Volume with two
material streams that exchange heat and mass.

and outflow boundaries are denoted by the subscripts I, and [,
respectively. The approach for the choice of evaluation points for state
variables is illustrated with the help of Fig. 2.

The paths illustrated in Fig. 2 represent the entropy transfer and
generation processes in the control volume. Heat and (direct) mass
transfer (red and blue paths) lead to a decrease in entropy in the A
part and an increase in entropy in the B part of the CV (entropy flow).

The net increase in entropy is the entropy generation S, /m,ire Of the
process, denoted by the black squares in the transfer paths. The green
paths represent the change in entropy of the material that does not take
part in the direct mass transfer process, but is still affected by it (as
explained below). As with the transfer paths, the net positive entropy
change along the green paths is also a factor in the overall entropy
generation.

For the calculation of entropy generation arising from heat or direct
mass transfer (the transfer path), the evaluation points for the state
variables associated with these flows are set to the inflow and outflow
points of the CV part where the flow starts(4;,) and ends (B,,,), as per
the definition above.

Not all of the material passing through the control volume par-
ticipates in the mass transfer process (i.e. only some of the water
vapor is adsorbed by the desiccant material, while the rest continues
to flow). However, the water vapor that is not adsorbed is affected
by the process, as its partial pressure changes due to the change in
concentration. This change in partial pressure leads to a change in
the specific entropy of the remaining water vapor (shown as the green
paths in Fig. 2), which adds to the total entropy generation. The state
variables for these non-participating flows are evaluated at the points
where the flow enters and leaves the control volume (that is, at A4;, and
Aqy)- This form of entropy generation (the flow path) is associated with
thermal and substance mixing processes.

The calculation method of these various sources of entropy are given
in the following paragraphs.

2.4.1. Entropy generation from heat transfer

Entropy generation from heat transfer in a CV is defined by the heat
flux and the temperature gradient along the transfer path, as expressed
in Eq. (22):

11 > 22)

S = O -
Qirr QAB (TB,oul TA,in

where Q,5 is the measurable heat flow rate from A to B, calculated in
each CV with Eq. (38).

2.4.2. Entropy generation from mass transfer

Entropy generation due to mass transfer can be calculated by eval-
uating the second term on the RHS of Eq. (18) along the transfer and
flow paths:

. 1 OHT
Sm,(otal,irr = Z J (__ - > . (23)
= T ox

Evaluating this term for a CV along the transfer path yields the en-
tropy generation due to direct mass transfer. As only water vapor is
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transferred, the calculation for air is omitted. As per the assumptions
above, the gradient of the chemical potential at constant temperature
is reduced to the gradient of the specific entropy, which can be calcu-
lated from the temperature and partial pressure of water vapor at the
evaluation points.

This yields the entropy generation due to direct mass transfer along
the transfer path:
S,

m,direct,irr

= vaAB ! (SW (TB,w,in’pp,B,out) —Sw (TA,in’ pp,A,in)) > 24

where Ty, ;, is the temperature of the inflowing water vapor stream
(i ap) in the B part of the CV and p, g o and pp A, are the partial
pressures of water vapor at the CV boundaries.

The temperature of water vapor is evaluated at the inflow boundary
of the B part of the CV to separate the effect of thermal mixing from the
direct mass transfer process. It is assumed that the driving force of mass
transfer is the gradient in concentration between the main flow and the
boundary layer, and that mass transfer is isothermal. It is only after
arriving at the B part of the CV that the water vapor thermally mixes
with the main flow, and the entropy generation due to this process is
calculated separately.

Evaluating Eq. (23) in a CV along the flow path yields the entropy
generation due to thermal and substance mixing, which arise indirectly
from the mass transfer process. As stated above, the gradient of chem-
ical potential at constant temperature is reduced to the gradient of the
specific entropy, which for an ideal gas is given by Eq. (25) [25]:

T
s2—31=cp~ln(77?>—R-ln<;;—T>, (25)

where ¢, is the specific heat capacity at constant pressure, R is the
specific gas constant and 7 and p are the temperature and (partial)
pressure, respectively. The first term on the RHS of Eq. (25) is the
entropy change due to thermal mixing, while the second term is (in this
case) the entropy change due to substance mixing. The sum of these
two terms for all substances in the CV flow paths yields the entropy
generated from indirect mass transfer.

When considering thermal mixing, the entropy produced must be
calculated without the influence of conductive heat transfer. This is
completed by calculating the adiabatic mixture temperature 7T, mixs
which is the temperature of the material after water vapor has en-
tered through the boundary layer and mixed with the main flow. This
temperature is calculated according to Eq. (26):

mw,AB : Cp,w : Tw,in + mB *CBin * TB,in
(1t AB + 15 in) B out

where cg i, and cp ,,,, are the specific heat capacities of the main flow
at the inflow and outflow boundaries of part B of the CV.

The adiabatic mixture temperature is then used to calculate the
entropy generation due to thermal mixing:

. T .. . T .. .
Sth. mix = mw,ABCp,w In < adi mix_ > + 11g iy CR in In <—ad1 mix > s 27)
TB,w, in TB, in

s (26)

Tagi mix =

where cg ;, is the specific heat capacity of the main flow at the inflow
boundary of part B of the CV (calculated by the composition of the
flow and the heat capacities of the components) and c,, ,, is the specific
isobaric heat capacity of water vapor.

Entropy generation due to substance mixing is calculated by evalu-
ating the second term of the RHS of Eq. (25) for all substances in the
flow path:

SgasMix = Z - mk,flowpath - Ry In <M : 5Ap) (28)
k pp,k,in

where 7t ¢1oypan 1S the mass flow of substance k in the flow path (at the

outflow of part A and inflow of part B of the CV) and R, is the specific

gas constant of substance k. The correction factor §,, is introduced to

correct for the pressure loss in the CV, as entropy generation due to
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Fig. 3. Mixing of discrete streams into a homogenous stream.

pressure loss is calculated separately. It is defined as the inverse of the
ratio of the pressure loss in the CV:
_ P
Pout
which ensures only changes in partial pressure due to composition
changes are considered in Eq. (28). This leads to the total entropy
generation from mass transfer in a CV, expressed as the sum of direct
and indirect mass transfer entropy generation:

S, , 29

p

Sm,irr = Sm,direct,irr + SgasMix + Sth.mix' (30)
2.4.3. Entropy of mixing downstream of the DW

Entropy generation in a sorptive process is not limited to the phe-
nomena in the desiccant wheel. In a one-stage system, the entropy
of mixing of the heterogenous air stream at the DW outflow surface
into a homogenous one downstream of the wheel must be considered.
For this, it is assumed that the air streams flowing out of the discrete
screams resulting from the tangential discretization of the DW mix into
a homogenous stream, as shown in Fig. 3.

The entropy of mixing is calculated by evaluating the specific
entropy of the streams at their outflow state before and after mixture
as expressed in Eq. (31):

=5 (T x;))]

= Myotal S (Tmix > Xmix ) - Z ;s (Ti’xi) 31

i=1

Smix = Z [mi (S (Trnix > Xmix )

2.4.4. Entropy generation from pressure loss

As stated in Eq. (19), irreversibilities due to pressure loss are
calculated from the (total) pressure gradient in the fluid stream of the
CV. Integrating the local entropy generation rate o4, over the control
volume yields the total entropy generation due to pressure loss:

. o1
Suy=V -7 A, (32)
where V is the volume flow rate of the fluid in the CV and 4p is the
pressure loss, which is calculated as presented in Section 2.1. Further
entropy sources are not considered.

3. Results

In this section, the results of the simulations performed with the
desiccant wheel model are presented and discussed. First, the base
case is presented to establish a baseline to compare the results of
the other cases to. Then, the results of the sensitivity analysis are
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Fig. 4. Desiccant wheel process flow diagram.

Table 1

Reference case operational parameters.
Parameter Value
Inlet (feed) air temperature T; 9°C

Inlet air moisture content x; 7 gy /Kgpa
Inlet air mass flow rate s 0.625 kgp, /s
Regeneration air temperature 7, 60 °C
Regeneration air mass flow rate s, 0.3125 kgp, /s
Wheel rotational speed n, 6 rph

presented, where the influence of the wheel rotational speed and the
regeneration air temperature on the entropy generation in the system
is investigated. The minimal entropy generation for a given output air
moisture content is presented and used to investigate the theoretical
minimal regeneration air temperature for the system.

3.1. Simulation setup

Before analyzing the results of the simulations, an overview of the
simulation setup is given. As explained before, the simulation of the
desiccant wheel process is implemented in the software environment
Dymola, a Modelica-based simulation environment.

The simulated process employs one rotating desiccant wheel, which
is divided into two sections: Process and regeneration. The process sec-
tion is fed with precooled feed air (subscript: ), which is dehumidified
as it passes through it. After the process section, a portion of the air is
extracted as product air (subscript []p), while the rest is fed into the
regeneration section (subscript i_}.). Before entering the regeneration
section, the air is heated to a higher temperature by a heat exchanger.
After reabsorbing the moisture from the desiccant material, the air is
discharged into the environment.

A schematic of the desiccant wheel process is shown in Fig. 4.

3.2. Reference case

A number of simulations were performed with the DW model to
investigate the behavior of entropy generation in the system. As a
baseline, the reference case was simulated with the parameters listed
in Table 1. The parameters are oriented on the conditions of the first
stage of a multi-stage deep dehumidification desiccant system modeled
by the authors for this study.

The simulated desiccant wheel was modeled using the geometrical
and physical parameters listed in Table 2.

The simulation was run until a steady state was reached using
the DASSL solver [47] to integrate the model DAE-System. The main
results of the simulation are shown in Table 3. Absolute quantities are
set in relation to the product air mass flow rate s,

As a comparison and accuracy check, the results of the entropy
calculations via the control volume method are compared to an indirect

=ty — ..
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Table 2

Desiccant wheel parameters.
Parameter Value
Diameter 0.87m
Length 0.4m

Desiccant material RD Silica gel
Specific surface area 2700 m?> m=3
Hollow space fraction 0.82

Sinusoidal channel height 1.78 mm
Sinusoidal channel width 3.77 mm
Process air section angle 270°
Desiccant mass fraction y 0.82
Axial CV Number 15
Tangential CV Number (process air) 24
Tangential CV Number (regeneration air) 8
Table 3
Reference case main results.
Quantity Value
Processed air humidity ratio x, 0.693 g, /kgpa
Processed air temperature T, 26.47 °C
Regeneration Heat Q. /ni, 33.74 kI /kgpa
Discharge air temperature T, 24.95 °C

13.15 g, /kgpa
Value [kJ/kgp, K1

Discharge air humidity ratio x,

Entropy source

Heat transfer S, o 3.085
Mass transfer S, 2.708
Pressure loss S;;, 5, 1.362
Stream mixing S, pix 0.6095
Total (direct method) S, 4 7.764
Total (Indirect method) Si;, ;. 7.634
8
[
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]
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Direct Method
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Fig. 5. Entropy generation by source for the reference case. The total entropy
generation is calculated via the control volume method and via an indirect
method.

calculation of the entropy generation via an entropy balance of the
system:

Sirr,ind = Z misi7 (33)
i

where S;, ;.4 is the total entropy generation in the system, r; are the
mass flow rates of the streams i and s; are the specific entropies of the
streams at the control system boundary. The entropy generation rates
by source and the total entropy generation calculation by the indirect
method for the reference case are illustrated in Fig. 5.

In the reference scenario, the total entropy generation is dominated
by the heat transfer entropy generation, which accounts for about 40 %
of the entropy generated. It is followed closely by entropy generation
from mass transfer, with pressure loss and stream mixing contributing
to a lesser extent to the total entropy household. These results are in
line with the findings of Ma et al. [17] and Guan et al. [21], which also
found that transfer losses (heat and mass) are the largest contributors
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Table 4
Operating points used to check the accuracy of the entropy generation
calculations (C1 is the reference case).

Parameter Cl C2 C3

x; [gy/kepal 7 7 10

T; [°C] 9 9 15

T, [°C] 60 50 90
N [rph] 6 40 10
Results

*p [8w/kgpal 0.69 4.23 0.73
Saie/ Sina = 1 1%) 1.71 2.67 ~2.10

UOI}0II(] UOTIRIOY]

Air Direction

Air Direction

Fig. 6. Visualization of air stream and rotation directions.

to exergy losses (or entropy generation), and stream mixing accounts
for roughly 20 % of exergy losses in the desiccant wheel system (when
pressure loss is neglected) under similar operating conditions.

The difference between the entropy generation calculated by the
direct and indirect methods has also been used as a measure of the
accuracy of the implementation in similar systems by other authors [33,
34], where a relative difference in the calculated entropy generations
under 3 % was qualified as good. The relative deviation reference case
presented here lies at 1.71 %, which is considered very good. Further
operating points were simulated to investigate the accuracy of the
entropy generation calculations and the deviation between the direct
and indirect methods. The main parameters of these simulated cases
(also oriented on the operating conditions of the multiple stages of a
dehumidification system) and the relative deviation between the two
methods are presented in Table 4.

When considering the spacial distribution of entropy generation in
the system, it can be seen that it is not evenly distributed over the
wheel. As expected, entropy generation from heat and mass transfer
is greatest at the wheel inlet surfaces, specifically at the points where
the wheel material moves from the process section to the regenera-
tion section and vice versa. This can be clearly seen in Fig. 7. The
perspective on local entropy production heatmaps like Fig. 7 is of the
flattened cylinder mantle of the desiccant wheel, with the air moving in
the horizontal direction and the wheel rotating in the vertical direction
(top to bottom), as visualized in Fig. 6.

Furthermore, entropy generation propagates in the direction of
rotation and air flow, resulting in the diagonal “rays” seen in Fig. 7.
This behavior can be explained by the fact that the “active zone” of the
wheel, where the heat and mass transfer occurs, is also located along
this diagonal. However it is worth noting that the active zones for heat
and mass transfer are not identical.

In the direction of rotation, the process of heat transfer occurs prior
to that of mass transfer. This is due to the initial heating or cooling
of the wheel by the air, which results in a change to the equilibrium
state and consequently drives the mass transfer process. In that sense,
the amount of entropy generated by heat transfer is strongly related
to heating or cooling the material to its equilibrium conditions for
the respective air streams. As shown in Fig. 5, entropy generation is
dominated by heat transfer, so the distribution of heat transfer entropy
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Fig. 7. Total entropy generation per control volume for the reference case.
Top: Regeneration section, bottom: Process section.

Table 5
Parameter ranges for the sensitivity analysis.

Range

2rph to 40rph
40 °C to 100 °C

Parameter

Wheel rotational speed
Regeneration air temperature

generation is very close to the total entropy generation presented
in Fig. 7. Mass transfer entropy generation presents a more uniform
propagation in rotation and air flow directions. This distribution can
be seen in Fig. 8. Furthermore, it can be seen in Fig. 8 that the
active zone for mass transfer propagates throughout the wheel, with the
highest entropy generation occurring around CV (10, 1) in the process
section and CV (7, 8) in the regeneration section. This finding suggests
that the mass transfer process occurs over a greater surface area,
thereby reducing the gradient in partial pressure necessary to transfer
the desired amount of moisture and consequently decreasing entropy
generation. Consequently, reduced entropy generation is indicative of
a more efficient process.

3.3. Investigation of different operation points

The results of the reference case are used as a baseline to investigate
the influence of different operation points on the entropy generation
in the system. The parameters varied in the simulations are the wheel
rotational speed and the regeneration air temperature, as these two
parameters can be changed during operation with relative ease and
have a significant influence on the performance of the system. Finding
the optimal operation point however is not a trivial task, in which
entropy analysis can be a useful tool. The investigated parameter ranges
are shown in Table 5.
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Fig. 8. Mass transfer entropy generation per control volume for the reference
case. Rotation and air flow direction as in Fig. 7.
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Fig. 9. Total entropy generation for the studied parameter range (colored),
product air moisture ratio overlaid (in g, /kg,). Minimal entropy generation
in an iso-x-line marked with crosses.

3.3.1. Total entropy generation

The total entropy generation is shown in Fig. 9 for the studied
parameter range, with the product air moisture content overlaid.

As can be seen in Fig. 9, entropy generation is mainly dependent
on the regeneration air temperature, although in the lower range the
wheel rotational speed shows some influence. The reached product
air moisture content is a function of both the wheel rotational speed
and the regeneration air temperature and traverses a range of entropy
generation states. However, there is always a point of minimal entropy
generation along a given output moisture content isoline (iso-x-line).
This point of minimal entropy generation is also the point where
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Fig. 11. Left Axis: Entropy generation by source along the 0.5g, /kg,, is0-x-
line. Right axis: Regeneration air temperature (black, dashed).

a maximum moisture extraction is reached with the smallest regen-
eration temperature and the optimal wheel rotational speed (or the
point of minimal output air moisture content for a given regeneration
temperature).

This can be explained by the fact that when the wheel is operated
at the optimal point, a greater portion of the wheel is active in regard
to heat and mass transfer. This means that the necessary temperature
and concentration gradients to achieve the same total heat and mass
transfer are smaller, which results in less entropy generation.

As can be seen in Fig. 10, the amount of entropy generated at the
point of minimal entropy generation increases exponentially with the
amount of moisture extracted, indicating that the process will require
significantly more exergy to reach very low moisture contents. This
behavior is expected, as the necessary exergy of separation increases
when separating water vapor from air at very low concentrations (see
Section 3.3.3).

3.3.2. Composition of entropy generation

As shown for the reference case in Fig. 5, the total entropy genera-
tion can be decomposed into its components for further investigation.
As one of the key output parameters of a dehumidification process is
the product air moisture content, the entropy generation composition
along an iso-x-line is to be analyzed.

Fig. 11 shows the entropy generation by source for the 0.5g,,/kg,
iso-x-line, which is approximately the product air moisture content of
the reference case. The line is swept clockwise, starting at the lower
right and ending at the upper right corner of Fig. 9.

As can be seen in Fig. 11, pressure loss entropy generation is nearly
constant along the iso-x-line, while the other components present
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Fig. 12. Mass transfer entropy generation for different rotational speeds and
regeneration air temperatures. Dashed: Iso-x-lines.

higher variation. Entropy generation from heat transfer is the largest
component in all cases. Notable is that while entropy generation from
heat transfer and stream mixing present a minimum at the point of
minimal entropy generation, mass transfer entropy generation is small-
est on the right side of the isoline, where the wheel rotational speed
is highest. Entropy generation from stream mixing is at a minimum at
the point of minimal entropy generation, indicating that the output air
streams are in a more homogeneous state. Furthermore, at the point of
minimal entropy generation, the mass transfer entropy generation is at
an inflection point. The behavior of mass transfer entropy generation
is similar to that of moisture extraction itself, i. e. the isolines of these
two quantities are similar, as can be seen in Fig. 12.

The increased entropy generation at operating points away from the
optimal point, characterized especially by the large contributions from
heat transfer and mixing can again be attributed to the high tempera-
ture gradients across the CVs. When the regeneration temperature and
rotational speed are not chosen optimally, the active zones in the wheel
are smaller, leading to higher entropy generation.

When analyzing spacial distribution of mass entropy generation,
it can be seen that in the point of minimal entropy generation the
active zone for mass transfer is spread out across the wheel, while in a
point with greater entropy generation the active zone is located at the
interface between the process and regeneration sections, as shown in
Fig. 13.

The distribution of mass transfer entropy along the output surface
of the desiccant wheel in Fig. 13 shows that there is significant hetero-
geneity in the wheel output, which in turn leads to a higher amount
of entropy produced by the mixing of the air streams exiting the wheel
channels. This is reflected in the fact that at the start and end of an
iso-x-line, entropy generation from mixing is higher than at the optimal
point.

A low entropy of mixing also indicates a good match between
the regeneration temperature and the wheel rotational speed, leading
to larger active zones, which imply a relatively uniform temperature
and moisture content distribution at the wheel output surface. The
temperature and moisture content distribution at the wheel process side
output surface for the optimal point and a point of increased entropy
generation is shown in Fig. 14.

As expected, both distributions show a lower spread between the
maximum and minimum values at the point of minimal entropy gen-
eration, while the spread is larger at the point of increased entropy
generation. Looking closer at the distribution of moisture content and
temperature, it can be seen that output moisture content can be closely
expressed as a function of the output temperature, as shown in Fig. 15.

This fact can be used to estimate the moisture content distribu-
tion at the wheel output surface from the temperature distribution
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Fig. 14. Temperature and moisture content distribution at the wheel process
side output surface for a point of minimal and increased (conditions presented
in Fig. 13) entropy generation, x, = 1.5g,,/kgpa-

(temperature spread), which can be measured e. g. with a thermal
camera.

Using this information, aiming to achieve a uniform temperature
distribution (or a low temperature spread) at the wheel output surface
can be used as a control strategy to minimize the entropy generation
in the system, as the temperature distribution is directly related to the
amount of entropy of mixing generated in the system, which in turn is
similar to the total entropy generation.

The correlation between total entropy generation and the process
air temperature spread is shown in Fig. 16.

As can be seen in Fig. 16, the correlation between total entropy
generation and process air temperature spread shows that total entropy
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Fig. 17. Entropy generation by source along the line of minimal entropy
generation.

generation rises quadratically with the output temperature spread,
which makes measuring this temperature spread a good indicator of
how close the system is to the optimal operating point.

Following the line of minimal entropy generation (from Fig. 9),
it can be seen that the relative contribution of mixing and heat and
mass transfer to the total entropy generation varies lightly, while the
contribution from pressure loss presents larger variations, as shown in
Fig. 17.

It implies that, under optimal conditions, the heat input is balanced
with the demand of the dehumidification process driven by mass trans-
fer, ensuring that no additional heat is recirculated into the process
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air that would eventually be lost to the environment. As expected, the
relative contribution of pressure loss increases with the output moisture
content, as the absolute amount is nearly constant for the different
operation points and the total entropy generation is smaller for higher
product air moisture contents.

3.3.3. Comparison with an ideal separation process

As shown in the previous sections, the fact that entropy is generated
in the dehumidification process means that it is not reversible and a
certain amount of exergy is lost. In order to investigate how much
more exergy is required to achieve a certain output state, an idealized
process is used to compare the results of the desiccant wheel process
to. The idealized process is defined as a separation process where the
only energy input is the minimum exergy of separation, as defined
by Mistry and Lienhard [11] and presented in Fig. 18. As mentioned in
Section 1.1, this process is isothermal in the ideal case, as all material
streams enter and exit the process at the dead state temperature T,.

The least of exergy of separation is derived from an exergy balance
of the inlet and outlet process streams (feed 77, product s, and concen-
trate ). Furthermore, it is assumed that the exergy input is provided
by the regeneration air stream s, which is heated to the regeneration
temperature Tie,.

The exergy of separation is obtained from the process exergy bal-
ance, given by Eq. (34):

ESeP =5 =5- Ep — Eo+ Ty S - (34)
Mo e
Exergy Exergy
Streams . Destruction
The exergy streams =; are defined as [25]:
Z; =y (B = ho; = To(si = 50,)) (35)
=y (gi - gO.i) s (36)

where h; = W(T}, x;, p;) and s = s(T}, x;, p;) are the specific enthalpy and
entropy of the stream, respectively, and h,; and s,; are the specific
enthalpy and entropy at the dead state. The least exergy (or work) of
separation is obtained by assuming that the process is reversible, there
is no entropy generation, the output streams are at the partial dead
state (PDS), and the feed stream is at the total dead state (TDS) and
the process is at a steady state. As the reference state, the conditions of
the feed air stream are used, which simplifies the exergy balance to

=
—sep

1 S;
= (& — &) — - (& — &) +To—= 37)

ttp P
where r = 1, /nit; is the recovery ratio and g; is the specific Gibbs free
energy of the stream evaluated at reference temperature 7, [11].

The minimum exergy of separation for the studied output moisture
content is shown in Fig. 19.

The exergy of separation for the irreversible cases is calculated with
the minimal entropy generation shown in Fig. 10 and the corresponding
output moisture content. Two irreversible cases are considered: the
first is the case where the output streams are at the PDS, and the
second is the case where the output streams are at the simulated output
conditions. In the second case, the exergy carried by the output streams
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Fig. 19. Minimum exergy of separation in the ideal and irreversible cases
(output at PDS and at simulated output conditions).
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Fig. 20. Regeneration air temperature for the ideal and irreversible cases
shown in Fig. 19 and simulation results.

is considered, further raising the exergy requirements of the separation
process. Knowing the least exergy of separation, the regeneration air
temperature can be calculated, as the regeneration air stream must
carry the exergy of separation shown in Fig. 19. For the studied output
moisture content, the necessary regeneration air temperature (obtained
by solving Eq. (35) numerically) is shown in Fig. 20.

As can be seen in Fig. 20, the necessary regeneration temperature
for the irreversible case with the streams at output conditions closely
matches the regeneration temperatures used in the simulation, which
speaks for the accuracy of the calculation methods. Furthermore, the
regeneration temperature for the ideal case is significantly lower than
the regeneration temperature for the irreversible cases, with the en-
tropy generation alone accounting for the greatest difference between
the ideal and real (simulated) cases. The exergy lost to the environment
through the output air streams, while also significant, contributes only
to small part of the temperature increase required to drive the process.

4. Conclusion and outlook

The results of the implementation of entropy generation in the
desiccant wheel model allow for a deeper understanding of the thermo-
dynamic limitations of a desiccant-assisted air dehumidification system.

The following key findings can be summarized from the results:

+ Entropy generation is dominated by heat transfer irreversibilities,
which denotes the large effect of the temperature swing needed
to drive adsorption and desorption (it shall be noted that with
other wheel geometries, pressure loss could play a larger role or
dominate entropy generation). Heat transfer should be the first
target to reduce entropy generation.
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Table 6

Coefficients for the friction factor correlation (Eq. (42)) [48].
i [ d;
0 3.9696 - 1072 0
1 5.5194 1.6134 - 107!
2 —5.4847 - 10! 5.1725 - 10!
3 1.2819 - 10? 2.0336 - 107
4 - —8.9791 - 107

Entropy generation rises exponentially with lower output air
moisture contents, raising exergy requirements in a similar man-
ner.

In an optimal operation point, entropy (especially from mass
transfer) is generated along the volume of the desiccant wheel,
rather than at the boundary surfaces between sections and to the
incoming air streams.

A large amount of the exergy input is destroyed by entropy
generation, rather than being lost through the exhaust air.

In order to reduce the exergy requirements, efforts should focus
on reducing entropy generation before increasing energy recovery
from exhaust air streams.

During operation, a minimum of entropy generation can be
reached by monitoring and minimizing the temperature spread
on the desiccant wheel outlet surface.

The state of minimal entropy generation for a given regeneration
temperature is reached when the product air moisture content is
at a minimum.

As mentioned before, the model is limited by the assumption that
moist air behaves as an ideal gas, which brings some uncertainty to
the results. However, the main conclusions of the work remain valid,
as this assumption does not affect the qualitative behavior of the
entropy generation sources and their relative importance. Furthermore,
the transient behavior of the system was not considered, which could
present further optimization opportunities for the operation of the
system.

Further efforts in the optimization of desiccant-assisted air dehu-
midification systems should use these findings to optimize their design
and improve operation. Especially the design of control strategies and
systems can benefit from entropy generation analysis in order to reach
operation points with minimal entropy generation for the set product
air conditions.
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Appendix. Calculation of heat and mass transfer and pressure loss
for each CV

The equations to calculate heat and mass transfer and pressure loss
in the CVs of the DW model are presented here.

A.1. Heat transfer

The heat flow rate that arises from convection in the fluid Q.,, is
calculated from

. A
Qconv = Aerr - Nu - fa (T, = T)), (38)

where A is the effective heat transfer area, 4, is the thermal conduc-
tivity of air and L is a characteristic length (hydraulic diameter of the
wheel canals) and Nu is the Nusselt-number, obtained from the work

of Kakag et al. [49]. The convective heat flow rate Q. , is given by:
Qconv,w = mw ) hwv (39)
where h,, is the specific enthalpy of water vapor.
A.2. Mass transfer

Mass transfer is calculated from
. d
my, = Sh - A Agpr - (X, — Xxg), (40)

where Sh is the Sherwood-number, d is the diffusion coefficient, L is a
characteristic length and x is the air equilibrium moisture content at
the desiccant boundary layer. The Sherwood number is obtained from
the work presented by Schirmer [50].

A.3. Pressure loss

Pressure loss Ap is calculated from friction factor correlations:

1
Ap= -pw* ¢, (41)

2

where p is the density of the fluid, w is the velocity of the fluid and
¢ is the friction factor. It is obtained from the correlations presented
by Yamaguchi and Saito [48]:

3 i 4
L/d, L/d,
Re = 52.96 . E d.
“ ke +§)CI<RG>/[:0‘<RC

where L is the rotor length and d,, is the hydraulic diameter of the
channel. The coefficients ¢; and d; are listed in Table 6.

(42)

Data availability

Data will be made available on request.
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