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HIGHLIGHTS

e Focused on the liquid desiccant dehumidification and regeneration process.

e Correlations for predicting moisture and enthalpy effectiveness were developed.
e System dimensions, solutions and packing materials/structures were considered.
e Useful for quick design and analysis to establish cost-effective solutions.

ARTICLE INFO ABSTRACT

Keywords: The paper developed correlations for predicting moisture and enthalpy effectiveness of the liquid desiccant
Liquid desiccant dehumidification and regeneration process. Experimental dehumidification and regeneration data available from
Dehumidification

the literature with different system dimensions, liquid desiccant solutions (LiBr and LiCl), geometry and size of
the packing and flow configuration (counter- and cross-flow) were gathered for correlations development. The
developed correlations involved the mass flow rates of air and desiccant solution, the inlet temperature of the air
and the desiccant solution, the moisture content and enthalpy of the inlet air, the moisture content and enthalpy
of air at an equilibrium state with the inlet desiccant solution, the geometry, dimensions and wetting of the
packing and the contact time between air and desiccant solution. The comparison between the calculated and
experimental effectiveness showed a good match, which had errors ranging 4.37-7.2%, and performed better
when compared to other correlations available in the literature. These newly developed correlations will be
useful for quick system design and performance analysis and to establish cost-effective solutions for liquid
desiccant technology.
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vapour pressure of the air, which is related to the moisture content, w,,
and the equilibrium vapour pressure of the desiccant solution, which is
related to the equilibrium moisture content, weqsol, are the driving
forces for heat and mass transfer, respectively; the heat transfer changes

1 o . ] . the solution temperature and its equilbrium vapour pressure, affecting
promising energy-efficient and environmentally-friendly technologies the mass transfer potential that changes with the varying vapour pres-

for temperature and humidity control in a wide range of applications sure difference. A graphical illustration of the relationship is shown in
[1,2], including moisture control and removal, production of dry air for Fig. 1 [5].

evaporative cooling, assistance of low-temperature drying [3] and
decoupling of sensible and latent heat in combination with a heat pump
[4]. Coupled and complicated heat and mass transfer exists in the
dehumidification and regeneration process of the liquid desiccant
technology: the difference between the temperature of the air, T,, and
that of the desiccant solution, Ty, and the difference between the

1. Introduction

Liquid desiccant technology has been identified as one of the most

Theoretical analysis, experimental modelling and soft computing
techniques are among the modelling strategies used to investigate the
coupled heat and mass transfer between air and solution and to predict
the performance of liquid desiccant systems [6]. The theoretical analysis
entails using mathematical models to evaluate the performance of the
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Nomenclature

cross-section area (m?)

effective area to volume ratio (m%/m®)

surface area to volume ratio (m?/m?3)

wetted area to volume ratio (m?/m®%)

corrugation base length of structured packing (m)
constants in the correlation

equivalent diameter of the packing (m)

void ratio of structured packing (-)

hold-up (m®/m?%)

enthalpy (kJ/kg)

length of the packing material (m)

mass flow rate (kg/s)

pressure (Pa)

volumetric flow rate (m3/(m?-h))

superficial mass flow rate (kg/(m2~s))
corrugation side length of structured packing (m)
temperature (°C)

air-desiccant contact time (s)

superficial velocity (m/s)

width of the packing material (m)

liquid desiccant solution mass fraction (kggesiccant/
kgsolution)

RS ae R

)
Q

XIQT NY Ba w3 ST

y corrugation height of structured packing (m)
Z height of the packing material (m)
Greeks

€ effectiveness (-)

4 corrugation angle (°)

u dynamic viscosity (Pa-s)

p density (kg/m>)

o surface tension (N/m)

[0} moisture content (kgu20/Kgdry,air)
Subscripts

a air

da dry air

dy dynamic

eq,sol equilibrium solution

in inlet

K Kelvin

m moisture

out outlet

sol solution

st static

w water

dehumidifier/regenerator via stepwise heat and mass balance across the
packed bed with transfer coefficients calculated at each step [7]. Several
studies [7-11] have focused on determining these coefficients for
packed columns in liquid desiccant systems based on operational pa-
rameters such as air/desiccant contact surface and flow configuration
(counter, cross, or parallel flow), as well as thermodynamic and trans-
port parameters of both ambient air and desiccant solution. Detailed
mathematical models have been developed to express the coupled heat
and mass transfer process [12,13], such as finite difference [14-16],
effectiveness-number of transfer units (e-NTU) [17-19] and simplified
models [20,21]. Because of the complex interfacial transfer process,
these theoretical models should be validated against experimental re-
sults where the analysis and performance prediction are complex and at
a very high computational cost. The finite difference and e-NTU model
are too complicated to be used for a yearly hour-by-hour performance
analysis [13]. Experimental modelling is time and cost consuming,
requiring long experiments with expensive laboratory equipment and

reliable instrumentation [22] and difficulties in validating numerical
and analytical models using experimental results were found in the
literature [23].

Unlike experimental modelling, predictive models based on corre-
lations (for example, moisture and enthalpy effectiveness correlations)
can be quickly used for performance analysis and design of liquid
desiccant systems. Various correlations have been developed for the
study of the effectiveness parameters of these systems based on experi-
mental and theoretical analysis [24]. Table 1 summarises correlations of
moisture and enthalpy effectiveness available in the literature for the
dehumidification and regeneration process, including the variables
involved, the conditions under which the correlations were developed
(packing material structure and flow configuration) and the limitations.
The complete equations of the correlations for the dehumidification and
regeneration process are presented in Appendix A.

All correlations were validated against experimental results obtained
from primary or secondary sources, such as experiments or literature.

Heat transfer

Mass transfer

---- Effect of heat transfer
---- Effect of mass transfer
— Process/interaction

- ---
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Fig. 1. Coupled heat and mass transfer between air and liquid desiccant, adapted from [5].
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Table 1
Correlations for predicting moisture and enthalpy effectiveness in the dehumidification and regeneration process.
Ref. Parameters Packing Flow Methodology of development and accuracy  Limitation
structure
Dehumidification (25] ey = f(Mq,Mso1, Ta, Tsot, Psot, Pw, apZ) Random Counter- Validated by own experiments. 93% of the Ambient humidity was not
flow calculation error was lower than + 10%. assessed. Limited to its specific
packing and flow configuration.
(26] ey = f(Mq,Mso1, Ta, Tsot, Psot, Pw, apZ) Random Counter- Validated by own ar%d other experimental Ambient h1.1m.idity w'as not B
flow data. 80% of data points showed error lower  assessed. Limited to its specific
than + 10% with average value of about packing and flow configuration.
9.96%.
[27] En.En = Random Counter- Validated by experimental results from four ~ Uncoupled effect of sensible and
£(Sa; Ssots ha, heg sot; Osol, 0c GPZ) flow publications. Errors lower than + 15%. latent heat transfer not assessed.
Wetting characteristics of the desiccant Limited to its specific flow
solution and packing as two of the variables  configuration.
(0501 and oc)
. ey = f(Myor, Ta, ap) Structured Counter- Correlation obtained through stepwise Ambient humidity and air flow
(28] flow regression from own experimental data. rate were not assessed.
Errors from 6 experimental data lower Geometry of the packing was
than + 20%. not considered.
&y = f(Mq,Myo)en = Structured Cross- Correlation regressed from own Temperature and moisture
[20] £ (ma, My, ha, Reg o1 Das eg sot) flow experimental data. Errors of 6.3% and 6% content were not assessed in the
for the moisture and enthalpy effectiveness.  correlation for ¢,. Packing
Reported good agreement with data in the material not assessed.
literature.
[29] €o = f(Sa,Ssols Ta, Tsols Xsol) Structured Cross- Develf)ped by data ﬁFting from 179' Ambiént humidity and packing
flow experimental runs with the correlations material were not assessed.
proposed by Ullah et al. [6] and Chung Applicable only to LiBr solution.
[25]. 99.4% of the calculations showed
errors lower than + 20%.
(30] eo = f(mq,Msor, Ta, Tsot, Psor, Pw) Structured Cross- Correlation from OVYH. e.xperix?ental data of Ambie:nt humidity and packing
flow a cross flow dehumidifier, which showed material were not assessed.
errors lower than + 10%.
[31] &y =f (ma‘ Mol Tas Tsol, wa~xsol)€h = Structured Cross- Corre?ation regressed fr?m 88 an-d 54 Qifferent -equations. for LiBr and
F(ma, mgot, ha, heg sot, @as Deq.ot) flow experimental data for LiBr and LiCl LiCl solution. Applicable only to
desiccant solution with an average error of  specific desiccant. Packing
9.1% and 7%, respectively. material was not assessed.
(32] &y = f(Mg, Mgo))en = Structured Cross- Correla.tion obtained through stepw?se Packing matt?rial was not
£(ma, Mso1, ha, eg sol; Wa, Weq.so1) flow regression based on 48 sets of experimental ~ assessed. Moisture removal
results. 91.2% of the calculation had the ability was not considered in the
error less than & 10%. correlation for ¢,
(33] &y = f(Mq,Mso1, Ta, Tsot, Wa)€n = Structured Counter- Stepwise regression from own experimental ~ Packing ma.t(.erial and moifture
f(ma, Mgo1, Ta, Tsot, Wa) flow data. Errors of 5.16% and 5% for the removal ability of the desiccant
moisture and enthalpy effectiveness. solution were not assessed.
Validated using experimental data from
[34].
Regeneration i Ev.En = Random Counter- Validated by experimental results from four =~ Uncoupled effect of sensible and
(271 f (Sa-, Ssots Mas Reg.sol, Osol; 0c aPZ) flow publications. Errors lower than + 15%. latent heat transfer was not
Wetting characteristics of the desiccant assessed. Limited to its specific
solution and packing as two of the variables  flow configuration.
(0501 and o).
5] 0 = f(Ma, Ta; @a, Tsol, Xsol, @egs01) Structured Counter- Correlation regressed from.86 experimental Solunfm flow rate and packing
flow runs. 95.3% of the calculation had the error ~ material was not assessed.
less than + 30%.
&y = f(Mq, Mo, @a, Tsol, Xsol) Structured Cross- Correlation obtained through stepwise Air temperature and packing
[36] flow regression, around 96% of the 73 sets of material was not assessed.
runs were within the error of + 10%. Applicable only to LiBr solution.
1] &= f(ma, My Ta, Toot, Wa, Xsot) €n = Structured Cross- Corre%ation regressed fr.om 82 an'd 56 Pifferent fsquations. for LiBr and
flow experimental data for LiBr and LiCl LiCl solution. Applicable only to

£ (ma, Mso1, ha, eg sol Wa, Weq so1)

desiccant solution with an average error of
3.8% and 7.5%, respectively.

specific desiccant. Packing
material was not assessed.

Table 1 shows the knowledge gap of current correlations for dehumid-
ification and regeneration process analysis: these correlations are un-
satisfactory in terms of application range and accuracy (as they are

limited to a specific type of packing material, liquid desiccant solution or

flow pattern) and produce large errors when applied to systems other

effectiveness of both the dehumidification and regeneration process
were developed. The novelty and originality of this study is justified as
follows:

e Whilst collecting primary data is expensive, this study is the first to

than those used for validation. Furthermore, despite the fact that it is
equally important in reflecting the combined heat and mass transfer of
the liquid desiccant process, the enthalpy effectiveness correlation is
rarely reported. In addition, numerous moisture effectiveness correla-
tions have been proposed in the literature for various desiccant solutions
and dehumidifier structures, but little is published for the regenerator.

To overcome the limits and gaps of correlations currently available in
the literature, novel correlations for the moisture and enthalpy

use only secondary data (ie. experimental data available in the
literature) and consider parameters previously neglected, such as
contact time, hold-up-based wetting and effective interfacial area, in
developing new correlations for the dehumidification and regener-
ation process of liquid desiccants.

Based on theoretical analysis of previous correlations and identifi-
cation of the main parameters affecting the coupled heat and mass
transfer process between air and desiccant solution, this study offers



A. Giampieri et al.

new correlations developed for the regeneration process along with
dehumidification, which advances existing knowledge and resolves
the issue of the lack of correlations for the regeneration process.

In comparison to existing correlations, the newly developed ones aim
to be applicable to different flow rates, desiccant solutions (charac-
terised by their thermodynamic functions), flow configuration and
packing geometry and size. These new correlations will enable (1) quick
performance prediction of liquid desiccant technology on a yearly hour-
by-hour basis for various applications and (2) easy estimation of the
capital (e.g. system and liquid desiccant solutions) and operating (e.g.
solution pumping, air blowing, cooling towers, etc.) costs, which would
assist in the determination of energy- and cost-effective measures and
the realisation of techno-economic optimisation analysis for the tech-
nology. The correlations can be used to evaluate the performance of the
coupled heat and mass transfer process for both dehumidification and
regeneration, which is especially useful in applications where the
technology is used not only for moisture control but also for heat re-
covery, heating and cooling. In addition, they could aid with the design
of thermo-chemical district networks [37,38] by enabling rapid control
of the regeneration process and quick estimation of the required air and
solution flow rates in line with the variation in temperature of the

Applied Energy 314 (2022) 118962

available heat source (industrial heat, combined heat and power, solar
energy, etc.) and the outdoor air condition.

The paper is structured as follows. After a brief description of the
liquid desiccant technology and the parameters used for its performance
evaluation in Section 2, Section 3 describes the applicable scope of the
research and the methodology used for the development of the corre-
lations, which is performed in Section 4, based on analysis of existing
correlations, parameters selection, data collection from experiments and
statistical analysis. The discussion is supported in Section 5 by the
estimation of the accuracy of newly developed correlations and the
comparison with correlations available in the literature.

2. Working principle and definition

Liquid desiccants are solutions with hygroscopic properties charac-
terised by a high affinity for water vapour molecules. Desiccant solu-
tions include metal halide salt solutions (such as LiCl, LiBr, and CaCl,),
salts of weak organic acids (such as HCO2K), try-ethylene glycol (TEG)
and ionic liquids [39]. A typical liquid desiccant system consists of a
dehumidifier (also known as an absorber), a regenerator (also known as
a desorber), heat exchangers (at the heat source, heat sink and solution-
to-solution; one each), fans (to blow air) and pumps (to circulate the
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desiccant solution). The regenerator and dehumidifier are both con-
tainers with nozzles on the top that spray diluted and concentrated
liquid desiccant solutions, respectively. Typically, these containers are
filled with packing material to provide a contact surface and improve
heat and mass transfer between the air and the solution.

Fig. 2 depicts the liquid desiccant system, along with the dehumid-
ifier packed tower and its coupled heat and mass transfer process. The
desiccant solution in the dehumidifier has a low equilibrium vapour
pressure to allow for moisture removal from the air, which dilutes the
solution and releases heat of absorption. This exothermic process is
driven by the difference between the air vapour pressure and the equi-
librium vapour pressure of the concentrated liquid desiccant solution.
The capacity of the concentrated desiccant solution to absorb moisture is
proportional to its concentration and inversely proportional to its tem-
perature. The regenerator, on the other hand, undergoes the inverse
process. The hot and diluted desiccant solution (characterised by a high
equilibrium vapour pressure) desorbs moisture to the air (which be-
comes hot and humid and is usually scavenged) and becomes concen-
trated. Endothermic regeneration can be powered by low-grade heat
sources, such as waste heat, solar energy, etc.

Empirical correlations of two parameters, moisture effectiveness and
enthalpy effectiveness, based on experimental results and theoretical
analysis, have previously been proposed to carry out a quick perfor-
mance prediction and preliminary design of the dehumidifier and
regenerator. These parameters are simple to incorporate into energy and
mass balance equations for predicting the performance of liquid desic-
cant technology. The moisture effectiveness, ¢, is defined as a dimen-
sionless ratio of the actual moisture content reduction/increase of the air
to the maximum potential reduction/increase when the air and the inlet
liquid desiccant solution reach an equilibrium state. The moisture
effectiveness of the dehumidification and regeneration process is
expressed in Egs. (1) and (2), respectively:

Applied Energy 314 (2022) 118962

Wy in — {Ua,oul

€ deh = (€8]
Wy in — wcq.so]
Dyout — Wyjin

Epreg = (2)
weq,sol — Wyin

where wg i, and @q oy TEpPresent moisture content in the air at the inlet
and outlet of the dehumidifier/regenerator, respectively, while g s is
the equilibrium moisture content of the inlet solution, defined as the
moisture content of the air in equilibrium with the solution.

Similarly, the enthalpy effectiveness, ¢}, of the dehumidification and
regeneration process is expressed in Egs. (3) and (4), respectively:

ha in — ha out
ch = 7 - 3
Fhdeh hu.in - heq.sol ( )
ha out ha in
hreg = 7 - 4
Ehreg heq,so] - ha,in ( )

where hg in and hg o4 represent the enthalpy of the air at the inlet and
outlet of the dehumidifier/regenerator, respectively, while h,g s is the
enthalpy of the air in equilibrium with the solution.

3. Scope and methodology

The scope of the research, as shown in Fig. 3, was to develop new
correlations for the moisture and enthalpy effectiveness of the dehu-
midification and regeneration process that could be used to evaluate the
performance of the liquid desiccant technology under various operating,
outdoor air, desiccant solution and air-solution contact conditions
(different packing materials and volumes and flow configurations). The
developed correlations not only predict the temperature and humidity
control characteristics of the liquid desiccant technology but also aid in
estimating its economic performance by associating capital (CAPEX) and

I_ — — -— — — — — — — — — -— — — -— — — -— — — — — — -— — -
Different Different Different Different Different Different |
I operating climates desiccant packing packing flow
| [ conditions solutions characteristics volumes configurations I
— — — — — — — — — — o — — w— — ]
.—/\ SESSISEC e Rh b
I | ’nu |rnsa[ | T | W, | | sol | sol | a | | w | | L | | /4 | | VA | I
| \ |
:- | ha | |weq,.mll'>|heq,.\'ull |
I ) &p |
|_____________r____________l
___________________________ |
I Temperature I
| and humidity
I control ability |
| | CAPEX CAPEX OPEX OPEX OPEX Regeneration| | 1 ocation I
desiccant desiccant solution air cooling heat availability |
I technology| [ solution pumping blowing tower demand I
| o e e e e e e e e e e e e e e e e e = - = =
|_ ____] Input parameters |_ _] Variables |_ _] Correlations |_ _j Outputs

Fig. 3. Scope of the research.
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operating (OPEX) expenses of the liquid desiccant process, such as the
CAPEX of the liquid desiccant system (which is primarily dependent on
the air volume flow rate, V, [40]), the CAPEX of the desiccant solution
(once known my,, X501 and the desiccant salt cost [39]), the OPEX for
solution pumping and air blowing (dependent on m, and m,), the OPEX
of the cooling tower (based on the heat rejection required by the liquid
desiccant solution), heat demand for regeneration and location avail-
ability. Fig. 3 depicts the relationships between these variables, pa-
rameters, correlations and outputs.

Fig. 4 illustrates the framework that was designed and used to
develop the best statistically performing correlations for the dehumidi-
fication and regeneration processes, which is based on 12 main steps:

e The main correlations found in the literature were reviewed to
identify research questions, aims and objectives, as well as to
demonstrate the motivation for the research (Steps 1 and 2).

e After describing the liquid desiccant technology and defining the
parameters for evaluating effectiveness (Step 3), the research
methodology was designed and planned to address the research
questions, aims and objectives (Step 4).

e The first step in developing the correlations was to analyse the
characteristics, ranges and trends of previously developed correla-
tions (Step 5) to highlight the most important factors in terms of heat
and mass transfer, packing material (material, geometry and

Applied Energy 314 (2022) 118962

wetting) and flow configuration (Step 6) and determine which pa-

rameters to include in the newly developed correlations.

After determining the main parameters influencing the moisture and

enthalpy effectiveness, experimental data were collected and

screened. The data were primarily gathered from 176 sets of dehu-
midification experimental data and 92 sets of regeneration experi-
mental data from 9 and 6 published papers, respectively, that used
different liquid desiccants, such as LiCl and LiBr, in cellulose struc-
tured packed bed with cross-flow or counter-flow flow patterns (Step

7).

e Using the collected experimental data, different multiple regression
models (linear and nonlinear) were tested and their predictive ability
was compared (Step 8). As reported by Wen and Lu [24] for the study
of liquid desiccant processes, the accuracy of the effectiveness cor-
relations can be evaluated by calculating their mean absolute rela-
tive deviation, MARD, as defined in Eq. (5):

Ecale — Eexp

1 & .
MARD = E *100% (5)

i=1

Eoxp

where ecqc and g,y are the calculated and experimental moisture or
enthalpy effectiveness of the dehumidification or regeneration process
evaluated for N experimental points, respectively. In addition, the re-
siduals, r, of regression models were analysed to assess the difference
between measured and calculated values [41]. The residual standard
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Research layout

Define research
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deviation, S, was calculated to compare the residuals of different
models, as shown in Eq. (6):

©

where p is the number of the parameters used in the regression model
development. To evaluate the out-of-sample prediction ability and po-
tential overfitting of the regression models and select the model esti-
mated to be the best, the Akaike information criterion, AIC, was also
used [42]. For a sample with a reduced size characterised by a ratio
between N and p lower than 40 (as in this study), a corrected value of
AIC, AICg, is used, as shown in Eq. (7) [43]:

2p(p+1)

AIC, = —2log(l) +2p + o
g(l) +2p N-—p=1)

7

where [ is the maximum likelihood of the regression model. For inde-
pendent and identically distributed normal errors, —2-log (I) equals to
N-1og(SSE/N), where SSE is the error sum of squares, calculated as the
sum of the squared residuals. Based on information theory, the AIC is
used to compare non-nested, linear and nonlinear regression models
with a different number of parameters by identifying the model that can
achieve the best compromise between the best fit and the complexity of
the model [42]. The variation in AIC; between different models, AAICc,;,
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was used to estimate the likelihood that a model is correct and quantify
this likelihood with a numerical value, being models estimated to be the
best characterised by lower values of AICc. The parameter can be
calculated using Eq. (8):

AAIC; = AIC.; — AIC jin (8)

where AIC¢ min is the regression model with the lowest value of AIC¢
and, as such, estimated to be the best among the regression models for
the given data set. Although the calculation of AAIC¢ ; can be useful for
comparing and ranking different regression models, an additional
parameter, defined as the Akaike weight, wj, can be further calculated to
quantify the plausibility of the various regression models as a percent-

age, as shown in Eq. (9) [42]:.

exp( — %AAICC_,)

w; =

ZﬁLlexp( - %AAICA,;”)

©)

where M is the number of regression models that have been compared (7
in this study).

o After determining the best performing regression models and esti-
mating their predictive ability (Step 9), the main factors limiting the

Table 2
Trends and range of correlations for moisture and enthalpy effectiveness of the dehumidification and regeneration process.
Ref. Ma,in (kg/s) Mgol,in (kg/s) Tain (°C) Tooin (°C) 0qn (kg/kg) Xsolin () a, (m*/m®)
Dehumidification Eo [25] | 1 | 1 n/a 1 1
S,=0.1-1.2 Sgo1 = 6-11 n/s n/s n/s 0.9-0.95 341,465
[26] ! 1 1 T n/a T 1
S,=0.89 Sgo1 = 2.47-3.51 34-38 33 0.0295 0.375-0.425 465
[27] 1 1 1 1 1 1 1
S,=0.5-1.5 Sso1 = 4.5-6.5 24-36 24-36 0.011-0.023 0.93-0.96 ay Z =84-262
[28] n/a T l n/a n/a n/a |
S,=1.5-2.613 Sgo1=0.13-1 25-45 28-45 n/s 0.93-0.98 77-200
[20] | 1 n/a n/a n/a n/a n/a
0.41-0.45 Sso1 = 0.34-0.52 28.2-32.7 21.3-27.8 0.012-0.0161 0.428-0.48 n/s
[29] ) l ) 1 n/a ) n/a
0.31-0.47 0.3-0.64 24.7-33.9 21.1-27.8 0.012-0.016 0.426-0.483 396
[30] 1 1 i 1 n/a ™ n/a
Sa=0.4-2.04 Sso1 = 0.5-3.25 26.8-39.2 26.2-38.2 0.0164-0.0245 0.327-0.43 608
[31] 1 1 n/a 1 1 1 n/a
0.33-0.48 0.21-0.56 25.4-35.4 19.7-27.2 0.0095-0.0182 0.422-0.541 396
[31] 1 1 n/a 1l | 1 n/a
0.29-0.5 0.23-0.42 25.4-35.4 21.8-29 0.0098-0.0204 0.278-0.367 396
[32] | 1 n/a n/a n/a n/a n/a
0.08-0.14 0.1-0.26 27-38 22-50 0.0093-0.0213 0.32-0.4 396
[33] 1 1 1 1 1 n/a n/a
0.034-0.082 0.023-0.12 25-40.5 16.4-35.3 0.0106-0.0251 0.317-0.401 650
n [27] T 1 1 1 Il 1 1
Sa=0.5-1.5 Ssol =4.5-6.5 24-36 24-36 0.011-0.023 0.93-0.96 a, Z =84-262
[20] 1 i n/a n/a n/a n/a n/a
0.41-0.45 0.34-0.52 29.3-29.8 21.2-27.8 0.012-0.0161 0.428-0.48 n/s
[32] 1 T T 1 1 = n/a
0.08-0.14 0.1-0.26 27-38 22-50 0.0093-0.0213 0.32-0.4 396
[33] 1 1 ) 1 n/a | n/a
0.034-0.082 0.023-0.12 25-40.5 16.4-35.3 0.0106-0.0251 0.317-0.401 650
Regeneration £ [27] 1 1 1 1 1 1 1
S, =0.5-1.5 Ssol = 4.5-6.5 30-50 59-71 0.011-0.023 0.93-0.96 a, Z = 84-262
[35] l T 1 1 1 T n/a
0.0052-0.0232 0.0016-0.0077 62.8-112.6 28.2-39.9 0.0116-0.0172 0.393-0.472 n/s
[36] 1 1 n/a 1 n/a 1 n/a
0.26-0.42 0.35-0.63 28.6-36.4 48.6-62.7 0.012-0.022 0.38-0.54 396
[31] 1 T n/a \ I 1 n/a
0.24-0.4 0.26-0.48 30.3-36.6 48.5-59.4 0.0105-0.022 0.422-0.541 396
[31] 1 1 n/a l 1 1 n/a
0.24-0.4 0.26-0.48 30.3-36.6 48.5-59.4 0.0105-0.022 0.237-0.407 396
n [27] 1 1 T 1 T 1 1
S, =0.5-1.5 Seol = 4.5-6.5 30-50 59-71 0.011-0.023 0.93-0.96 a, Z = 84-262

1 Parameter increases with the variable; | Parameter decreases with the variable; = Marginal or no change at all; 1| Parameter changes irregularly with variable; n/a
Parameter was not available in the correlation; n/s Range of parameter was not specified.
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predictive ability were identified and a refined result for a narrower
range of flow rates was obtained (Step 10).

e A comparison of the accuracy of the newly developed correlations
with those available in the literature complemented the research
(Step 11), which is concluded with a discussion of the accuracy and
validity of the obtained results for future research (Step 12).

4. Correlations development
4.1. Characteristics and trends of existing correlations

Table 2 presents the predicting abilities of the correlations listed in
Table 1 for the dehumidification and regeneration process. Table 2 was
created by calculating these correlations in MATLAB and evaluating
their performance with the variation of the main parameters of the
liquid desiccant process, considering LiCl as the desiccant solution [44].

Key points drawn from Table 2 are as follow:

(1) The flow rate, mso and mg, and the temperature, Ty, and Ty, of the
solution and the air are used in the majority of the correlations.

(2) Moisture absorption/desorption performance is expressed by the
mass fraction of desiccant salt in the solution, X, in some cor-
relations, such as those proposed by Liu et al. [29,31,36]. How-
ever, the ability of a desiccant solution to absorb/desorb moisture
is determined by its equilibrium moisture content, weq 5o, rather
than its mass fraction. Different desiccant solutions with the same
mass fraction have, in general, different moisture absorption/
desorption characteristics. As such, more universal parameters
for the performance of the moisture absorption/desorption pro-
cess should be used in the correlations.
The effect of the packing surface contact, ap, is not considered in
most of the correlations. When included, the effect is unclear:
o the correlation proposed by Abdul-Wahab et al. [28] identified
an inverse proportionality between ap and ¢,. However, a
higher specific surface area would be helpful to improve the
effectiveness of the process.
for the correlations proposed by Chung [25] and Chung et al.
[26], the packing does not significantly affect the performance
of the dehumidification process.
the correlation proposed by Martin and Goswami [27] is the
one that better describes the increase in performance due to the
effect of the packing, including the parameters ap and Z, and is
the only one that considers the effect of wetting on the per-
formance, represented by the ratio oy,/0. between the surface
tension of the desiccant solution and the critical surface tension
of the packing material.

(4) The only correlations including the packing geometry dimensions
are those proposed by Chung [25], Chung et al. [26] and Martin
and Goswami [27]. These correlations were developed for
counter-flow systems and include the height of the packing, Z, as
the geometry parameter. In cross-flow dehumidifiers, this strat-
egy would fail to account for the effective geometry of contact. As
a result, more universal geometric packing parameters should be
used in the correlations.

3

-

The learning and analysis of these correlations will be used in the
next section for the selection of effective parameters for the develop-
ment of new correlations.

4.2. Main factors

The performance of the dehumidification and regeneration can be
expressed as a function where the main factors affecting the process are
indicated, as shown in Table 3:

As discussed in Sections 1 and 4.1, the effect of the packing wetting
and size were not included in most of the previously developed
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Table 3
Main parameters selection and characteristics.

Main factor Parameter Key points

Flow rates Mg, Mgy e Ratio my,/m, is a primary factor for
the performance of the system.

Secondary effect on pressure drop,
wetting of the packing material,
electricity consumption of the
pumping system, thermo-chemical
energy storage ability and air-
solution contact time.

Depending on the ventilation or
heat load (dependent on my), my is
changed according to the process
demand. Optimal my,;/m, ratios
range between 2 and 2.3 [45].
Sensible heat transfer happens due to
the difference in temperature
between the air and the solution.

g, Weg,sol e The moisture absorption/desorption
process is driven by the difference
between the vapour pressure of the
air (dependent on temperature and
moisture content at ambient
pressure) and the equilibrium vapour
pressure of the desiccant solution,
which in turn depends on the
temperature and concentration of the
solution, which define the
equilibrium moisture content of the
solution.

The absorption/desorption process
involves sensible and latent (heat
release/intake due to water
vaporisation) heat transfer. This
coupled effect of the heat and mass
transfer process is expressed by the
difference between the enthalpy of
the moist air and the enthalpy of the
air in equilibrium with the solution.
An efficient contact between air and
the desiccant solution is required to
ensure the effectiveness of the heat
and mass transfer process in the
desiccant system.

Material, geometry and
arrangement of the packing play a
primary role in the moisture
absorption/desorption process.

Hydrodynamics concepts (e.g.
hydraulic capacity of the packing
determining the diameter of the
column) affect the performance of the
packing.

Heat transfer To, Tsol

Mass transfer

Coupled heat and mass
transfer

hg, Reg 5ot

Effect of the packing L,W,H
(geometry, material and ap, @y
configuration)

correlations. The new correlations developed in this study included a
factor to consider them. Additional description of the effect of packing
and its wetting on the dehumidification/regeneration process, as well as
how to account for it in the correlations is described in the next section.

4.3. Packing material configuration

Five main types of air-desiccant solution contact are found in the
literature: packed bed (random or structured), spray type, wetted wall
column and membrane-based [46]. Because of its higher performance
and lower pressure drop, structured packing has become the most
popular choice for desiccant systems, and it is being considered in the
correlation development. While structured packing made of ceramic,
metal and aluminium have been proved to be less efficient due to their
limited wetness [33], cellulose fibre paper has been shown to signifi-
cantly improve desiccant system performance. Potnis and Lenz [47]
demonstrated the adsorbent properties of cellulose as well as its high
wettability. Previously employed as pads in direct evaporative coolers
[48], CELdek® packing is the most common commercialised cellulose
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corrugated sheet structured packing [33].

The sheets of structured packing are typically rotated alternately of
90° to ease the distribution of liquid and improve the contact with the air
[49]. The placement of the corrugated elements with different orienta-
tions of corrugation creates triangular flow channels between the sheets
through which air and solutions flow. Fig. 5 shows an example of
corrugated structured packing and the geometry of the flow channel.

The corrugation angle, 6, represents the orientation of the packing
corrugation. Characteristic values of # are 45° or 60° [51]. The incli-
nation of ¢ influences the performance of the packing and is usually
changed according to the application of the packing material. The main
geometrical parameters of the packing are the void fraction, e, the
specific surface area, ap, and the equivalent diameter of the packing, deq
[52]. The specific surface area represents the ratio between the area of
the packing and the bulk volume of the packing material. Analogously,
the void fraction of the packing is the ratio between the volume of the
free space of the packing material and the bulk volume of the packing
material. For deg, two definitions are found in the literature [52]. By
considering the packing as a system of connected flow cross-sections
with different dimensions, dq equals the average hydraulic diameter
of the packing channels. In this study, d.q was calculated as Eq. (10)
[52]:

_de

deyg = (10)

ap
For the simplified geometry of the flow channel shown in Fig. 5, deg is
estimated as the hydraulic diameter of the packing channels, which can
also be calculated using the corrugation height, y, the corrugation side
length, s, and the corrugation base width, b, of the packing with the
corrugation sides covered by a film of liquid, & [51].

4.4. Liquid hold-up

In the literature, there are several models for studying the influence
of structured packing columns, including pressure drop [53,54] and
mass transfer estimation [49]. All these models involve the use of a
hydrodynamic parameter, the liquid hold-up, H;;4, since the surface area
available for heat and mass transfer in the system is directly related to
the liquid holdup, and particularly to the operating holdup [55]. As a
result, estimating the liquid hold-up is critical for assessing the moisture
absorption/desorption performance of the structured packing tower.
Rocha’s assumption, which is valid for corrugated sheet structured
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packing [55], was used in the development of the correlations. In his
study, Rocha assumed that the flow cross-sections of the packing are a
series of inclined wetted wall columns. The geometry of these channels
is determined by the corrugation angle and the packing size [56]. In
these channels, the desiccant solution and the air are split up and the
desiccant solution flows over the packing surface as a film [55].

The total liquid hold-up, Hjg, represents the volume of the liquid
present in the whole volume of the packing material (m®/m®). This
parameter is influenced by the thermodynamic properties of the fluid, as
well as the geometry and composition of the packing material [56]. The
total holdup is the sum of its static and dynamic components. The static
hold-up, Hy, represents the liquid that remains in the packing surface
due to capillary forces when the flow of liquid to the packing material is
stopped. While its calculation adds complexity to the hydrodynamic
study of the packing, the static holdup is usually negligible in compar-
ison to the total holdup [55] and as such it will not be considered further
in this study. The operating hold-up, H,, represents the liquid that
drains from the packing when the supply of liquid is interrupted. For a
packed column in operation, this value is directly proportional to the
flow of liquid through the packing [57]. For the structured packing, Hyp
can be calculated using Eq. (11) [58]:

025
H,, = Ca?,'83qfu, (%) an

w

where C and B are two constants equal to 0.000051 and 0.6 for cellulose
packing, respectively, a, is specific area per unit volume of the packing
(mz/m3), @sol is volumetric flux of desiccant solution (m3/ (mz-h)), Hsol 1S
dynamic viscosity of desiccant solution (mPa-s), u, is dynamic viscosity
of water at 20 °C (mPa-s).

Suess and Spiegel proposed Eq. (11) for Hp in the region below the
loading point [59]. The loading point for packed columns is the oper-
ating condition where the air velocity is high enough to start restricting
liquid flow [60]. For a constant flow rate of desiccant solution, the
pressure drop increases proportionally to the air velocity. When the
loading point is reached, the liquid desiccant fills the voids in the
packing (significantly increasing the pressure drop and reducing the
heat and mass transfer capacity) until the flooding point is reached, at
which the air velocity is high enough to carry away all of the solution
from the packing tower [61]. Below the loading point, Hy, is mostly
dependent on the solution flow rate and remains relatively constant as
U, varies. When the air velocity exceeds the loading point, there is a
significant increase in pressure drop and, as a result, electricity

(ii) (iii)
Packing sheets
rotated of 90°

Actual geometry ~ Simplied geometry
of flow channel of flow channel

\ Air in

Fig. 5. Schematic diagram of (i) structured packing, (ii) corrugation angle of sheets and (iii) geometry of flow channel, adapted from [50].
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consumption. As a result, it should be strictly avoided in desiccant sys-
tems. The recommended air velocity is 80-90% of the loading point
[61]. In this condition, the operating hold-up is a parameter that can be
used to evaluate the heat and mass transfer in the packing material and it
was used for the development of the correlations. It is important to note
that the coefficient of the Suess-Spiegel model must be determined for
various types of packing using the traditional volumetric method, which
involves conducting an experiment with a calibrated tank to collect the
drain that falls out of the packing when the liquid supply is interrupted
[16,58]. In their paper, Suess and Spiegel evaluated these coefficients
for metal sheet structured packing [59]. In recent years, Kabeel et al.
estimated the operating hold-up using the Suess-Spiegel model for
CELdek® packing 7090 [58], while Wang et al. for CELdek® 5090 [16].
These two types of cellulose packing material were considered in the
development of the correlations in this study.

4.5. Effective interfacial area

After calculating the liquid holdup, the effective interfacial area of
the structured packing [56] can be determined, which is another
important factor in determining how well the packing material wets and
performs in terms of coupled heat and mass transfer. There are several
definitions of effective interfacial area in the literature [62]. For packed
bed liquid desiccant dehumidifiers and regenerators, the effective
interfacial area is defined as the contact surface between air and desic-
cant solution that is actually wetted and actively participates in heat and
mass transfer [58,63], which is primarily dependent on the packing
characteristics (material and geometry), the thermodynamics of the
desiccant solution (density, viscosity and surface tension) and the
operating condition of the system [4].

In the literature, various correlations for estimating the effective
interfacial area of random [8,64] and structured packing [65,66] have
been proposed. Brunazzi et al. [67] developed a correlation for the ratio
between effective interfacial area and surface-to-volume ratio. Based on
a wetted wall column model similar to Rocha’s, the model assumes a
flow of liquid solution down an inclined tube of the structured packing
as a laminar falling film with thickness § [62,68]. In this study, the
interfacial area between the desiccant solution and the air is assumed to
be equal to the effective surface area [62]. Because of this assumption,
the liquid holdup can be used to estimate the effective (wetted) area of
the cellulose structured packing, a,, as shown in Eq. (12) [67]:.

(A (Hop\" (Pressin®0)"”
T\ 4 e 3o Usol

where 6 is the corrugation angle, Hy, is the operating holdup (m%/m?)
and Uy is the velocity of the desiccant solution. Eq. (12) will be used to

account for the effect of packing wetting on performance in the newly
derived correlations.

de (12)

ap

4.6. Contact time

In addition to the wetting characteristics of the packing material, the
dimensions of the packing have a significant influence on the heat and
mass transfer process. According to Dong et al. [69], the contact time
between air and desiccant solution, which is related to the dimensions of
the packing, has a major impact on the performance of the system. For
various desiccant system flow patterns, this parameter, which is affected
by packing size and air velocity, can be defined as follows:.

o (13)

J

U,
where t is air-desiccant contact time (s), j is the crossing length of air
which is equal to Z (m) and L (m) for counter- and cross-flow configu-
rations, respectively, and U, is air flow velocity (m/s). By including the
contact time in the correlations, an equation can be found that predicts

10
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the performance of both counter- and cross-flow patterns.
4.7. Experimental data and assumptions

For the regression of the correlations, experimental data of the
dehumidification (176 points) and regeneration (92 points) process
were collected and analysed from 9 and 6 papers, respectively, as
summarised in Table 4. A complete list of the experimental data used in
the analysis can be found in Appendix B.

The liquid holdup of the packing material is estimated using hy-
drodynamic parameters, such as ap, ¢, 6, etc. When these values are not
available, d.q is computed based on the height, length and side of the
packing equivalent geometry, as shown in Fig. 5, and then used to
calculate the other parameters. When these factors are not available,
they were derived from similar cases in the literature. Table 5 shows the
values used in the development of the correlations for the hydrodynamic
parameters of the packing [70,71].

The following assumptions were taken into account when developing
the correlations:

e The liquid desiccant system worked in preloading conditions (U, is
lower than the loading point).

e The equation for the wetting of the packing was applied to corru-
gated sheet cellulose.

e Thermodynamic functions of moist air were modelled based on
Ref. [77].

e Thermodynamic functions of desiccant solutions were modelled
based on Refs. [44,78].

4.8. Statistical analysis
The inlet predictors shown in Eq. (14) were chosen for the regression

analysis in accordance with the research scope and analysis of the main
factors involved in the process, as described in Sections 4.1-4.6.

Mol
Xl = —
ma
TSD
Xz _ 1K
Tox
he sol
X; = 4%
Pk as
we SO\
Xy =2t
Wq
Xs =t
a,
Xﬁ =
ap

To evaluate and select the better performing correlations, various
linear and nonlinear regression models were tested for regression using
the gathered experimental data, as shown in Table 6.

5. Correlations performance
5.1. Effectiveness correlations

Based on the analysis of MARD, Sgs and AIC¢, the better performing
correlations for the moisture and enthalpy effectiveness of the dehu-
midification and regeneration process in the application range illus-
trated in Table 4 were identified, as summarised in Table 7, where Rel10
and Rel20 represent the percentage of data points falling within the
+10% and +20% difference between measured and estimated effec-
tiveness, respectively. Appendix C contains the complete equations for
the developed correlations as well as a complete analysis of their pre-
dictive ability.

In regard to the dehumidification process, all the experimental data
collected for moisture and enthalpy effectiveness were used to fit the
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Table 4
Ranges of the full set of experimental data used for the correlation development.
Dehumidification Regeneration
Parameter Eu €n Ew s
Data points 176 135 92 92
Paper number 9 8 6 6
Msor/Mg (=) 0.096-14.14 0.096-14.14 0.125-5.43 0.125-5.43
T, (°C)* 21.7-39 21.7-39 4.42-46.72 4.42-46.72
Tso1 CO)* 9.5-32.17 9.5-32.17 33.5-61 33.5-61
@q (kgr20/Kgda) 0.0108-0.0318 0.0108-0.0318 0.0023-0.0213 0.0023-0.0213
501 (Kgi120/KEda) 0.003-0.011 0.003-0.011 0.0097-0.0646 0.0097-0.0646
Z (m) 0.2-2.1 0.2-2.1 0.4-2.1 0.4-2.1
L (m) 0.1-1 0.1-1 0.1-0.4 0.1-0.4
W (m) 0.2-0.75 0.2-0.75 0.2-0.35 0.2-0.35
t(s) 0.15-1.825 0.15-1.3 0.0431-1.486 0.0431-1.486
a, (m*/m?) 396-650 396-650 396-550 396-550
a./ay (-) 0.0866-0.5018 0.0896-0.5018 0.088-0.463 0.088-0.463

* In the correlation development, the temperature was converted from °C to K and applied to the regression model.

Table 5

Geometrical characteristics of structured packing used in correlations development.

Ref.  Chung et al Wang et al. Zhang et al. Chen et al. Tang et al. Liu et al. Xie et al. Mohamed et al. Wang et al. Varela et al.
[9] [33] [501* [11] [72] [311* [731* [74] [751° [76]*

L 0.0182/wW°¢ 0.3 0.25 0.75 0.365 0.3,0.33,0.4 0.16¢ 0.5,1 0.3 0.1

w 0.0182/L¢ 0.3 0.27 0.75 0.365 0.35 0.16° 0.4 0.3 0.2

V4 0.4 0.3,0.4,0.5 0.5 1.75 0.2,0.3 0.55 2.1 0.4 0.45 0.4

ap 410 650 550 450 396 396 396 400 410 460

€ 0.738 0.9 0.83875 0.9 0.88 0.88 0.88 0.88 0.88 0.851

deq 0.0072 0.0055 0.0061 0.008 0.009 0.009 0.009 0.088 0.0858 0.0074

[4 45 45 60 60 60 45 45 60 45 45

@ Experimental points for both the dehumidification and the regeneration process; b Experimental points only for the regeneration process; ¢ Only area was specified.

Table 6
Linear and nonlinear regression models used for correlations development.

Regression model Function Constants
required
Linear Linear Y =co + X0 0K 7
Transformed inverse 1/Y =¢, + 7
Yiaa(l/X)
Transformed squared VY = ¢ + X0 avX: 7
Transformed log(Y) =c¢, + 7
logarithmic Z?:lcilog(xi)
Nonlinear ~ Power Y = 60, X 7
Logarithmic Y = ¢, + X0 cilog(X;) 7
Quadratic Y =co + 306X + 13
CireXi®
Table 7

Best performing regression models for correlations of moisture and enthalpy
effectiveness of the dehumidification and regeneration process regressed with
the full set of data.

defined by the dashed and dotted lines (referred to as Zone 1 and Zone 2)
in Figs. 6-9 have an average error between measured and calculated
values of less than or equal to 10% and 20%, respectively.

Regardless of the type of solution or flow pattern, Table 7 reveals that
the developed correlations are fairly capable of predicting both moisture
and enthalpy effectiveness of the dehumidification process (lower than
10% error). The correlation is less accurate in predicting moisture
effectiveness of the regeneration process (the average error is slightly
lower than 15%), while the accuracy of the correlation of the enthalpy
effectiveness is satisfactory (lower than 10% error).

From the analysis of the differences between the predicted and the
calculated effectiveness of the experimental data, it was observed that
these were particularly significant at lower effectiveness values, corre-
sponding to systems operating with low mg,/m, ratios (i.e. low-flow
operating zone) and for experiments where the packing material was
not specified as cross-corrugated cellulose. Therefore, it is reasonable to
narrow down the experimental data to have a better fitting for more
practical operational conditions. Compared to the full range of experi-
mental data, better fitting was obtained when only my,;/m, ratios higher
than 0.5 and CELdek® cellulose structured packing were considered,
with experimental data reduced to 124 and 52 points for the dehu-
midification and regeneration process, respectively. The threshold value
of 0.5 for my,/m, was selected based on previous work done by Factor
and Grossman [79], which identified 0.5 as the minimum value of the
optimal range of solution-to-air flow ratios. Table 8 shows the charac-
teristics of the reduced experimental points used for the development of

Parameter  Best regression MARD Rel10 Rel20 SRes w;
model (%) (%) (%) (%)
€4, Deh Logarithmic 9.14 68.75 89.77 0.061  66.41
€4, Deh Transformed 8.47 70.37 90.37 0.056 34.35
inverse
€0,Reg Power 14.54 52.17 78.26 0.08 51.18
€h,Reg Power 9.2 69.57 83.7 0.059 54.15 the correlations.

correlations. Figs. 6 and 7 show the comparison of measured values with
those derived from new correlations for ¢, and ep, respectively. Simi-
larly, all 92 experimental data points gathered in regard to the regen-
eration process were used to fit the correlations. Figs. 8 and 9 show the
comparison between the measured values and those obtained from the
new correlations for ¢, and e, respectively. The data points in the areas

11

The better performing correlations for the reduced set of data are
shown in Table 9, while Table 10 shows the regressed coefficients,
C1-C7, for the moisture and enthalpy effectiveness coefficients.

The performance of the newly developed correlations for the dehu-
midification and the regeneration process in the application range
illustrated in Table 8 is increased, as shown in Table 9. For the dehu-
midification process, both the moisture and enthalpy effectiveness
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Fig. 6. Comparison of the measured and the estimated moisture effectiveness of the dehumidification process for the whole set of data.
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Fig. 9. Comparison of the measured and the estimated enthalpy effectiveness of the regeneration process for the whole set of data.

Table 8
Ranges of the reduced experimental data used for the correlation development.
Dehumidification Regeneration
Parameter € En € &n
Data points 124 123 52 52
Paper number 7 7 3 3
Mmgo/mg (<) 0.565-14.14 0.565-14.14 0.647-5.43 0.647-5.43
Tq (CC)* 21.7-39 21.7-39 16.9-46.72 16.9-46.72
Tso1 (CO)* 9.5-32.17 9.5-32.17 33.5-58.5 33.5-58.5
0 (KgH20/Kgda) 0.0108-0.0318 0.0108-0.0318 0.0107-0.0213 0.0107-0.0213
w501 (kgr20/Kgda) 0.0033-0.011 0.0033-0.011 0.0164-0.0543 0.0164-0.0543
Z (m) 0.2-2.1 0.2-2.1 0.4-2.1 0.4-2.1
L (m) 0.1-0.75 0.1-0.75 0.1-0.4 0.1-0.4
W (m) 0.2-0.75 0.2-0.75 0.2-0.35 0.2-0.35
t(s) 0.15-1.3 0.15-1.3 0.435-1.272 0.435-1.272
a, (m*/m>) 396-650 396-650 396-460 396-460
a./a, (-) 0.145-0.502 0.145-0.502 0.286-0.463 0.286-0.463

* In the correlation development, the temperature was converted from °C to K and applied to the regression model..

Table 9

Best performing regression models for correlations of moisture and enthalpy
effectiveness of the dehumidification and regeneration process regressed with
the reduced set of data.

Parameter Best regression MARD Rell0 Rel20 SRes w;i
model (%) (%) (%) (%)

£0,Dch Logarithmic 7.2 79.84 94.35 0.064  45.84

€h,Deh Transformed 6.4 80.49 95.12 0.063 90.14
inverse

€0,Reg Logarithmic 9.18 65.38 90.38 0.074 86.82

€h,Reg Logarithmic 5.58 86.54 94.23 0.048  79.39

correlations showed an average error lower than 8%, with about 95% of
the considered experimental points falling within the 20% range of
error. For the regeneration process, the moisture effectiveness showed a
higher average error than the dehumidification process (9.18%) with
approximately 90% of the considered experimental points falling within

the 20% range of error. For the enthalpy effectiveness, the correlation
showed high accuracy with an average error of 5.58% and 94.23% of the
experimental points falling within the 20% range of error. Figs. 10-13
show the comparison between the measured values and those obtained
from the new correlations with the reduced set of data points for ¢, and
ep of the dehumidification and regeneration process.

Although the correlations for the moisture and enthalpy effective-
ness of the regeneration process showed, in general, a good predictive
ability, it is clear from Figs. 12 and 13 that the presence of an outlier,
which could be due to a measurement error, has an impact on their
predictive ability. Instead of using the least square method, an alterna-
tive regression technique, such as robust regression, could be used to
reduce the impact of the outlier on the predictive ability of the regres-
sion model. Robust regression works by using the iteratively reweighted
least squares method and assigning a weight to each data point, making
the regression less sensitive to large variations in small parts of the data
[80]. Table 11 shows the performance of the correlations regressed for

Table 10

Coefficients regressed for the best performing correlation with the reduced set of data.
Parameter C Cy C3 Cy Cs Ce Cy
€4, Deh 0.751 0.0256 6.4796 —0.9992 0.3703 0.1118 0.1454
€h,Deh -11.199 0.4352 13.166 —1.0751 0.2998 0.1076 0.0132
€u,Reg 0.9835 0.1477 2.905 —0.835 0.097 0.1383 0.0753
€h,Reg 0.742 0.1637 —0.9174 0.4759 —0.6189 0.0928 —0.0573
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Fig. 11. Comparison of the measured and the estimated enthalpy effectiveness of the dehumidification process for the reduced set of data.
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Fig. 12. Comparison of the measured and the estimated moisture effectiveness of the regeneration process for the reduced set of data.
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Table 11

Best performing regression models for correlations of moisture and enthalpy
effectiveness of the regeneration process regressed with robust regression from
the reduced set of data.

Parameter Best regression model MARD (%) Rell0 (%) Rel20 (%)
€4,Reg Logarithmic 6.31 88.46 92.31
€h,Reg Logarithmic 4.37 92.31 94.23

the regeneration process with a non-linear logarithmic model using
robust bi-square regression, while Figs. 14 and 15 show the comparison
of the measured and calculated effectiveness of the regeneration pro-
cess. The full equations of the best performing regressed correlations for
the dehumidification and regeneration process are shown in Eq. (15).

50 Neg.s0

€open = 0.751 +0. 026log( ) +6. 4810g( - ’K) —o0. 999log< }‘; ’)
mgy a,k a
mg Tux ha
1/€ppen = —11.199 +0.4352( — | + 13.166 —1.0751

Mol Tsnl K heq.sol
T:uIK heq sol

Eures = 1.0266 + 0.1645l0g [ =) + 0.2034log %) +0.22110g (=

mg a,K a

ml Tml K heq sol
Epreg = 1.1 +0.155log —5.187log + 0.912log
Mg Tux hq

5.2. Comparison with other correlations

To further evaluate the predictive ability of the developed correla-
tions, a comparison of the accuracy with those available from the
literature was conducted. Table 12 shows the MARD of different corre-
lations for prediction of the moisture effectiveness of the dehumidifi-
cation process.

Table 12 indicated that some of the correlations were only able to
efficiently predict their own experimental data, which was in agreement
with [24]. Apart from the newly developed correlation, the correlations
of Moon et al [30] (MARD=16.98%) and Wang et al [33]

effectiveness of the regeneration process for the reduced set of data.

(MARD = 20.09%) were the ones with higher prediction accuracy.
Fig. 16 shows the comparison of the newly developed correlation with
those of Moon et al. [30] and Wang et al. [33].

Similarly, Table 13 shows the MARD of different correlations for
prediction of the enthalpy effectiveness of the dehumidification process
for experimental points obtained for specific desiccant solutions and
flow patterns and reported as Refs. in Table 13.

Apart from the newly developed correlation, Wang et al.’s correla-
tion [33] was the one that best predicted the behaviour of the coupled
heat and mass transfer in the dehumidifier (MARD = 27.4%). Although
being very effective in validating its own experimental data
(MARD = 4.11%), the predictive ability of the correlation from Wang
et al. [33] dropped for other experimental points. Fig. 17 compares the
predictive ability of the newly developed correlation with that of Wang
et al. [33], from which it is clear the higher accuracy of the newly
developed correlation since Wang et al.’s correlation [33] showed values
of enthalpy effectiveness higher than 1 or underestimated.

Weq.sol

+0. 37log( ) + 0.112log(7) + 0.145log (—e>
a P

) +0.2998 (w—> +0.1076< ) +o0. 0132(
weq.:ol
) 0. 63610g<

eq.sol

(15)

)
g

) +0.073log(r) + 0.1375log (“—)
a,

) + 0.102log(¢) + 0.193log

—0. 985510g(

a

For the regeneration process, fewer correlations were available for
comparison. Table 14 shows the MARD of the various correlations
developed for predicting the moisture effectiveness of the regeneration
process for experimental points obtained for specific desiccant solutions
and flow patterns and reported as Refs. in Table 14.

As shown in Table 14, the previously reported correlations presented
unsatisfactory behaviour, with in some cases negative effectiveness. Liu
et al.’s correlation [36] is the best performing one with an average error
of 38%. Fig. 18 shows the comparison of the predictive ability of the
newly developed correlation compared with that of Liu et al. [36],
identifying how the latter underestimated the moisture effectiveness of

15
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Table 12

Performance of correlations for moisture effectiveness of the dehumidification process.

Ref. N* Liquid desiccant Flow pattern MARD (%) of different correlations taken from

[25] [26] [27] [28] [29] [30] [32] [33] In this study
[9] 16 LiCl Counter-flow 34.77%* 71 66.34 316.5 52.24 11.28 105.4 60.56 5.02
[33] 14 LiCl Counter-flow 55.12 77.12 26.33 88.79 93.5 11.39 15.68 3.28 2.83
[11] 15 LiCl Cross-flow 24.16 42.85 4.25 71.2 41.29 18.25 7.71 21.21 5.66
[72] 24 LiCl Counter-flow 38.83 74.67 142.7 69.64 59.51 21.62 27.18 18.18 13.44
[31] 5 LiCl Cross-flow 65.64 96.39 14.73 30.37 95.4 12.02 11.14 21.04 13.98
[31] 5 LiBr Cross-flow 98.49 137.1 24.86 94.16 147.2 34.54 35.09 6.7 1.44
[73] 7 LiBr Counter-flow 39.73 25.97 40.84 20.3 71.26 10.59 7.61 23.86 9.07
[76] 38 LiCl Cross-flow 32.35 58.51 38.21 76.86 75.87 13.95 8.42 12.61 5.91
Total MARD 39.92 66.31 55.28 102.7 70.86 15.88 26.44 20.6 7.2

*Number of experimental points; ** How to read this Table: 34.77% is the MARD of the correlation taken from Ref. [25] with experimental data taken from Ref. [9].

16



A. Giampieri et al.

Applied Energy 314 (2022) 118962

Calculated moisture effectiveness (-)

13 .
o [ e e [

‘Zone 2 (£20% MARD) o ® Moon et al.
L.1H o

o Wang et al.

I
0.6

I
0.7

Measured moisture effectiveness (-)

0.9

Fig. 16. Comparison of the predictive performance of new correlation with best performing correlations for moisture effectiveness of the dehumidification process.

Table 13
Performance of correlations for enthalpy effectiveness of the dehumidification process.

Ref. N* Liquid desiccant Flow pattern MARD (%) of different correlations
taken from In this study
[27] [32] [33]
[91 16 LiCl Counter-flow 48.82%* 74.87 84.93 5.72
[33] 14 LiCl Counter-flow 22.58 91.04 4.11 4.06
[11] 15 LiCl Cross-flow 4.8 82.2 13.7 6.52
[72] 23 LiCl Counter-flow 57.37 91.33 23.8 10.6
[31] 5 LiCl Cross-flow 15.27 89.14 8.1 9.9
[31] 5 LiBr Cross-flow 46.07 86.06 5.54 4.09
[73] 7 LiBr Counter-flow 28.13 88.62 26.47 9.9
[76] 38 LiCl Cross-flow 27.03 88.83 24.94 3.86
Total MARD 32.68 86.81 27.4 6.4

*Number of experimental points; ** How to read this Table: 48.82% is the MARD of the correlation taken from Ref. [27] with experimental data taken from [9].

the regeneration process compared to the experimental values in most
cases.

For the enthalpy effectiveness of the regeneration process, only
Martin et al.’s correlation [27] was available for comparison, as illus-
trated in Table 15. As previously discussed in Sections 1 and 4.1, the
above-mentioned correlation was developed for counter-flow patterns

and showed limited accuracy for experimental points obtained with
cross-flow patterns.

5.3. Limitations of the study and future recommendations

This research is the first attempt to develop new correlations for the
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Fig. 17. Comparison of the predictive performance of new correlation with best performing correlation for enthalpy effectiveness of the dehumidification process.
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Table 14

Performance of correlations for moisture effectiveness of the regeneration process.

Applied Energy 314 (2022) 118962

Ref. N* Liquid desiccant Flow pattern MARD (%) of different correlations
taken from In this study
[27] [35] [36]

[31] 5 LiCl Cross-flow 285.98** 154.49 49.08 21.25

[31] 5 LiBr Cross-flow 214.3 26.07 11.79 16.46

[73] 4 LiBr Counter-flow 5.52 87.09 35.72 2.66

[76] 38 LiCl Cross-flow 374.67 119.68 40.23 3.4

Total MARD 322.32 111.52 38 6.31

*Number of experimental points; ** How to read this Table: 285.98% is the MARD of the correlation taken from Ref. [27] with experimental data taken from Ref. [31].
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Fig. 18. Comparison of the predictive performance of new correlation with best performing correlation for moisture effectiveness of the regeneration process.

Table 15
Performance of correlations for enthalpy effectiveness of the regeneration
process.

Ref. N*  Liquid desiccant ~ Flow pattern =~ MARD (%) of different
correlations
taken from [27]  In this study
[31] 5 LiCl Cross-flow 108.37** 17.23
[31] 5 LiBr Cross-flow 96.69 11.36
[73] 4 LiBr Counter- 19.38 2.67
flow
[76] 38 LiCl Cross-flow 134.42 1.95
Total MARD 119.44 4.37

*Number of experimental points; ** How to read this Table: 108.37% is the
MARD of the correlations taken from Ref. [27] with experimental data taken
from Ref. [31].

dehumidification and regeneration process of liquid desiccants based on
the use of secondary data (i.e. existing experimental data) and consider
parameters previously neglected by literature (such as the contact time,
hold-up based wetting and effective interfacial area). Although the ac-
curacy of the newly developed correlations was demonstrated, the
production of primary experimental data and their inclusion in the
developed correlations would significantly increase the robustness of
the research.

In the current study, the dataset used was limited to those with
solution-to-air flow ratios of 0.5 and higher. By collecting more primary
and secondary data in various operating ranges (including a relevant
number of experimental data in the low-flow operating zone), the ac-
curacy of the correlations could be further enhanced and its applicability
extended. Future research should also focus on extending the

18

applicability of the developed correlations by including a larger number
of types of packing materials and desiccant solutions. Whilst the corre-
lations were developed considering a cellulose structured packing ma-
terial, such as CELdek® 5090 and 7090, the research inspired the
application of the correlations to packing materials different from cel-
lulose. This could be realised by estimating the liquid hold-up through
drainage volumetric test and determining the coefficients used in the
Suess-Spiegel model [59].

6. Conclusion

New correlations were developed for quick performance estimation
of both the dehumidification and the regeneration process of liquid
desiccant systems. After analysis of previous correlations, identification
of the main parameters, data collection, identification of the parameters
affecting the performance of the heat and mass transfer and statistical
analysis, these correlations were derived using 124 and 52 experimental
points available from the literature (mg,/mg > 0.5) for the dehumidifi-
cation and the regeneration process, respectively, and the following
results were obtained for their predictive ability:.

e For the dehumidification process, about 95% of the calculations for
both moisture and enthalpy effectiveness had an error lower than
+20% with an average error of 7.2% and 6.4% for moisture and
enthalpy effectiveness, respectively.

o For the regeneration process, about 92% and 94% of the calculations
for moisture and enthalpy effectiveness had an error lower than
+20%, respectively. The average error for the moisture effectiveness
is 6.31% while that of the enthalpy effectiveness is 4.37%.



A. Giampieri et al.

The newly developed correlations were also found to have a higher
predictive ability than others in the literature. These newly developed
correlations will be useful for designing and calculating the performance
of liquid desiccant systems, as well as determining cost-effective solu-
tions for the technology.
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