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technology, prediction of desiccant wheel performance is of crit-
ical importance in order to get proper and correct results. The use 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

At present interest in desiccant evaporative cooling (DEC)
ycles is strongly increasing due to the possibility of realizing low
nvi-ronmental impact and high energy efficiency HVAC systems
riven by low temperature heat and renewable energy [1,2]. This
merg-ing technology can be properly used in applications for air
ooling and dehumidification [3–7] or in the industrial field for
roduct drying processes [8–10]. In these systems the air
ehumidification treatment is typically reached through a
esiccant wheel, which is obtained rolling up sheets of a
upporting material coated with an adsorbent substance, in order
o get a large number of paral-lel channels. Two air streams in
ounter current arrangement flow through the device: the process
ir, which is dehumidified and heated, and the regeneration air
hich removes water from the adsorbent material [11].

It is well-known that the desiccant wheel is a crucial compo-
ent in DEC systems. At present research works are mainly focused
n component models and experimental tests [12–16], new device
r system arrangements [17,18], new sorption materials [19] and
ystems optimization [20–22]. Desiccant wheel performance is
trongly influenced by operating conditions, namely process and
egeneration air temperature, humidity and face velocity and rev-
lution speed. In simulations of energy systems based on DEC
∗ Corresponding author.
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of detailed component models based on heat and mass transfer
equations is not suggested due to the high computational load and,
therefore, simplified methods are recommended.

Several works deal with the evaluation of simplified
approaches to determine desiccant wheel performance. Beccali et
al. [23,24] proposed experimental correlations based on
manufacturer data for balanced and unbalanced air flows. These
correlations have been widely used in literature but they are not
related to a specific air face velocity and revolution speed.

Some works focus on the analysis of performance through a pair
of effectiveness parameters. Panaras et al. [25] investigated
experimentally the constant combined potential approach based on
the formulation proposed by Jurinak [26]. In that work a commercial
silica gel desiccant wheel has been tested at constant revolution
speed and balanced air flows. It is shown that the effectiveness
factors remain constant over a sufficiently wide range of operat-ing
conditions. Ruivo and Angrisani [27] put in evidence that this
constant effectiveness approach is not still valid in case of variable
revolution speed and unbalanced air flows. Moreover the combined
potential approach is widely considered rather complex in order to
be effectively adopted. In several works the desiccant wheel
dehumidification capacity is evaluated through humidity ratio and
temperature effectiveness indices [28–30]. Ali Mandegari and
Pahlavanzadeh [30] proposed an effectiveness parameter based on
enthalpy difference and analyzed its trend referring to
experimental data. Ruivo et al. [31] introduced three new
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Nomenclature

a channel height (mm)
b channel base (mm)
cp specific heat (kJ kg−1 K−1)
c1, 2, . . . 12 �� correlation parameters
k1, 2, . . . 11 �h correlation parameters
h enthalpy (kJ kg−1)
Le Lewis number
m mass flow rate (kg s−1)
N revolution speed (rev h−1)
Nu Nusselt number
Ntest number of experimental tests
p pressure (Pa)
ptot atmospheric pressure (Pa)
RMSE root mean square error (◦C or kgv kgda

−1)
Sh Sherwood number
T temperature (◦C)
u uncertainty
v face velocity (m s−1)
V air flow rate (m3 s−1)
x1, 2 �p correlation parameters
X humidity ratio (kgv kgda

−1)

Greek Symbols
˛ �� correlation terms
ˇ �h correlation terms
�P pressure drop (Pa)
�T temperature difference (◦C)
�X humidity ratio difference (kgv kgda

−1)
� effectiveness
� relative humidity
� water latent heat of vaporization (kJ kg−1)
� density (kg m−3)
� dynamic viscosity (kg m−1 s−1)
� wheel porosity

Subscripts
a air
ads desiccant wheel sorption material
da dry air
EXP experimental
in inlet
N revolution speed
out outlet
opt optimal
pro process air
reg regeneration air
T temperature
v water vapour
vpro process air face velocity
vreg regeneration air face velocity
vsat saturated vapour
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Xpro,out = 0.622 (3)
X humidity ratio

ffectiveness indices that are calculated respectively through the
ariation of process air relative humidity, adsorbed water content
nd air enthalpy. In this work the use of this effectiveness pair is
nvestigated at constant and balanced air flows. This approach has
een analyzed in further works [32–34] and detailed inter-

olation methods are evaluated in order to take into account the 
ffect of inlet air states, airflow rates and the revolution speed. 
inally Ruivo et al. [35] compared several interpolation methods to 
redict process air outlet conditions at low regeneration
Fig. 1. Desiccant wheel scheme.

temperature and analyzed the influence of rotational speed on 
effectiveness parameters [36].

According to current state of the art, the effectiveness parame-
ters based on the psychrometric variables � and h are particularly
suitable to predict the desiccant wheel performance. Anyway in the
available studies the effectiveness correlations are based on manu-
facturer data or on a limited number of experimental tests and they
do not take into account the variation of all inlet conditions. In addi-
tion pressure drop data is not provided, although such information
is particularly important in the study of DEC systems. Therefore,
the aim of this work is:

- To preliminary investigate the influence of operating conditions
on the effectiveness parameters based on the psychometric vari-
ables � and h.

- To provide practical effectiveness correlations based on exper-
imental data that take into account a wide variation of all
operating conditions.

- To provide a correlation to evaluate air pressure drop across the
wheel.

The proposed correlations to predict the outlet process air con-
ditions and pressure drop are a useful tool that can be effectively
used in energy systems simulation and that can be integrated in
commercial software, such as TRNSYS and Energy Plus.

2. Enthalpy and relative humidity effectiveness parameters

2.1. Parameters definition

Referring to Fig. 1, the effectiveness pair proposed by Ruivo et 
al.[31] that is used in this work is defined in the following way:

�� = �pro,in − �pro,out

�pro,in − �reg,in
(1)

�h = hpro,out − hpro,in

hreg,in − hpro,in
(2)

If inlet air conditions of both air streams and the effectiveness
parameters are known, the enthalpy and relative humidity of outlet
process air stream are obtained. Therefore, temperature, humidity
ratio and water vapour saturation pressure can be easily calculated
through the following equations:

�pro,out
(ptot/ppro,out,vsat) − �pro,out

Tpro,out = hpro,out − �Xpro,out

cpda + Xpro,outcpv
(4)
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pro,out,vsat = e23.196− 3816.44
Tpro,out+273.15−46.13 (5)

here ptot has been assumed constant and equal to 101325 Pa and 
he latent heat of water vaporization is � = 2501 kJ kg−1.

.2. Preliminary theoretical considerations

As described in Section 1, the effectiveness parameters �� and �h

trongly depend on air inlet states and on revolution speed [32,33]
n order to evaluate appropriate correlations, preliminary consid-
rations are provided. Referring to Eqs. (1) and (2), it is discussed
ow the variation of every inlet air condition, keeping constant the
thers, affects the effectiveness parameters �� and �h. It is possible 
o state that:

- An increase in Tpro,in leads to a decrease in �pro,in and to a
increase in hpro,in. The dehumidification capacity decreases and
therefore, an increase in Xpro,out and hpro,out is shown [11]. As 
consequence both denominators of Eqs. (1) and (2) decrease an
it is not pos-sible to predict the behaviour of the two numerator
exactly. Ali Mandegari and Pahlavanzadeh [30] evaluate
experimentally the trend of �h as a function of Tpro,in and foun
out that there is an optimal value of �h and that the effectivenes
parameter does not strictly increase or decrease with Tpro,in. It i
put in evidence in that work the effectiveness parameter i
defined in a slightly different form compared to the one reporte
in Eq. (2).

- The higher Xpro,in, the higher �pro,in, hpro,in, Xpro,out, Tpro,out (due t
the higher amount of adsorbed vapour) and hpro,out. Dependin
on the actual variation of hpro,in, �pro,in, �pro,out and hpro,out, it i
expected that �h and �� can increase or decrease.

- An increase in vpro,in leads to a reduction in Tpro,out and to a
increase in Xpro,out and �pro,out [37]. A higher airflow rate cool
down the desiccant matrix faster and speed up the dehumidifica
tion process. However, higher flow rates lead to smaller drop i
process flow humidity ratio and, in turn, to a smaller rise in pro
cess flow temperature. As a consequence, if N is equal or highe
than the optimal revolution speed, it is expected hpro,out decreases
leading to a lower �h. Similarly �pro,out increases and consequentl
�� decreases.

- In typical working conditions of HVAC systems, if Treg,in increase
the dehumidification process becomes more effective: the outle
process air reaches a higher temperature and a lower relativ
humidity while the inlet regeneration air flow slightly decrease
its relative humidity. In most cases numerator of Eq. (1) increases
denominator slightly increases (in particular at high regeneratio
temperature) and therefore an increase in �� is expected. In addi
tion the higher Treg,in, the higher hreg,in: depending on the actua
variation of hpro,out, �h could increase or decrease. Ali Mandegar
and Pahlavanzadeh [30] highlighted that �h mainly increases wit
Treg,in, showing also a local optimum point. Both expected trend
of �� and �h are confirmed also by Ruivo et al. [31], who calculate
the effectiveness pair from experimental data of Kuma et al. [38
They show that an increase in Treg,in generally leads to a sligh
increase in �� and to an increase or decrease in �h.

- When Xreg,in increases, hreg,in and �reg,in also increase and th
dehumidification process becomes less effective. Therefor
�pro,out is higher than the reference condition: both numerato
and denominator of Eq. (1) decrease and therefore �� could eithe
increase or decrease. Due to the lower dehumidification perfor
mance, less heat of adsorption is released to the process air stream

but at the same time more heat is transferred through the wheel 
matrix which is kept slightly warmer in the regeneration period. Also 
in this case it is not possible to predict hpro,out and therefore the 
variation of �h. Ruivo et al. [31] calculated the effectiveness parameters 
for different values of Xin (with balanced air flows and 
Xpro,in equal to Xreg,in). They show that an increase in Xin leads to
a decrease in �h and to a slight increase or decrease in �� .

- An increase in vreg,in leads to an enhancement of the dehumidifi-
cation process [37]. Therefore �pro,out decreases and an increase
in �� is shown. On the other side hpro,out and, therefore, �h may
either increase or decrease.

- According to previous research works [30,31,36], the higher the
revolution speed, the higher the heat transferred [14,15] and

� h. In fact, due to the typical low revolution speed of desiccant
wheels, an increase in N leads to an increase in the heat trans-
ferred and, therefore, in the outlet process air temperature and
enthalpy. At low revolution speed, the wheel matrix tempera-
ture becomes close to the air stream one and, therefore, heat
transfer decreases. Finally, according to the analysis provided by
Enteria et al. [15], there is an optimal revolution speed below
which �� rapidly drops down (not optimized working condi-
tions) and above which �� slightly decrease. Similarly Ruivo et al.
[31,36] show that an increase in N initially leads to a significant 
increase in �� and gradually, when the optimal revolution speed
is approached, to an almost constant effectiveness value.

Based on the aforementioned theoretical analysis, it turns out
that all boundary conditions have effects on both adopted effec-
tiveness parameters. In particular it is shown that:

- An increase in vpro,in leads to a decrease in �� and �h.
- An increase in Treg,in, vreg,in and N leads to an increase in �� .
- �� is slightly dependent on N.

It is expected that a good correlation is able to properly predict
the aforementioned trends. About the effects of the variation of the
other boundary conditions on �� and �h, it is not possible to assess 
a general rule.

3. Experimental methodology

3.1. Experimental setup

In order to analyze desiccant wheels performance in differ-
ent working conditions, a test facility has been properly designed.
Experimental results are used to determine adequate correlations
to predict the pair of effectiveness given in Eqs. (1) and (2) and to
evaluate air pressure drop across the component.

The test rig is shown in Fig. 2 and it is designed to provide
process and regeneration air streams at accurate controlled
conditions of temperature, humidity and mass flow rate. The two
air streams flows across the desiccant wheel in counter-current
arrangement. Temperature and humidity are properly controlled
through heating coils, cooling coils and evaporative coolers. In the
regeneration air stream unit an additional electrical heater is
installed in order to adjust the flow temperature up to 100 ◦C (in
recirculation mode).

The desiccant wheel casing is divided in four equal partitions
and each stream enters and leaves the casing through two of them.
Temperature of each air stream is measured at the inlet section (in
one point) and outlet section (in two points) of the casing through
RTD PT100 sensors.

Humidity ratio is calculated from the measured values of tem-
perature and relative humidity. For process inlet air stream, the
temperature sensor is coupled with a relative humidity capaci-
tive sensor. In all other cases, coupled temperature and relative

humidity sensors have been arranged as follows (Fig. 2):
- In the regeneration air handling unit before the electric heater, in

order to avoid measurement at very low relative humidity and,
therefore, to reduce uncertainty of Xreg,in.
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Table 1
Sensors main data.

Abbreviation Type of sensor Accuracya

T1b PT 100 Class A ±0.2 ◦C
T2 PT 100 Class A ±0.2 ◦C
RH1b Capacitive ±1% (between 0 and 90%)
P Piezoelectric ±0.5% of reading ± 1 Pa

a ◦

 

 

Fig. 2. Layout of t

In the plenum where the two outlet regeneration air streams
achieve a proper level of mixing. More precisely a sampling of
regeneration outlet flow is extracted through a non-insulated
duct that acts as an air cooler. Sensors are installed in the cool-
ing duct, so that relative humidity measurement is more accurate
because of the lower air temperature and higher relative humid-
ity. Care must be taken not to incur in water vapour condensation
in the sampling duct, which may detrimentally affect the mea-
surement.
In the plenum where the two outlet process air streams are mixed,
as already described for the regeneration air flow.

Volumetric flow rates are controlled by variable speed fans and
ach one is measured through two orifice plates installed in two
ifferent parallel ducts. The maximum process air flow rate is 2000
3 h−1 and the maximum regeneration air flow rate is 1400 m3 h

1. Orifice plates and ducts apparatus are constructed according to
echnical standards [39,40]. Pressure drop across the orifices and
cross the desiccant wheel is measured by piezoelec-tric
ransmitters. Main data of calibrated sensors are summarized in
able 1.

Finally desiccant wheel revolution speed can be manually con-
rolled in the range between 5 and 30 rev h−1 and all sensors and
ctuators are connected to a NI Compact Rio system and controlled
ith LabVIEW software.

.2. Experimental procedure
For each test experimental data are collected in steady state con-
itions and in each session at least 300 samples of every physical 
uantity are logged with a frequency of 1 Hz.
At T = 20 C.
b Temperature and relative humidity probe.

The humidity ratio is calculated from the measured value of 
temperature and relative humidity with Eqs. (3)–(5).

The level of uncertainty of temperature and humidity ratio is
estimated in accordance with the work by Moffat [41]. The experi-
mental uncertainty uxi of each direct monitored variable xi, such as
Ta, �a and p, is:

uxi
= ±

√
u2

xi,inst
+ (t95�x̄i

)2 (6)

where uxi,inst is the instrument uncertainty of the generic measured
parameter, t95 is the student test multiplier at 95% confidence and
�x̄i

is the standard deviation of the mean.
The generic combined uncertainty uε of calculated quantities ε,

such as Xa, �Xpro and �Tpro is calculated as:

√√ ( )2 ( )2
uε =
√√∑

i

∂ε

∂xi

uxi,inst + t2
95

∑
i

∂ε

∂xi

�x̄i
(7)
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ig. 3. Adsorption and desorption isotherm (T = 50  ◦C) of a sample of the desiccant 
heel material.

.3. Experimental tests

The tested desiccant wheel is a commercial device available on
he market with outer diameter of 60 cm and an axial length of 20
m. Channels have a sinusoidal cross sectional area with height a =
.8 mm, base b = 3.55 mm and aspect ratio a/b = 0.51. Based on the
hannel aspect ratio value, in fully developed laminar flow
ondition the Nusselt number (at constant wall temperature) is Nu
 2.1, the Sherwood number is Sh = Nu ≈ 2.1 (assuming Le = 1)  and

he friction factor is f ≈ 11/Re [42]. In addition the wheel poros-ity
free channel area to face area ratio) � is equal to 0.76.

The wheel is made of synthesized metal silicate on inorganic
bre substrate (net organics less than 2%). A sample of the desic
ant wheel (support and sorption material) has been collected on
rder to measure the adsorption isotherm with a dynamic vapou
orption analyzer. As reported in Fig. 3, the adsorption isotherm
hows a Type IV trend, according to the IUPAC classification [43]
he component is split in two equal sections, each one crossed by
he process and the regeneration air flow respectively. A purge
ector is not installed.

On the whole 56 tests have been performed in steady states by
arying Tpro,in, Xpro,in, vpro,in, Treg,in, Xreg,in, vreg,in and N in a wide range
f operating conditions, as summarized in Table 2. Detailed inlet
onditions and process air outlet states of each test are reported in
ppendix A. In the investigated desiccant wheel �Xpro is around
g kg−1 when inlet process and regeneration air temperature, face
elocity and inlet humidity ratio are respectively around 30 ◦C, 60
C,  2 m s−1 and 12 g kg−1 (summer conditions). The achieved
ehumidification capacity is almost comparable with one of the
vailable desiccant wheels working in similar operating conditions
14,15,38] with different physical and geometric specifications.

In addition, a specific set of tests has been performed to
valuate pressure drop across the desiccant wheel as a function of
ir face velocity and temperature. Initially the process air
emperature and humidity ratio have been kept constant and
espectively equal to 30.0 ◦C ± 0.5 ◦C and 10.0 g kg−1 ± 0.1 g kg−1

hen the air inlet temperature has been increased up to 67.2 ◦C
he revolution speed has been set at N = 10 rev h−1 (Appendix B).

. Effectiveness correlations
As previously reported in Section 2, the effectiveness param-
ters �� and �h described through Eqs. (1) and (2) are strongly 
ependent on all boundary conditions and cannot be considered 
onstant over a wide range of operating conditions. Therefore two
different independent correlations should be evaluated in order to
predict properly the desiccant wheel effectiveness parameters for
different inlet air states and revolution speed.

In the proposed correlations each effectiveness parameter is cal-
culated as the product of five terms, referred to as ˛ and ˇ for �� and
�h respectively. Each term is assumed to be independent from the
others and it takes into account the effect of one or more boundary
conditions. In particular it has been evaluated that the effects of
Tpro,in and Treg,in can be grouped in one parameter (˛T and ˇT) and,
similarly, that the contribution of Xpro,in and Xreg,in can be coupled
in a second one (˛X and ˇX). Instead the contribution of vreg,in, vpro,in
and N is considered through an independent term (˛vreg and ˇvreg,
˛vpro and ˇvpro and ˛N and ˇN respectively).

Many mathematical forms of both correlations have been inves-
tigated and evaluated, according to the theoretical deductions of
Section 2.2. Each parameter ˛ or ˇ has been supposed to be linear,
polynomial, exponential, logarithmic and power function of one or
more air inlet states. All investigated correlations have been compared
to effectiveness parameters calculated from experimental data, as
reported in Section 3.3. The equations that minimize the root mean
squared deviation have been selected.

Finally the proposed correlations to predict �� and �h are
reported respectively in Eqs. (8) and (9):⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

�ϕ = ˛vreg˛vpro˛T ˛X˛N

˛vreg = c1v2
reg,in

+ c2vreg,in + c3

˛vpro = c4v2
pro,in

+ c5vpro,in + c6

˛T = c7 ln(Treg,in − Tpro,in) + c8

˛X = c9Xpro,in + c10Xreg,in + 1

˛N = c11N + c12

(8)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

�h = ˇvregˇvproˇT ˇXˇN

ˇvreg = k1
(
vreg,in

)k2

ˇvpro = k3
(
vpro,in

)k4

ˇT = k5Treg,in + k6Tpro,in + k7

ˇX = k8Xreg,in + k9Xpro,in + 1

ˇN = k10N + k11

(9)

The adopted coefficients c1–c12 and k1–k11 are reported in Table
3. They have been calculated minimizing the root mean squared
deviation between the correlation results and the actual values
based on measurements.

In Eqs. (8) and (9), air temperature should be expressed in ◦C,
the humidity ratio in kg kg−1 and the face velocity in m s−1 at inlet
conditions of each stream. Note that the two proposed correlations
are valid and should be used within the range of each boundary
condition reported in Table 2.

Calculated and experimental relative humidity and enthalpy
effectiveness indices are reported in Fig. 4. Relative error between
predicted and measured values of �� is within ±5% in all the ana-
lyzed cases. On the other side, relative error of �h is within ±5% and
within ±10% respectively in 69.6% and 96.4% of the investigated
working conditions.

In Figs. 5 and 6 it is investigated how such relative errors of
effectiveness pair influence the estimation of the humidity ratio
and temperature differences of the process air stream across the
desiccant wheel, which are defined in the following way:
�Xpro = Xpro,in − Xpro,out (10)

�Tpro = Tpro,out − Tpro,in (11)



Table 2
Working conditions range of experimental tests performed to predict effectiveness parameters �� and �h .

Tpro,in Xpro,in vpro,in Treg,in Xreg,in vreg,in N
(◦C) (g kg−1) (m s−1) (◦C) (g kg−1) (m s−1) (rev h−1)

17.6–33.8 9.1–17.4 1.75–2.85 44.4–78.6 8.4–16.3 1.64–2.53 4.9–25.6

Table 3
Coefficients adopted in the effectiveness pair correlations (Eqs. (8) and (9)).

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12

−0.003286 0.020519 0.095525 0.008343 −0.04322 0.16501 1.1903 12.331 −4.519 0.80627 0.0030464 4.2846

k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11

0.22113 0.23493 0.21763 −0.66335 0.0016778 −0.0056224 1.671 −44.505 27.728 0.13883 4.6438

Fig. 4. Calculated and experimental �� and �h .
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Section 2.2, an increase in vpro,in leads to a decrease in �� and �h, 
Fig. 5. Calculated and experimental �Xpro (Xpro,in − Xpro,out).

Experimental data are reported with calculated level of uncer-
ainty. Relative error between predicted and measured values of

Xpro and �Tpro are within ±10% respectively in 82.1% and 98.2%
f the analyzed cases. It should put in evidence that the predicted

alues of �Xpro are within the experimental uncertainty range in
9.3% of working conditions.
Fig. 6. Calculated and experimental �Tpro (Tpro,out − Tpro,in).

The temperature and humidity ratio root mean square error
between calculated and measured data is evaluated through the
following equations:

RMSET =

√∑Ntest
i=1 (Tpro,out − Tpro,out,EXP)2

Ntest
(12)

RMSEX =

√∑Ntest
i=1 (Xpro,out − Xpro,out,EXP)2

Ntest
(13)

where the number of tests is Ntest = 56. The resulting values of
RMSET and RMSEX are respectively 0.66 ◦C and 0.24 g kg−1. In Table
4 these results are compared with the root mean square errors
available in literature based on the constant effectiveness
parameters approach. It is possible to state that the proposed
correlations predict outlet process air conditions with good
accuracy in relation to the constant effectiveness parameters
investigated in literature. In addition it should be pointed out that
in this work the revolution speed is not constant and air flow rates
are considered both in balanced and unbalanced conditions.

Finally, in order to confirm the quality of the proposed correla-
tions, in Figs. 7 and 8 the effect of the variation of each boundary

condition on the effectiveness pair �� and �h is evaluated through
Eqs. (8) and 9. As expected from the considerations reported in
an increase in Treg,in, vreg,in and N leads to an increase in �� and a 
variation of N causes a slightly variation of ��.



Table 4
RMSET and RMSEX: comparison between results of this works and data available in literature.

Reference RMSET RMSEX Tpro,in Xpro,in Vpro,in Treg,in Xreg,in Vreg,in N Ntest

(◦C) (g kg−1) (◦C) (g kg−1) (m3 h−1) (◦C) (g kg−1) (m3 h−1) (rev h−1) (–)

This work 0.66 0.24 17.6–33.8 9.1–17.4 830–1350 44.4–78.6 8.4–16.3 780–1200 4.9–25.6 56
[4,25]a 1.24 0.30 24–40 4–14 c 50–80 3–15 c 6 107
[27]a 1.50 0.89 22.2–38.8 6.4–15.9 ≈800d 49.8–68.6 6.4–15.9 ≈800d 12 89
[27]b 1.46 0.81 22.2–38.8 6.4–15.9 ≈800d 49.8–68.6 6.4–15.9 ≈800d 12 89
[44]a 1.28 0.30 23.8–35.6 8.16–16.0 ≈800d 51.0–70.2 8.16–16.0 ≈800d 12 41

a Constant combined potential approach.
b Constant �� and �h .
c Balanced flow conditions and flow rates equal to 600, 1000 and 1200 m3 h−1. Desiccant wheel diameter equal to 630 mm.
d Desiccant wheel diameter equal to 600 mm (60% of area crossed by process air stream).

Fig. 7. Effects of boundary conditions on �� calculated through Eq. (8) (ref. condi-
tion: Tpro,in = 25 ◦C, Xpro,in = 12 g kg−1, vpro,in = 2 m s−1, Treg,in = 60 ◦C, Xreg,in = 12 g kg−1,
vreg,in = 2 m s−1, N = 15 rev h−1).

Fig. 8. Effects of boundary conditions on �h calculated through Eq. (9) (ref. condi-
tion: Tpro,in = 25 ◦C, Xpro,in = 12 g kg−1, vpro,in = 2 m s−1, Treg,in = 60 ◦C, Xreg,in = 12 g kg−1,
vreg,in = 2 m s−1, N = 15 rev h−1).
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Table 5
Coefficients adopted in the pressure drop correlation (Eq. (14)).

x1 x2

3.77 × 106 6.5493

Fig. 9. Calculated and experimental pressure drop.

 

 
 
 
 
 

 
 
 

 

 
 

reported: the relative error is always within ±5%.
. Pressure drop correlation

Total pressure drop across the desiccant wheel is evaluated in
he following way:

P = x1�ava + x2�av2
a (14)
where the first and second term are respectively related to dis-
tributed and local pressure drop [45]. The dynamic viscosity �a has
been evaluated in this form:

�a = 1.458 × 10−6(Ta + 273.15)1.5

Ta + 273.15 + 110.4
(15)

Note that the measured pressure drop includes the effect of the
cross section variation of the plenum which supplies the air flow to
the device. In fact, the wheel face area has a semi circular geometry
and the air plenum has a rectangular cross section. This effect has
been taken into account in the proposed correlation through the
term x2.

In addition, referring to the wheel properties reported in
Section 3.3, the distributed pressure drop calculated through the
first term of Eq. (14) is in agreement with the one calculated with
the friction factor f = 11/Re and the wheel porosity � = 0.76.

Air velocity is calculated at the wheel inlet section while air
properties are evaluated at the mean condition between inlet and
outlet states. The coefficients x1 and x2 used in Eq. (14) are reported
in Table 5. In Fig. 9 calculated and experimental pressure drop are



Table 6
Coefficients adopted in the effectiveness pair correlations to simulate an AQSOA zeolite desiccant wheel [46].

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12

0 0 1 0 0 1 0.099038 0.586 −2.9435 0 0 1

k1 k2 k3 k4 k5 k6

1 0 1 0 0.00058696 −0.0007744

Fig. 10. Outlet process air humidity ratio (ref. condition: vin = 2 m s−1, N = 20 rev h−1,
Xpro,in = Xreg,in [46]).
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of the analyzed cases and the root mean square errors RMSET and
◦ −1
ig. 11. Outlet process air temperature (ref. condition: vin = 2 m s , N = 20 rev h , 
pro,in = Xreg,in [46]).

. Application of the proposed effectiveness correlations to
 different desiccant wheel

In order to confirm the validity of the proposed formulation, the
ffectiveness correlations are adopted for an AQSOA zeolite
esiccant wheel, whose experimental data are available in litera-
ure [46]. In fact, as clearly shown in previous works [12,14,47,48]
esiccant wheel performance strongly depends on its physical and
hemical properties. If a model based on heat and mass transfer
quations is used to evaluate component performance, desiccant
heel specific properties (such as channel geometry, adsorption
sotherm, specific heat, thermal conductivity, etc.) should be 
dopted.
k7 k8 k9 k10 k11

7 0.16886 −3.9466 0 0 1

The aim of this section is to show how the proposed correlations,
which indirectly take into account the characteristics of the
investigated component, can be adopted to fit data of a generic
desiccant wheel. It is highlighted that good results are obtained also in
case of different sorption materials and physical and chemical
properties.

The analyzed desiccant wheel is made of AQSOA zeolite and
channels have a sinusoidal cross sectional area with height equal to
1.5 mm and base equal to 3.4 mm. The wheel diameter and
thickness are respectively equal to 0.32 m and 0.2 m. Further com-
ponents data are available in literature [46].

At a first stage the correlations (Eqs. (8) and (9)) are calibrated
through the available experimental data, summarized in Appendix C.
Note that, according to ASHRAE [49],if pvsat > ptot the relative humidity is
not defined. Therefore in this condition the term � of Eq. (1) is simply
defined as � = pv/pvsat . The resulting coefficients are reported in Table 6.
It is put in evidence that:
- Experimental data are available only at constant revolution
speed and face velocity and at equal inlet humidity ratio. Quite
obviously the Eqs. (8) and (9), coupled with coefficients of Table
6, can be used only according to the experimental data set used
to fit the correlations, namely N = 20 rev h−1, vpro,in = vreg,in = vin

= 2 m s−1, Xpro,in = Xreg,in = Xin = 5–35 g kg−1, Tpro,in = 30–50 ◦C and
Treg,in = 60–120 ◦C.

- Therefore correlations must be independent on N, vpro,in, and vreg,in

and may depend only on Xin instead of Xpro,in and Xreg,in.
- As a consequence, according to Table 6, the terms ˛N, ˛vreg, ˛vpro,

ˇN, ˇvreg and ˇvpro are set equal to 1 and terms ˛X and ˇX are
modified in order to take into account that Xpro,in and Xreg,in vary
together and that no information about the independent vari-
ation of each inlet humidity ratio is available. Therefore, being
Xpro,in = Xreg,in = Xin, it becomes ˛X = C9 Xin + 1 and ˇX = k8 Xin + 1. 

In Figs. 10 and 11 correlations results are compared with exper-
imental data and with results of a detailed gas solid side resistance
model [46] in different working conditions. It is possible to state
that correlations properly predict outlet conditions, in particular at
low process and regeneration air temperature.

7. Conclusions

In this work the use of effectiveness parameters to determine
desiccant wheel performance is investigated. The adopted effec-
tiveness pair �� and �h is based on relative humidity and enthalpy
differences. The performance of a commercial desiccant wheel is
evaluated on a specific test rig in a wide range of operating condi-
tions. Accurate correlations based on experimental data to predict
desiccant wheel performance and pressure drop are proposed. The
obtained correlations predict properly the actual desiccant wheel
effectiveness and, therefore, humidity ratio drop and temperature
rise of process air stream across the desiccant wheel. It is shown
that the relative error between predicted and measured values of
�Xpro and �Tpro is within ± 10% respectively in 82.1% and 98.2%
RMSEX are respectively 0.66 C and 0.24 g kg . The relative error
between calculated and measured values of pressure drop is always
within ±5%. Finally it is shown how the correlations can be used



Table A.1
Experimental tests performed to evaluate effectiveness pair correlations.

Test Tpro,in Xpro,in vpro,in Treg,in Xreg,in vreg,in N Tpro,out Xpro,out

(–) (◦C) (g kg−1) (m s−1) (◦C) (g kg−1) (m s−1) (rev h−1) (◦C) (g kg−1)

1 30.6 11.7 2.14 63.6 11.9 2.41 5.9 49.0 7.5
2 29.5 11.7 2.12 63.9 12.2 2.41 8.5 49.5 7.4
3 30.1 11.7 2.10 55.1 12.0 2.34 10.5 45.0 8.8
4 30.4 11.0 2.13 66.1 12.2 2.45 10.5 51.2 6.9
5 29.4 11.5 2.14 65.2 11.8 2.44 10.5 50.2 7.7
6 30.1 11.1 2.53 55.6 12.1 2.62 10.5 44.2 8.2
7 31.0 12.3 2.09 64.2 12.9 2.36 12.5 51.9 8.0
8 30.3 11.7 2.09 64.4 12.3 2.43 12.5 50.8 7.5
9 30.4 11.1 2.12 65.0 12.8 2.45 12.5 50.6 7.3

10 29.9 10.9 1.81 64.4 11.7 2.03 15.5 51.3 7.1
11 18.9 9.3 2.07 70.6 11.0 2.39 15.5 49.3 4.3
12 29.9 11.8 2.09 55.5 11.9 2.35 15.5 45.5 9.0
13 19.0 9.7 2.10 44.4 9.4 2.35 15.5 35.4 6.5
14 17.6 9.3 2.10 44.5 9.5 2.30 15.5 34.5 6.1
15 30.1 17.4 2.10 57.1 11.0 2.32 15.5 50.0 11.2
16 31.1 9.1 2.10 71.3 10.6 2.38 15.5 54.7 5.4
17 19.8 9.9 2.10 72.9 11.2 2.43 15.5 50.5 5.0
18 31.1 10.6 2.10 75.3 11.9 2.39 15.5 55.5 6.3
19 30.0 11.0 2.11 52.4 11.9 2.28 15.5 43.5 8.4
20 33.8 11.0 2.11 56.2 12.0 2.34 15.5 46.7 8.9
21 30.6 17.2 2.12 74.7 10.7 2.34 15.5 61.7 9.2
22 30.1 11.8 2.13 65.3 11.7 2.44 15.5 51.5 8.1
23 29.7 11.6 2.13 69.4 12.3 2.38 15.5 54.3 6.9
24 21.1 10.9 2.14 51.4 12.1 2.34 15.5 39.4 7.5
25 28.1 12.3 2.14 61.7 13.1 2.34 15.5 48.8 8.9
26 30.6 11.1 2.14 66.2 10.4 2.41 15.5 52.0 6.7
27 29.9 12.5 2.49 68.7 11.7 2.70 15.5 54.5 7.3
28 27.0 15.2 2.50 58.3 16.1 2.81 15.5 46.2 10.9
29 29.9 11.3 2.52 55.6 12.1 2.62 15.5 44.6 8.4
30 30.0 10.9 2.54 66.3 11.7 2.78 15.5 51.0 6.9
31 29.7 11.6 2.10 64.6 12.1 2.44 25.6 51.5 8.3
32 29.5 12.2 2.13 69.7 12.7 2.38 25.6 55.4 7.6
33 29.6 11.8 2.14 55.4 12.2 2.35 25.6 45.8 9.2
34 30.1 12.3 2.50 69.2 11.4 2.71 25.6 55.4 7.3
35 29.5 11.5 2.15 65.5 11.5 2.85 4.9 48.8 7.2
36 31.3 14.4 2.09 64.1 8.4 2.13 5.4 52.7 8.1
37 31.7 11.8 2.10 65.3 12.5 1.86 5.9 49.6 7.7
38 29.2 11.2 2.13 64.9 11.4 2.85 5.9 50.1 6.7
39 29.4 11.3 2.12 64.3 11.8 2.85 6.9 50.4 6.9
40 29.6 11.6 2.14 63.5 12.1 2.41 6.9 49.1 7.3
41 30.1 11.4 2.11 63.4 12.5 1.90 8.5 47.9 7.7
42 29.4 11.5 2.11 64.3 11.9 2.85 8.5 50.5 7.0
43 31.4 14.4 2.10 64.4 8.4 2.13 10.5 53.5 8.1
44 30.5 11.4 2.11 64.6 12.1 2.85 10.5 51.6 7.1
45 29.6 12.7 2.57 68.3 11.9 2.70 10.5 52.9 7.4
46 31.2 11.8 2.09 64.4 12.6 1.75 12.5 49.1 8.2
47 30.8 11.5 2.15 64.8 12.2 2.85 12.5 52.2 7.3
48 30.0 11.0 1.77 64.5 11.6 2.81 15.5 53.4 6.8
49 27.1 11.3 2.08 63.3 16.3 2.49 15.5 48.0 7.8
50 31.8 9.4 2.09 78.6 10.8 2.29 15.5 60.1 4.6
51 29.4 9.3 2.10 45.4 9.1 2.34 15.5 39.3 7.3
52 19.8 9.6 2.12 77.8 10.6 2.29 15.5 54.8 3.7
53 18.2 9.3 2.14 45.7 9.1 1.81 15.5 34.4 6.4
54 28.6 12.2 2.26 58.6 13.0 2.66 15.5 47.5 9.0

1
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55 25.9 15.2 2.31 57.5
56 26.8 15.1 2.53 61.0

o fit available experimental data of a generic desiccant wheel, in
rder to predict effectiveness of the device regardless its sorption
aterials and geometry.
The proposed correlations are able to predict the performance of

he desiccant wheel properly. Due to their simple formulation, they
re particularly suitable for energy simulation tools for building –
VAC systems.
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Appendix A.

In Table A.1 tests results used to evaluate effectiveness pair cor-
relations are reported. In tests 1–34 the mass air flows (kg s−1) are
almost balanced while in tests 35–56 regeneration and process air
flows are unbalanced. Each set of tests is ranked by increasing
values of N, vpro and Treg.
Appendix B.

Table B.1



Table B.1
Experimental tests performed to evaluate pressure drop correlation.

Test vpro,in Ta Xa �P
(–) (m s−1) (◦C) (g kg−1) (Pa)

1 1.08 29.6 9.8 84.9
2 1.56 29.6 10.0 129.1
3 2.23 29.8 10.1 194.0
4 2.83 29.8 10.1 259.7
5 2.92 29.7 10.2 270.1
6 3.95 29.7 10.0 391.7
7 0.99 67.2 10.0 78.7
8 1.29 65.3 10.0 109.2
9 1.63 63.8 10.1 140.4

10 1.94 63.2 10.2 172.9
11 2.27 63.3 9.9 208.6
12 2.49 58.0 10.0 227.3
13 2.63 67.1 10.1 245.7

Table C.1
Experimental tests of an AQSOA zeolite desiccant wheel [46] (vpro,in = vreg,in = 2 m s−1).

Test Tpro,in Xin Treg,in N Tpro,out Xpro,out

(–) (◦C) (g kg−1) (◦C) (rev h−1) (◦C) (g kg−1)

1 30 5.5 60 20 42.1 2.9
2 30 10.0 60 20 45.2 6.4
3 30 15.4 60 20 46.7 11.2
4 30 24.3 60 20 43.9 19.6
5 30 5.1 80 20 46.9 1.2
6 30 9.9 80 20 53.2 4.5
7 30 15.7 80 20 56.7 8.9
8 30 20.3 80 20 58.9 12.6
9 30 24.8 80 20 60.7 16.5

10 50 15.7 100 20 72.8 10.2
11 50 24.8 100 20 76.2 17.7
12 50 34.7 100 20 78.0 26.8
13 50 14.6 120 20 80.6 7.9
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procedures for the effectiveness method to account for the influence of the
inlet airflow states on the desiccant wheels performance, Energy Build. 55
(2012) 380–388.

35] C.R. Ruivo, M. Goldsworthy, M. Intini, Interpolation methods to predict the
influence of inlet airflow states on desiccant wheel performance at low
regeneration temperature, Energy 68 (2014) 765–772.

36] C.R. Ruivo, G. Angrisani, M. Minichiello, Influence of the rotation speed on the
effectiveness parameters of a desiccant wheel: an assessment using
experimental data and manufacturer software, Renew. Energy 76 (2015)
484–493.

37] M. Intini, S. De Antonellis, C.M. Joppolo, The effect of inlet velocity and
unbalanced flows on optimal working conditions of silica gel desiccant
wheels, Energy Procedia 48 (2014) 858–864.

38] T. Kuma, T. Hirose, M. Goto, A. Kodama, Thermally regenerative monolithic
rotor dehumidifier for adsorption cooling system, J. Sol. Energy Eng. 120 (1)
(1998) 45–50.

39] DIN EN ISO 5167-2 Standards, Measurement of Fluid Flow by Means of
Running Full—Part 2: Orifice Plates (ISO 5167-2:2003).
40] ISO IEC Guide 98-3, Uncertainty of Measurement—Part 3: Guide to Expression

of Uncertainty in Measurement, International Organization for
Standardization, ISO IEC Guide 98-3, Geneva, Switzerland, 2008.



[

[

[

[

[

[

[

1347–1367.
41] R.J. Moffat, Describing the uncertainties in experimental results, Exp. Therm.
Fluid Sci. 1 (1) (1988) 3–17.

42] J.L. Niu, L.Z. Zhang, Heat transfer and friction coefficients in corrugated ducts
confined by sinusoidal and arc curves, Int. J. Heat Mass Transf. 45 (3) (2002)
571–578.

43] R.S.W. Sing, D.H. Everett, R.A.W. Haul, L. Moscou, R.A. Pierotti, J. Rouquerol, T.
Siemieniewska, Reporting physisorption data for gas/solid systems with
special reference to the determination of surface area and porosity
(Recommendations 1984), Pure Appl. Chem. 57 (4) (1985)

603–619.

44] G. Angrisani, C. Roselli, M. Sasso, Experimental validation of constant
efficiency models for the subsystems of an unconventional desiccant-based
Air Handling Unit and investigation of its performance, Appl. Therm. Eng.
(33–34) (2012) 100–108.

[

[

45] S. De Antonellis, M. Intini, C.M. Joppolo, F. Pedranzini, Experimental analysis
and practical effectiveness correlations of enthalpy wheels, Energy Build. 84
(2014) 316–323.

46] M. Intini, M. Goldsworthy, S. White, C.M. Joppolo, Experimental analysis and
numerical modelling of an AQSOA zeolite desiccant wheel, Appl. Therm. Eng.
80 (2015) 20–30.

47] L.Z. Zhang, J.L. Niu, Performance comparisons of desiccant wheels for air
dehumidification and enthalpy recovery, Appl. Therm. Eng. 22 (2002)
48] L.Z. Zhang, H.X. Fu, Q.R. Yang, J.C. Xu, Performance comparisons of
honeycomb-type adsorbent beds (wheels) for air dehumidification with
various desiccant wall materials, Energy 65 (2014) 430–440.

49] Psychrometrics: Theory and Practice, ASHRAE, Atlanta, 1996.


	Desiccant wheels effectiveness parameters: Correlations based on experimental data
	1 Introduction
	2 Enthalpy and relative humidity effectiveness parameters
	2.1 Parameters definition
	2.2 Preliminary theoretical considerations

	3 Experimental methodology
	3.1 Experimental setup
	3.2 Experimental procedure
	3.3 Experimental tests

	4 Effectiveness correlations
	5 Pressure drop correlation
	6 Application of the proposed effectiveness correlations to a different desiccant wheel
	7 Conclusions
	Acknowledgment
	Appendix A
	Appendix B
	Appendix C
	References




