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1. Introduction

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

It is well-known that the desiccant wheel is a crucial compo-
nent in DEC systems. At present research works are mainly focused
on component models and experimental tests [12-16], new device
or system arrangements [17,18], new sorption materials [19] and
systems optimization [20-22]. Desiccant wheel performance is
strongly influenced by operating conditions, namely process and
regeneration air temperature, humidity and face velocity and rev-
olution speed. In simulations of energy systems based on DEC
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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
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 (k] kg=1 K-1)

€1,2,...12 7N correlation parameters
ki,2,...11 np correlation parameters
enthalpy (kj kg=1)

Le Lewis number

m mass flow rate (kgs—1)

N revolution speed (revh=1)

Nu Nusselt number

Ntest number of experimental tests
p pressure (Pa)

Dtot atmospheric pressure (Pa)
RMSE  root mean square error (°C or kgy kgg,~1)
Sh Sherwood number

T temperature (°C)

u uncertainty

v face velocity (ms—1)

1% air flow rate (m3s—1)

X1,2 Ap correlation parameters

X humidity ratio (kgy kgq, 1)
Greek Symbols

o 14 correlation terms

B N, correlation terms

AP pressure drop (Pa)

AT temperature difference (°C)
AX humidity ratio difference (kgy kggq, 1)
n effectiveness

¢ relative humidity

A water latent heat of vaporization (k] kg=1)
0 density (kgm~3)

m dynamic viscosity (kgm=1s-1)
o 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

X humidity ratio

effectiveness indices that are calculated respectively through the
variation of process air relative humidity, adsorbed water content
and air enthalpy. In this work the use of this effectiveness pair is
investigated at constant and balanced air flows. This approach has
been analyzed in further works [32-34] and detailed inter-
polation methods are evaluated in order to take into account the
effect of inlet air states, airflow rates and the revolution speed.
Finally Ruivo et al. [35] compared several interpolation methods to
predict process air outlet conditions at low regeneration
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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 - d’pro,out

Ng (1)

a ¢pro,in - ¢reg,in

_ hpro,out - hpro,in

Nh = (2)

hreg,in - hpro,in

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:

¢pr0,out (3)

X =0.622
pro.out (ptot/ppro,out,usat) - ¢pro,ouf

hpro,out — AXpro,out
CPda + Xpro,out CPv

(4)

Tpro,out =



381644
Ppro,out,vsat = e23.196 Toro,out +273.15-46.13 (5)

where pror has been assumed constant and equal to 101325 Pa and
the latent heat of water vaporization is A = 2501 k] kg~1.

2.2. Preliminary theoretical considerations

As described in Section 1, the effectiveness parameters 74 and ny,
strongly depend on air inlet states and on revolution speed [32,33].
In order to evaluate appropriate correlations, preliminary consid-
erations are provided. Referring to Egs. (1) and (2), it is discussed
how the variation of every inlet air condition, keeping constant the
others, affects the effectiveness parameters 74 and nj,. It is possible
to state that:

- An increase in Ty leads to a decrease in @pyi; and to an
increase in hpoin. The dehumidification capacity decreases and,
therefore, an increase in Xproout and hpro oyt is shown [11]. As a
consequence both denominators of Egs. (1) and (2) decrease and
it is not pos-sible to predict the behaviour of the two numerators
exactly. Ali Mandegari and Pahlavanzadeh [30] evaluated
experimentally the trend of nj, as a function of Ty, and found
out that there is an optimal value of 1, and that the effectiveness
parameter does not strictly increase or decrease with Ty . It is
put in evidence in that work the effectiveness parameter is
defined in a slightly different form compared to the one reported
in Eq. (2).

- The higher Xy in, the higher ¢po,in, Rpro,ins Xpro,outs Tpro,our (due to
the higher amount of adsorbed vapour) and hpro,oue. Depending
on the actual variation of hproin, @proine Ppro.out and hpro,out, it is
expected that nj, and 74 can increase or decrease.

- An increase in vy iy leads to a reduction in Tprooue and to an
increase in Xpro,out and @proout [37]. A higher airflow rate cools
down the desiccant matrix faster and speed up the dehumidifica-
tion process. However, higher flow rates lead to smaller drop in
process flow humidity ratio and, in turn, to a smaller rise in pro-
cess flow temperature. As a consequence, if N is equal or higher
than the optimal revolution speed, it is expected hpo oyt decreases,
leading to a lower 7. Similarly ¢pro,our increases and consequently
ngdecreases.

- In typical working conditions of HVAC systems, if Ty,g i, increases
the dehumidification process becomes more effective: the outlet
process air reaches a higher temperature and a lower relative
humidity while the inlet regeneration air flow slightly decreases
its relative humidity. In most cases numerator of Eq. (1) increases,
denominator slightly increases (in particular at high regeneration
temperature) and therefore an increase in 74 is expected. In addi-
tion the higher Teg iy, the higher hyeg;;: depending on the actual
variation of hpro,out, Ny could increase or decrease. Ali Mandegari
and Pahlavanzadeh [30] highlighted that 7, mainly increases with
Treg,in, Showing also a local optimum point. Both expected trends
of nyand iy are confirmed also by Ruivo et al. [31], who calculated
the effectiveness pair from experimental data of Kuma et al. [38].
They show that an increase in Ty, generally leads to a slight
increase in 74 and to an increase or decrease in 7.

- When Xieg iy increases, hyegin and ¢regin also increase and the
dehumidification process becomes less effective. Therefore
@Ppro,out is higher than the reference condition: both numerator
and denominator of Eq. (1) decrease and therefore 4 could either
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 hyru and therefore the
variation of 1. Ruivo et al. [31] calculated the effectiveness parameters
for different values of Xj, (with balanced air flows and

Xproin €qual to Xegin ). They show that an increase in X;, leads to
a decrease in 77, and to a slight increase or decrease in 7.

An increase in vyeg i, leads to an enhancement of the dehumidifi-
cation process [37]. Therefore ¢pro,0ur decreases and an increase
in 14 is shown. On the other side hproour and, therefore, n; 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

nh- 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 74 rapidly drops down (not optimized working condi-
tions) and above which 7 slightly decrease. Similarly Ruivo et al.
[31,36] show that an increase in N initially leads to a significant
increase in 77, 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 vy, iy leads to a decrease in 74 and 7.
- Anincrease in Tyegin, Vregin and N leads to an increase in 7.
- 1 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 4 and np, 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 X;eg .
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Fig. 2. Layout of the experimental setup.

- 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.

- Inthe 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
each one is measured through two orifice plates installed in two
different parallel ducts. The maximum process air flow rate is 2000
m3 h~! and the maximum regeneration air flow rate is 1400 m> h
-1, Orifice plates and ducts apparatus are constructed according to
technical standards [39,40]. Pressure drop across the orifices and
across the desiccant wheel is measured by piezoelec-tric
transmitters. Main data of calibrated sensors are summarized in
Table 1.

Finally desiccant wheel revolution speed can be manually con-
trolled in the range between 5 and 30 rev h~! and all sensors and
actuators are connected to a NI Compact Rio system and controlled
with LabVIEW software.

3.2. Experimental procedure
For each test experimental data are collected in steady state con-

ditions and in each session at least 300 samples of every physical
quantity are logged with a frequency of 1 Hz.

Table 1
Sensors main data.
Abbreviation Type of sensor Accuracy?
T1® PT 100 Class A +0.2°C
T2 PT 100 Class A +0.2°C
RH1P Capacitive +1% (between 0 and 90%)
P Piezoelectric +0.5% of reading =1 Pa
3 AtT=20°C.

b Temperature and relative humidity probe.

The humidity ratio is calculated from the measured value of
temperature and relative humidity with Eqgs. (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 u,; of each direct monitored variable x;, such as
Ta, ¢q and p, is:

2 2
Uy =+ /Uy, + (tos0%,)

where uy; ins is the instrument uncertainty of the generic measured
parameter, tos is the student test multiplier at 95% confidence and
oy, is the standard deviation of the mean.

The generic combined uncertainty u, of calculated quantities &,
such as Xq, AXpro and ATy is calculated as:

(6)

(7)

O 2 de 2
Ue = Z(axiuxi,inst> +t52;52(8xi022,->

i
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Fig. 3. Adsorption and desorption isotherm (T=50 °C) of a sample of the desiccant
wheel material.

3.3. Experimental tests

The tested desiccant wheel is a commercial device available on
the market with outer diameter of 60 cm and an axial length of 20
cm. Channels have a sinusoidal cross sectional area with height a =
1.8 mm, base b = 3.55 mm and aspect ratio a/b = 0.51. Based on the
channel aspect ratio value, in fully developed laminar flow
condition the Nusselt number (at constant wall temperature) is Nu
~ 2.1, the Sherwood number is Sh = Nu ~ 2.1 (assuming Le =1) and
the friction factor is f~ 11/Re [42]. In addition the wheel poros-ity
(free channel area to face area ratio) o is equal to 0.76.

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

On the whole 56 tests have been performed in steady states by
varying Tpro,in, Xpro,in Vpro,ins Treg,in» Xregiin» Vregin@nd N in a wide range
of operating conditions, as summarized in Table 2. Detailed inlet
conditions and process air outlet states of each test are reported in
Appendix A. In the investigated desiccant wheel AXpy, is around
4¢gkg! when inlet process and regeneration air temperature, face
velocity and inlet humidity ratio are respectively around 30 °C, 60
°C, 2ms~! and 12 g kg~! (summer conditions). The achieved
dehumidification capacity is almost comparable with one of the
available 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
evaluate pressure drop across the desiccant wheel as a function of
air face velocity and temperature. Initially the process air
temperature and humidity ratio have been kept constant and
respectively equal to 30.0 °C + 0.5 °C and 10.0 g kg~1+ 0.1gkg .
Then the air inlet temperature has been increased up to 67.2 °C.
The revolution speed has been set at N =10 rev h~! (Appendix B).

4. Effectiveness correlations

As previously reported in Section 2, the effectiveness param-
eters 74 and 7, described through Egs. (1) and (2) are strongly
dependent on all boundary conditions and cannot be considered
constant 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 8 for 4 and
N 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 Tegin can be grouped in one parameter (ay and Br) and,
similarly, that the contribution of Xp,i; and Xegin can be coupled
in a second one (arx and Bx). Instead the contribution of Vyeg in, Vpro,in
and N is considered through an independent term (@yreg and Byreg,
Cypro and Bypro and ay and Py 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 8 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 74 and 7y, are
reported respectively in Egs. (8) and (9):

Ng = WyregQyproXTUX AN

2
1Veg in + C2Vreg,in + €3

2
Oypro = C4Upro,in + C5Vpro,in + C6 (8)
or =C7 ln(Treg,in - pro,in) +Cg

Qyreg = C

ax = €9Xpro,in + C10Xreg,in + 1

an = 11N +c12
N = Bureg Bupro BT Bx By

Bureg = k1 (Ureg,in)k2
k4
Bupro = k3 (Vpro,in)

:BT = kSTreg,in + kGTpro,in + k7
Bx = kSXreg,in + kQXpro,in +1
BN = k1oN + k11

The adopted coefficients c;—cq3 and kq-kqq 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 Egs. (8) and (9), air temperature should be expressed in °C,
the humidity ratio in kg kg~! and the face velocity in m s~ 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 74 is within £5% in all the ana-
lyzed cases. On the other side, relative error of n, 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:

AXpro = Xpro,in - Xpro,out (10)

ATpro = Tpro.out - Tpro,in (11)



Table 2

Working conditions range of experimental tests performed to predict effectiveness parameters 74 and 7y,.

Tyro,in Xpro,in Vpro,in Tregin Xregin Vreg,in N
§9) (gkg™) (ms™1) §O) (gkg™) (ms™) (revh=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 (Egs. (8) and (9)).
C1 C2 C3 Cq Cs Ce C7 Cg Co Cio 1 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
I<1 ’(2 k3 k4 ks ks k7 kg ’(9 k]g k11
0.22113 0.23493 0.21763 —0.66335 0.0016778 —0.0056224 1.671 —44.505 27.728 0.13883 4.6438
1 T T T T T T #‘ - 40 T T T
0s} * | _
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s g 307 1
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3 0.7h . a
£ £ %5 1
g ooy ' g ~
= 'E 20+ = 1
é’. 0.5¢ 1 g
o s
w [ 1’]¢ 15 L = 4
0.4 R
) i AT _[°C]
sy + 5% 10} iy
03 A% i +10%
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o +10% +20%
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Fig. 4. Calculated and experimental 74 and 7. Fig. 6. Calculated and experimental ATpro (Tpro,out — Tpro,in)-
g X 10° The temperature and humidity ratio root mean square error
' ' ' ' ] I between calculated and measured data is evaluated through the
following equations:
7 L -

Experimental Data
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Fig. 5. Calculated and experimental AXpro (Xpro,in — Xpro.out )-

Experimental data are reported with calculated level of uncer-
tainty. Relative error between predicted and measured values of
AXpro and ATy, are within £10% respectively in 82.1% and 98.2%
of the analyzed cases. It should put in evidence that the predicted
values of AXp, are within the experimental uncertainty range in
89.3% of working conditions.

Neest 5
> i (T -T
RMSEt _\/ iz1 (Ipro,out — Tpro,out, Exp)

12
Nest (12)
ZNW“ (Xpro out — Xpro out,EXP )2
RMSEx = L N (13)
es

where the number of tests is Ngs = 56. The resulting values of
RMSET and RMSEy are respectively 0.66 °C and 0.24 g kg~!.InTable
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 14 and n;, is evaluated through
Egs. (8) and 9. As expected from the considerations reported in
Section 2.2, an increase in vy, leads to a decrease in 14 and np,
an increase in Tyegin, Vregin and N leads to an increase in 1y and a
variation of N causes a slightly variation of 7.



Table 4

RMSEr and RMSEy: comparison between results of this works and data available in literature.

Reference RMSET RMSEX Tpra,in Xpm,in Vpro,in Treg,in Xreg,in Vreg,m N N[e&[
0 (gkg™") 0 (gkg™) (m*hT) 0 (gkg™) (m*h-1) (revh™1) (=)
This work 0.66 0.24 17.6-33.8 9.1-174 830-1350 44.4-78.6 8.4-16.3 780-1200 4.9-25.6 56
[4,25]° 1.24 0.30 24-40 4-14 N 50-80 3-15 ¢ 6 107
[27]2 1.50 0.89 22.2-38.8 6.4-15.9 ~800¢ 49.8-68.6 6.4-15.9 ~8001 12 89
[27]° 1.46 0.81 22.2-38.8 6.4-15.9 ~800¢ 49.8-68.6 6.4-15.9 ~8001 12 89
[44]2 1.28 0.30 23.8-35.6 8.16-16.0 ~8001 51.0-70.2 8.16-16.0 ~8001 12 41
2 Constant combined potential approach.
b Constant 4 and 7.
¢ Balanced flow conditions and flow rates equal to 600, 1000 and 1200 m3 h~'. Desiccant wheel diameter equal to 630 mm.
d Desiccant wheel diameter equal to 600 mm (60% of area crossed by process air stream).
1 T T T Table 5
Coefficients adopted in the pressure drop correlation (Eq. (14)).
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0.96 v
Y=g pro
b= r y: v = T T T T T T
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Fig. 9. Calculated and experimental pressure drop.
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& A Tes where the first and second term are respectively related to dis-
L G S S $ - 3 i X tributed and local pressure drop [45]. The dynamic viscosity w4 has
| P, ? e been evaluated in this form:
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_ 1.458 x 107°(T, + 273.15) (15)
B =1 27315+ 1104
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Parameter Variation Note that the measured pressure drop includes the effect of the

Fig. 8. Effects of boundary conditions on 7, calculated through Eq. (9) (ref. condi-
tion: Tpro,in =25°C, Xpro,in =12 gkg71 , Vpro,in =2 M s, Treg,in =60°C, Xpeg in=12 gkgil ,
Viegin=2ms !, N=15revh1).

5. Pressure drop correlation

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

AP = X1 [LqVa +X2,0al/g (14)

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 xs.

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 o = 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 x, used in Eq. (14) are reported
in Table 5. In Fig. 9 calculated and experimental pressure drop are
reported: the relative error is always within +5%.



Table 6

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

Cq () C3 C4 Cs C6 c7 Cs Co Cio 1 C12
0 0 1 0 0 1 0.099038 0.586 -2.9435 0 0 1
kq ko k3 kq ks ke k7 ks kg k1o k11
1 0 1 0 0.00058696 —0.00077447 0.16886 —3.9466 0 0 1
x 103 The aim of this section is to show how the proposed correlations,
25 . : - which indirectly take into account the characteristics of the
proin=20°C investigated component, can be adopted to fit data of a generic
T ' =120°C . s . .
regiin desiccant wheel. It is highlighted that good results are obtained also in
20+ . case of different sorption materials and physical and chemical

Experimental

— Model
.................. correlation
20 25 30 35

X, [kg ko] x 107

Fig. 10. Outlet process air humidity ratio (ref. condition: v;;=2ms~!,N=20revh!,
Xpm.in =Xreg,in [46])~

920 : ! : ! ;
pro,inzsocg
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o 70f 1
3
o
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Fig. 11. Outlet process air temperature (ref. condition: vj,=2ms~!, N=20revh-',
Xpro,in = Areg,in [46])

6. Application of the proposed effectiveness correlations to
a different desiccant wheel

In order to confirm the validity of the proposed formulation, the
effectiveness correlations are adopted for an AQSOA zeolite
desiccant wheel, whose experimental data are available in litera-
ture [46]. In fact, as clearly shown in previous works [12,14,47,48],
desiccant wheel performance strongly depends on its physical and
chemical properties. If a model based on heat and mass transfer
equations is used to evaluate component performance, desiccant
wheel specific properties (such as channel geometry, adsorption
isotherm, specific heat, thermal conductivity, etc.) should be
adopted.

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 34 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 (Egs. (8) and (9)) are calibrated
through the available experimental data, summarized in Appendix C.
Note that, according to ASHRAE [49],if pysa:> pror the relative humidity is
not defined. Therefore in this condition the term ¢ of Eq. (1) is simply
defined as ¢ = py/pvsac . The resulting coefficients are reported in Table 6.
Itis 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 Egs. (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 = Vregin = Vin
=2ms~1, Xpro,in = Xregin = Xin =5-352kg~1, Tpron = 30-50 °C and
Treg,in =60-120°C.

- Therefore correlations must be independent on N, Vp;q,in, and Vg in
and may depend only on Xj, instead of X}, in and Xieg in.

- As a consequence, according to Table 6, the terms oy, Ctyreg, Qvpro,
Bn. Bureg and Bypro are set equal to 1 and terms ax and By are
modified in order to take into account that X, in and Xieg in vary
together and that no information about the independent vari-
ation of each inlet humidity ratio is available. Therefore, being
Xpm,in =Xreg,in = X, it becomes oy = Cg Xj, + 1 and ﬂx= kg 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 14 and 7, 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
AXpro and ATy, is within+ 10% respectively in 82.1% and 98.2%
of the analyzed cases and the root mean square errors RMSEr and
RMSEy are respectively 0.66°C and 0.24 gkg~!. 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 Tregin Xregin Vregiin N Tpro,out Xpro,out
) §9) (gkg™) (ms™1) §9) (gkg™) (ms™1) (revh™1) 0 (gkg™)
1 30.6 11.7 2.14 63.6 11.9 241 5.9 49.0 7.5
2 29.5 11.7 212 63.9 12.2 241 8.5 495 74
3 30.1 11.7 2.10 55.1 12.0 2.34 10.5 45.0 8.8
4 30.4 11.0 213 66.1 12.2 245 10.5 51.2 6.9
5 29.4 115 2.14 65.2 11.8 2.44 10.5 50.2 7.7
6 30.1 11.1 253 55.6 121 2.62 10.5 442 8.2
7 31.0 123 2.09 64.2 12.9 2.36 125 51.9 8.0
8 30.3 11.7 2.09 64.4 12.3 243 12,5 50.8 7.5
9 30.4 11.1 2.12 65.0 12.8 245 12,5 50.6 7.3
10 29.9 109 1.81 64.4 11.7 2.03 15.5 51.3 71
11 18.9 9.3 2.07 70.6 11.0 2.39 15.5 49.3 43
12 29.9 11.8 2.09 55.5 11.9 235 15.5 455 9.0
13 19.0 9.7 2.10 444 9.4 235 15.5 354 6.5
14 17.6 9.3 2.10 445 9.5 2.30 15.5 34,5 6.1
15 30.1 17.4 2.10 57.1 11.0 232 15.5 50.0 11.2
16 31.1 9.1 2.10 71.3 10.6 238 15.5 54.7 5.4
17 19.8 9.9 2.10 72.9 11.2 243 155 50.5 5.0
18 31.1 10.6 2.10 75.3 11.9 239 15.5 55.5 6.3
19 30.0 11.0 2.11 52.4 11.9 2.28 15.5 435 8.4
20 33.8 11.0 2.11 56.2 12.0 2.34 15.5 46.7 8.9
21 30.6 17.2 212 74.7 10.7 234 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 10.9 214 51.4 12.1 234 15.5 39.4 7.5
25 28.1 12.3 2.14 61.7 13.1 2.34 15.5 488 8.9
26 30.6 11.1 2.14 66.2 10.4 2.41 15.5 52.0 6.7
27 29.9 125 2.49 68.7 11.7 2.70 155 54.5 7.3
28 27.0 15.2 2.50 58.3 16.1 2.81 155 46.2 109
29 29.9 113 252 55.6 12.1 2.62 15.5 446 8.4
30 30.0 10.9 2.54 66.3 11.7 278 15.5 51.0 6.9
31 29.7 116 2.10 64.6 121 2.44 25.6 51.5 8.3
32 295 12.2 213 69.7 12.7 238 25.6 55.4 7.6
33 29.6 11.8 2.14 55.4 12.2 235 25.6 458 9.2
34 30.1 12.3 2.50 69.2 114 2.71 25.6 55.4 7.3
35 29,5 115 2.15 65.5 115 2.85 49 48.8 7.2
36 31.3 14.4 2.09 64.1 8.4 213 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
38 292 11.2 213 64.9 114 2.85 5.9 50.1 6.7
39 29.4 113 2.12 64.3 11.8 2.85 6.9 50.4 6.9
40 29.6 116 2.14 63.5 121 241 6.9 49.1 7.3
41 30.1 114 211 63.4 125 1.90 8.5 47.9 7.7
42 29.4 115 2.11 64.3 11.9 2.85 8.5 50.5 7.0
43 314 14.4 2.10 64.4 8.4 213 10.5 53.5 8.1
44 30.5 114 2.11 64.6 121 2.85 10.5 51.6 71
45 29.6 12.7 257 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 30.8 115 2.15 64.8 12.2 2.85 12,5 52.2 7.3
48 30.0 11.0 1.77 64.5 116 2.81 15.5 53.4 6.8
49 27.1 113 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 46
51 29.4 9.3 2.10 454 9.1 234 15.5 39.3 7.3
52 19.8 9.6 212 77.8 10.6 229 15.5 54.8 3.7
53 18.2 9.3 2.14 457 9.1 1.81 15.5 344 6.4
54 28.6 12.2 2.26 58.6 13.0 2.66 15.5 475 9.0
55 25.9 15.2 231 57.5 16.0 234 15.5 45.1 10.9
56 26.8 15.1 2.53 61.0 16.1 261 15.5 46.6 10.7
to fit available experimental data of a generic desiccant wheel, in Appendix A.

order to predict effectiveness of the device regardless its sorption
materials and geometry.

The proposed correlations are able to predict the performance of
the desiccant wheel properly. Due to their simple formulation, they
are particularly suitable for energy simulation tools for building -
HVAC systems.
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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 Ty Xa AP
(=) (ms1) Q0 (gkg™") (Pa)
1 1.08 29.6 9.8 849
2 1.56 29.6 10.0 1291
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 1729
11 2.27 63.3 9.9 208.6
12 249 58.0 10.0 2273
13 2.63 67.1 10.1 245.7
Table C.1
Experimental tests of an AQSOA zeolite desiccant wheel [46] (Vpro,in = Uregin =2 ms~1).
Test Tproin Xin Tregin N Tpro,out Xpro,out
(=) Q) (gkg™) 0 (revh™") Q) (gkg™)
1 30 5.5 60 20 421 2.9
2 30 10.0 60 20 45.2 6.4
3 30 154 60 20 46.7 11.2
4 30 243 60 20 439 19.6
5 30 51 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
14 50 24.7 120 20 85.1 15.6
15 50 341 120 20 89.0 23.6
Appendix C.
Table C.1
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