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Abstract

This paper verifies the accuracy of a new transient test method for air-to-air energy wheels. To accomplish this, the
transient characteristics of several energy wheels exposed to separate and independent step changes in humidity and
temperature are measured. These characteristics are then used to predict the effectiveness of the wheels using the effec-
tiveness model presented in Part I of this paper [O.O. Abe, C.J. Simonson, R.W. Besant and W. Shang, Effectiveness of
energy wheels from transient measurements: Part I—Prediction of effectiveness and uncertainty, Int. J. Heat Mass
Transfer, accepted for publication. [1]]. Comparison of the predicted latent and sensible effectiveness with experimental
standard test data (steady state) show agreement within uncertainty bounds. Comparison with numerical simulations
results also show agreement within the uncertainty bounds except for the special case of very low face velocity entering
the energy wheels.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Two inlet conditions (ARI summer (hot humid) and
winter (cold dry) conditions) are used to certify the per-
formance of air-to-air recovery devices as specified in
[2]. Since large variations in the ambient air conditions
occur over the year, HVAC design engineers need to be
concerned with optimization of their designs to improve
indoor air quality, while reducing the HVAC system cap-
ital and operating costs to a minimum. Often this implies
the use of energy wheels for heat and moisture exchange
0017-9310/$ - see front matter � 2005 Elsevier Ltd. All rights reserv
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between supply and exhaust airflows. Therefore, the
testing of energy wheels is very important to determine
and check the performance according to their design
optimization. There are many factors that must be con-
sidered to fully test or characterize the performance of
an energy wheel. These factors include the: sensible, la-
tent and total effectiveness, outside air correction factor
for the supply air delivered, exhaust air transfer ratio
and air pressure drop across the wheel for both the sup-
ply and exhaust airflows through the wheel [2,3]. Certifi-
cation testing using these standards for many types and
sizes of wheels produced by each manufacturer has pro-
ven to be expensive and time consuming if the uncertain-
ties are limited within specified bounds. These facts have
motivated this research. A new transient test method is
proposed to determine the effectiveness of energy wheels
with closed flow channels. This test method only
ed.
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Nomenclature

HVAC heating, ventilating and air conditioning
MS-100 100-mm thick energy wheel coated with

molecular sieve desiccant
MS-200 200-mm thick energy wheel coated with

molecular sieve desiccant
NTU number of transfer units
RH relative humidity
rpm revolutions per minute
SG-150 150-mm thick energy wheel coated with sil-

ica gel desiccant
T bulk temperature (�C or K)
U(g) uncertainty in parameter g
Vair face velocity of the wheel (m/s)
5% D an energy wheel with 5% desiccant by mass
10% D an energy wheel with 10% desiccant by mass
20% D an energy wheel with 20% desiccant by mass

Greek symbols

D difference
e effectiveness
s time constant

U general variable (relative humidity or tem-
perature)

/ relative humidity
v weighting factor

Subscripts

ads adsorption
des desorption
f final
i initial
l latent
s sensible
i,c inlet cold side
i,h inlet hot side
i,d inlet dry side
i,w inlet wet side
o,c outlet cold side
o,h outlet hot side
o,d outlet dry side
o,w outlet wet side
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requires the use of a small experimental apparatus that is
able to get performance data rapidly [4].

There have been several research papers on the
humidity and temperature response of heat and mois-
ture exchangers when these exchangers are subjected to
a step change in inlet operating conditions [4–9]. A num-
ber of researchers have also used transient testing tech-
niques to determine the convective heat transfer
coefficient between the heat transfer surface of the core
and the fluid from the temperature–time history of the
fluid leaving the core [10–12]. However, there are no
research papers on the prediction of the effectiveness
of those exchangers using transient data.

During the normal operation of energy wheels, the
matrix undergoes a periodic step change in input condi-
tions as the wheel rotates between the cold and warm
airflows. It is hypothesized that it will be possible to pre-
dict the effectiveness of an energy wheel using only data
obtained during a single step response from a transient
test. Therefore, the objectives of this paper are to: (1)
use the transient test facility developed by [4] and shown
in Fig. 1 to measure the transient characteristics (i.e.,
time constants) of several non-rotating wheels exposed
to step changes in humidity and temperature; (2) deter-
mine the latent and sensible effectiveness of these wheels
from the measured transient characteristics using the
effectiveness model developed in Part I [1]; and (3) com-
pare the effectiveness obtained with this new transient
method with the results obtained from steady state
experiments and numerical simulations.
2. Test facility and instrumentation

Fig. 1 shows a schematic of the test apparatus and
instrumentation for measuring the transient response
characteristics of sensors and energy wheels. The facil-
ity provides two air streams with well controlled prop-
erties (flow rate (±0.03 L/s), temperature (±0.5 �C) and
relative humidity (±1% RH)) to a test section where the
sensors and energy wheels will be tested. The mass flow
rate of air entering the test section is controlled with a
mass flow controller, the temperature is controlled with
the heat exchanger and the humidity is maintained
using the dryer and the three water tanks shown in
Fig. 1(a). When testing the thermal response of sensors
and wheels, the two inlet air streams are both dry (�4%
RH) but have different temperatures. In this paper, one
air stream will be maintained at room temperature
(�23 �C), while the other air stream will be maintained
at 50 �C for one test and 44 �C for another test. When
testing the transient moisture response, the two inlet air
streams have the same temperature (�23 �C), but have
different humidities—one at 4% RH and the other at
40%, 50% or 60% RH. These different conditions will
show the impact of operating conditions on the tran-
sient response of sensors and wheels. In addition to
the different temperature and humidity conditions,
two different air flow rates will be studied (3.3 and
1.7 L/s giving average velocities in the 51 mm inside
diameter tubes of 1.6 and 0.8 m/s). These different face
velocities are chosen to correspond with the face veloc-



Fig. 1. Schematics of the test facility showing (a) the flow lines, instrumentation and test wheel (b) flow tube and (c) the test section
with its rapid tube rotation capability between the two inlet flow tubes.
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ities used to test energy wheels using the standard stea-
dy state method [13].

The step changes in humidity and temperature are
achieved by manually rotating the two inlet tubes
180�. The inlet flow tubes are attached to a rotary switch
plate which can be rotated 180� with respect to the outlet
flow tubes as shown in Fig. 1(b). These step changes take
less than one second for the air flow properties to com-
pletely change. Fig. 1(c) shows a picture of the test
section, clamped on to a stationary energy wheel. Insu-
lation is used to minimize heat transfer from the hot
air to the ambient air. In addition, an array of equally
spaced thermocouples is installed (shown in Fig. 1(b))
inside one of the outlet insulated tubes so that the



66 O.O. Abe et al. / International Journal of Heat and Mass Transfer 49 (2006) 63–77
temperature profile across the tube diameter can be mea-
sured. The apparatus in Fig. 1 is significantly different
from the standard test facility specified in [3]. This stan-
dard state test method uses a counter airflow configura-
tion through rotating energy wheels, while the transient
test equipment shown in Fig. 1 uses a parallel airflow
configuration with both airflows in the same direction
through a stationary energy wheel. Furthermore, the
transient test facility does not require large and expen-
sive chillers, boilers and fans as required in the standard
test facility when testing large exchangers. It is antici-
pated that this test facility could readily be adapted into
manufacturing plants for quality control or applied
when field testing installed energy wheels.

2.1. Steady state calibration of instruments

2.1.1. Humidity measurement

The four thin-film polymer humidity sensors used in
the facility measure the relative humidity of the two air
streams as the air enters and leaves the test section.
Although this instrument can also measure temperature
using a RTD (resistance thermal device) temperature
sensor, it is not used to measure temperature in this
investigation because this RTD sensor has a very slow
thermal response [14,15]. In this paper, the instrument
is used to measure relative humidity only under constant
temperature conditions. For these conditions, the
humidity sensors were calibrated against a chilled mirror
sensor with a bias uncertainty of ±0.3 �C in dew point
and ±1% RH at 20 �C and the resulting bias in the cal-
ibrated humidity sensor is ±1.8% RH at room tempera-
ture. The transient response of the humidity sensors is
also important for this transient investigation as de-
scribed in [4,14]. These studies used the same sensors
as used in this paper and showed that these humidity
sensors correlate well with exponential functions having
two time constants. The general exponential equation
for any variable (U) following a step increase of DU0 is

DU
DU0

¼ v1ð1� e�t=s1Þ þ v2ð1� e�t=s2Þ ð1Þ

and for a step decrease of DU the equation is

DU
DU0

¼ v1e
�t=s1 þ v2e

�t=s2 ð2Þ

where the weighting factors v1 and v2 satisfy the
equation

v1 þ v2 ¼ 1; v1 P 0; v2 P 0 ð3Þ

but with different values of v1 and v2 for each experi-
ment. Other variables include:

DU measured change in the general variable (tem-
perature or relative humidity) = jU � Uij,
where Ui is the initial value;
DU0 maximum step change in the general variable
(temperature or relative humidity) = jUf � Uij,
where Uf is the final value;

s1, s2 the first and second time constants respec-
tively.

For the humidity sensors in this paper following a
step increase in humidity (i.e., during absorption of
water vapour in the sensor), the coefficients in Eq. (1)
are v1 = 0.91, s1 = 3.1 s, v2 = 0.09 and s2 = 90 s [4,14].
In Eq. (2) (i.e., during desorption), the coefficients are
v1 = 0.97, s1 = 2.6 s, v2 = 0.03 and s2 = 290 s [4,14].
These characteristics quantify the transient response of
the humidity sensors and will be used to analyse the re-
sults in this paper.

2.1.2. Temperature measurement

The air temperature is measured using T-type ther-
mocouples. The thermocouples used were calibrated at
steady state against a standard calibrator with an accu-
racy of ±0.1 �C over a wide range of temperatures. After
calibration, the bias uncertainty in the T-type thermo-
couples was determined to be ±0.2 �C for all the ther-
mocouples used. As with the humidity sensors, the
transient characteristics of the thermocouples can be
correlated using Eqs. (1) and (2). These transient charac-
teristics of the thermocouples used in this paper have
been measured by [14–16] to be v1 = 0.76, s1 = 5.1 s,
v2 = 0.24 and s2 = 130 s for an increase in temperature
(Eq. (1)) and v1 = 0.8, s1 = 5.1 s, v2 = 0.2 and
s2 = 160 s for a decrease in temperature (Eq. (2)).
3. Transient response experiments on energy wheels

In this section, the results of transient response
experiments are presented for three different wheels with
effectiveness and uncertainty values that have been
determined using the standard steady state testing
method [3,13]. The energy wheels will be named accord-
ing to their thickness and desiccant coating. MS-100 is a
100-mm thick energy wheel coated with molecular sieve
desiccant. SG-150 is a 150-mm thick energy wheel
coated with silica gel desiccant. MS-200 is a 200-mm
thick energy wheel coated with molecular sieve desic-
cant. These designations are used throughout the paper.
The face velocity used to test each wheel will correspond
to the velocities used by [13]. The experimental test
facility shown in Fig. 1 is used to measure the transient
response characteristics of energy wheels for both a step
change in the inlet flow humidity or temperature
when humidity sensors and thermocouples are placed
upstream and downstream of the wheel. Since the re-
sponse of the energy wheel measured in this way in-
cludes both the characteristics of the sensor and wheel,
it is necessary to deconvolute the response of the wheel
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Fig. 2. Measured inlet and outlet relative humidities for (a)
100 mm and (b) 200-mm thick energy wheel with molecular
sieve coated wheel matrix exposed to a step change in relative
humidity with no change in temperature (DRH = 35%,
DT = 0).
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alone from the measured response of the wheel plus sen-
sor. The analysis of [4,14] will be used for this purpose.
Once the characteristics (i.e., weighting factors and time
constants in Eqs. (1) and (2)) of the wheel alone are
known, the effectiveness of the wheel can be predicted
using the model presented in Part I of this paper [1].

The experimental apparatus shown in Fig. 1 is de-
signed to obtain the latent effectiveness using data from
the transient response characteristics of an energy wheel
plus humidity sensor following a step change in inlet
humidity. Similarly, the sensible effectiveness is obtained
using data from the energy wheel plus thermocouple fol-
lowing a step change in inlet temperature. Before the
start of each transient test, the test facility is run till stea-
dy state conditions are reached for all properties. Each
transient test is started when the inlet conditions of the
supply air tubes entering a stationary wheel are inter-
changed in a step fashion and the outlet sensors (humid-
ity sensors or thermocouples) undergo a decrease or
increase in either the humidity or temperature. During
this step change the stationary wheel matrix gains or
loses either moisture or heat until the test is completed.
Each test is completed when these outlet sensor readings
approach the inlet conditions after about 30 min.

As noted previously, the humidity and temperature
response of energy wheels are tested independently.
The humidity transient response experiments are per-
formed under isothermal inlet airflow conditions so that
heat transfer effects are negligible. The temperature tran-
sient response experiments are performed under dry test
conditions where there is negligible moisture transfer.

3.1. Energy wheel plus humidity sensor tests

Fig. 2 shows the measured energy wheel plus humid-
ity sensor response data for two different energy wheels
experiencing a step change in inlet humidity from 5%
RH to 40% RH at about 50 s with both inlets at the
same temperature (�23 �C). The face velocity is 1.6 m/
s and the desiccant coating is a molecular sieve desiccant
for both wheels. The only difference between the two
wheels is the thickness of the wheel, which is 100 mm
in Fig. 2(a) and 200 mm in Fig. 2(b). Fig. 2(b) shows a
slower response compared to Fig. 2(a) because of the
thickness of the wheel. Fig. 2 shows that the data from
each outlet humidity sensors (RHo,d and RHo,w) will
correlate with an exponential type of equation with time
after the step change. Wang et al. [4] found that the re-
sponse of an energy wheel plus humidity sensor follow-
ing a step change in humidity did not correlate well with
only one time constant; therefore, the two-time constant
correlations of Eqs. (1) and (2) are used for each outlet
humidity increase and decrease. Eqs. (1) and (2) are
found to result in good correlations when the best-fit
values of the empirical weighting factors (v1,v2) and
time constants (s1,s2) are chosen.
Table 1 lists the characteristic coefficients obtained
using a commercial software package and the correla-
tion Eqs. (1) and (2) for the different wheel plus humidity
sensor experiments on the 100-mm thick wheel coated
with a molecular sieve desiccant (MS-100). The data
are correlated using 30 min of data where each sensor
reading is recorded every second, giving 1800 data
points. The r2 curve fit correlation parameter is defined
as the goodness of curve fit; it indicates how well corre-
lation data agrees with the experimental data. For all the
tests summarized in Table 1, r2 has a range 0.974 <
r2 < 0.997 indicating good fits. Note that when v2 is set
equal to zero the resulting r2 is only 0.876 < r2 < 0.899
indicating a poor correlation.

The data in Table 1 shows that the first time constant
is the most important because the first weighting factor
is several times larger than the second weighting factor.
The first time constant is thought to be mostly due to the
diffusion of water vapour to or from the surface of the
wheel matrix and adsorption or desorption on the outer
surface of the desiccant particles in the wheel matrix
coating. The second time constant, with a correspond-
ingly small weighting factor, was at least an order of
magnitude greater than the first time constant. This



Table 1
Water vapour adsorption and desorption coefficients (v1,v2) and time constants (s1,s2) in Eqs. (1) and (2) for Wheel MS-100 plus
humidity sensor with DRH 5 0, DT = 0, Vair = 1.6 m/s for three different humidity step sizes

Inlet conditions v1 s1 (s) v2 s1 (s) r2

Adsorption (Eq. (1))

Dry side: Ti,d � 23 �C, /i,d � 5% 0.80 8.3 0.20 133.7 0.983
Wet side: Ti,w � 23 �C, /i,w � 40% 0.82 11.2 0.18 146.3 0.992

0.84 12.1 0.16 152.8 0.979

Dry side: Ti,d � 23 �C, /i,d � 5% 0.76 7.9 0.24 137.4 0.983
Wet side: Ti,w � 23 �C, /i,w � 50% 0.77 10.8 0.23 154.4 0.984

0.82 6.7 0.18 123.4 0.984

Dry side: Ti,d � 23 �C, /i,d � 5% 0.79 9.7 0.21 139.1 0.982
Wet side: Ti,w � 23 �C, /i,w � 60% 0.81 6.9 0.19 118.4 0.981

0.78 9.4 0.22 132.4 0.980

Desorption (Eq. (2))

Dry side: Ti,d � 23 �C, /i,d � 5% 0.84 9.1 0.16 146.9 0.987
Wet side: Ti,w � 23 �C, /i,w � 40% 0.85 7.3 0.15 116.8 0.989

0.82 8.3 0.18 140.4 0.986

Dry side: Ti,d � 23 �C, /i,d � 5% 0.92 9.5 0.08 188.8 0.986
Wet side: Ti,w � 23 �C, /i,w � 50% 0.79 7.2 0.21 131.2 0.986

0.89 7.2 0.11 93.5 0.993

Dry side: Ti,d � 23 �C, /i,d � 5% 0.81 6.1 0.19 104.1 0.989
Wet side: Ti,w � 23 �C, /i,w � 60% 0.84 7.8 0.16 133.8 0.989

0.81 6.3 0.19 107.5 0.985
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second time constant is thought to be mostly a conse-
quence of the slow diffusion process of water molecules
into the inner regions of the desiccant particles in the
coating of the wheel matrix and the sensor material as
the wheel and sensor approach equilibrium.

Three different positions on the surface of each wheel
are tested resulting in nine step change response tests for
each wheel. The results for Wheel MS-100 in Table 1
show that the variations in the characteristic coefficients
(v1, v2, s1 and s2) vary in a random manner for the three
positions and two step changes (i.e., adsorption and
desorption). Ref. [16] shows that the same is true for
the other wheels except for the wheel with a silica gel
coating (i.e., Wheel SG-150), where it is found that the
Table 2
Average water vapour adsorption and desorption transient coefficien

Process v1 � Uðv1Þ s1 � Uðs1Þ (s)
Wheel MS-100 plus humidity sensor (Vair = 1.6 m/s)

Adsorption 0.80 ± 0.02 10 ± 1
Desorption 0.84 ± 0.02 8 ± 1

Wheel SG-150 plus humidity sensor (Vair = 0.8 m/s)

Adsorption 0.88 ± 0.04 14 ± 1
Desorption 0.95 ± 0.01 20 ± 3

Wheel MS-200 plus humidity sensor (Vair = 1.6 m/s)

Adsorption 0.77 ± 0.02 17 ± 2
Desorption 0.84 ± 0.02 14 ± 1
time constant s1 tends to increase with increasing humid-
ity step size for the desorption process. Since this effect is
small for the Wheel SG-150, the coefficients (v1, v2, s1
and s2) for the wheels plus humidity sensor for both
adsorption and desorption processes are statistically
averaged for Gaussian distribution weighted according
to the standard deviation of each coefficient [17].

The statistical average and the uncertainty calculated
using 95% confidence limits for all the three wheels are
presented in Table 2. Comparing values in Table 2, it is
seen that the coefficients change for each wheel. This
change reflects the thickness of each wheel and the type
of desiccant. Comparing Wheels MS-100 and MS-200,
which have different thickness but both have a molecular
ts for three tested wheels plus humidity sensor

v2 � Uðv2Þ s2 � Uðs2Þ (s)

0.20 ± 0.02 138 ± 12
0.16 ± 0.02 129 ± 21

0.12 ± 0.04 181 ± 20
0.05 ± 0.01 384 ± 72

0.23 ± 0.02 166 ± 16
0.16 ± 0.02 139 ± 25
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sieve desiccant coating and are tested at the same face
velocity of 1.6 m/s, the effect of wheel thickness is shown
on the time constants. The thicker wheel has larger mois-
ture transfer area and thus larger time constants. Wheel
SG-150 differs from the other two wheels because it has a
silica gel desiccant coating and is tested at a face velocity
of 0.8 m/s. These different face velocities are chosen so
that the transient effectiveness data can be directly com-
pared with the steady-state effectiveness data of [13].

3.2. Energy wheel plus thermocouple tests

The purpose of this section is to determine the tran-
sient response characteristics of the same three wheels fol-
lowing a step change in the inlet temperatures using
thermocouples located upstream and downstream of the
wheel. Fig. 3 shows the measured temperature data for
the (a)MS-100 and (b)MS-200 energywheel experiencing
a step change in inlet temperature from 23 �C to 50 �Cbut
with no change in humidity conditions. Dry inlet air con-
ditions are chosen (�4% RH) to minimize any effects due
to moisture transfer. The temperature at the outlet is the
bulk temperature weighted by the mass flow rate flowing
through the area represented by each of the five thermo-
couples in the outlet tube shown in Fig. 1(b).
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Fig. 3. Measured inlet and outlet temperatures for (a) Wheel
MS-100 and (b) Wheel MS-200 exposed to a step change in
temperature with no change in relative humidity (DT = 27 �C,
DRH = 0).
In the transient response experiments for step
changes in temperature shown in Fig. 3 there appears
to be a very significant heat conduction effect through
the wheel matrix because the outlet temperatures do
not equal the inlet temperatures at steady state. Heat
conduction effects are evident both before and after the
step change in inlet conditions. Since the small area of
the wheel being tested is not thermally isolated from
the surrounding wheel matrix, there will be heat transfer
between the matrix tubes with air flow and the surround-
ing tubes of the wheel which have no airflow. The effect
of this lateral conduction between the part of the wheel
being tested and the rest of the wheel has been investi-
gated in detail by [15,16]. They present the measured
temperature distributions in the outlet tubes which show
a 0.5 �C variation between the 5 thermocouples in the
outlet of the hot air stream and a 2 �C variation in the
outlet of the cold airstream. These distributions indicate
that the hot airstream is losing heat from its perimeter
because it is surrounded by a large wheel that acts
like an infinite body at room temperature, while the cold
airstream is only gaining heat from the portion of the
wheel that is heated by the hot airstream. The data in
Fig. 3 confirm that the hot airstream loses more heat than
the cold airstream gains because the temperature differ-
ence between Ti,h and To,h is larger than the difference
between Ti,c and To,c before the time of the step change.
Similarly, the difference between Ti,h and To,c is larger
than the difference between Ti,c and To,h after the step
change.

To investigate the effect of this heat conduction in the
wheel matrix on the time constants of the wheel, Refs.
[15,16] used the analytical solution of [18] which is for
an adiabatic tube with no lateral heat conduction. They
found that when the measured outlet temperatures are
normalized by the maximum change in the experimental
data (as used in Eqs. (1) and (2)), the first time constant
obtained from the transient experimental data and
analytical solution agree within the experimental and
analytical uncertainty bounds as shown in Fig. 4. There-
fore, in this paper, the normalized temperature will be
correlated using Eqs. (1) and (2) to determine the char-
acteristics of the energy wheel plus thermocouple for
both temperature increases and decreases. The charac-
teristic coefficients for Wheel MS-100 are listed in Table
3 and show that the first time constant is the most
important and the second time constant is at least an
order of magnitude greater than the first time constant.
The second time constant is mostly a consequence of the
slow heat diffusion process into the surrounding wheel
matrix. For the coefficients in Table 3 and also for other
two wheels, r2 has a range 0.990 < r2 < 0.999 indicating
good fits. It should be noted that when v2 is set equal
to zero, the resulting r2 values reduce to about 0.92.

The data in Table 3 show that there is no significant
change in the characteristic coefficients (v1, v2, s1 and s2)
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for the wheel as the size of the temperature step changes.
Also for tests conducted on the other two wheels
(Wheels SG-150 and MS-200), there is no significant
change in the characteristic coefficients as the tempera-
ture step sizes change. Table 4 presents the statistically
Table 3
Heat transfer heating and cooling coefficients (v1,v2) and time co
thermocouple with DT 5 0, DRH = 0, Vair = 1.6 m/s

Inlet conditions v1 s1 (s)

Temperature increase (heating) (Eq. (1))

Hot side: Ti,d � 23 �C, /i,d � 4% 0.88 27.1
Cold side: Ti,w � 53 �C, /i,w � 4% 0.83 20.2

0.80 20.5
0.79 22.3
0.86 23.7

Hot side: Ti,d � 23 �C, /i,d � 4% 0.85 22.5
Cold side: Ti,w � 44 �C, /i,w � 4% 0.79 20.0

0.79 19.9
0.84 19.7

Temperature decrease (cooling) (Eq. (2))

Hot side: Ti,d � 23 �C, /i,d � 4% 0.84 22.0
Cold side: Ti,w � 53 �C, /i,w � 4% 0.83 21.9

0.79 19.6
0.81 21.2
0.82 21.4

Hot side: Ti,d � 23 �C, /i,d � 4% 0.84 19.1
Cold side: Ti,w � 44 �C, /i,w � 4% 0.81 20.2

0.78 18.2
0.81 19.2
averaged characteristic coefficients of the wheels plus
thermocouple tests. Comparing values in the table, it is
seen that these coefficients represent the characteristic
properties of each wheel. The coefficients vary for each
wheel depending on the size, face velocity and the type
of desiccant, of each wheel. However, the data shows
that the time constants of Wheel SG-150 are larger than
those for Wheels MS-100 and MS-200. It is expected
that the time constants of Wheel SG-150 and MS-200
will be larger than that of Wheel MS-100 because of
the thickness (i.e., size) of the wheels and the results in
Table 4 show this to be the case. Similarly, it may be ex-
pected that the time constants of Wheel SG-150 would
be smaller than those of Wheel MS-200 because of the
sizes of these wheels, but the reverse is the case as shown
in Table 4. This is because the face velocities at which
these coefficients are determined are not the same for
both wheels. The coefficients of Wheel SG-150 are deter-
mined at a face velocity of 0.8 m/s while the coefficients
of Wheel MS-200 are determined at 1.6 m/s. At a lower
face velocity, the response of the wheel is slower (i.e., the
time constants are larger). It is reminded that these dif-
ferent face velocities are chosen to correspond to the
face velocity used in the steady state effectiveness mea-
surements of [13].

3.3. Characteristic of the energy wheels alone

The transient response characteristics and correlation
equations discussed in the previous Sections 3.1 and 3.2
nstants (s1,s2) in Eqs. (1) and (2) for Wheel MS-100 plus

v2 s1 (s) r2

0.12 429.8 0.993
0.17 124.8 0.995
0.20 134.6 0.997
0.11 146.7 0.997
0.14 216.4 0.995

0.15 188.6 0.996
0.21 121.8 0.997
0.21 122.6 0.998
0.16 110.9 0.997

0.16 167.0 0.992
0.17 229.4 0.990
0.21 122.2 0.995
0.19 144.0 0.993
0.18 145.3 0.994

0.16 132.0 0.995
0.19 127.1 0.993
0.22 113.5 0.994
0.19 111.4 0.994



Table 4
Average characteristic coefficients for the response of the three tested wheels plus thermocouple

Process v1 � Uðv1Þ s1 � Uðs1Þ (s) v2 � Uðv2Þ s2 � Uðs2Þ (s)
Wheel MS-100 plus thermocouple (Vair = 1.6 m/s)

Heating 0.83 ± 0.03 22 ± 2 0.17 ± 0.03 177 ± 76
Cooling 0.81 ± 0.02 20 ± 1 0.19 ± 0.02 144 ± 3

Wheel SG-150 plus thermocouple (Vair = 0.8 m/s)

Heating 0.76 ± 0.02 46 ± 3 0.24 ± 0.02 290 ± 38
Cooling 0.75 ± 0.05 48 ± 8 0.25 ± 0.05 248 ± 50

Wheel MS-200 plus thermocouple (Vair = 1.6 m/s)

Heating 0.82 ± 0.05 36 ± 3 0.18 ± 0.05 226 ± 43
Cooling 0.79 ± 0.04 31 ± 2 0.21 ± 0.04 187 ± 32
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are for the wheel plus humidity sensor and the wheel
plus thermocouple. However, the transient response
characteristics of the wheels alone are desired. Ref. [4]
presents the analysis and final equations that are re-
quired to determine the corrected energy wheel humidity
response using correlation equations for both the
humidity sensor alone and the sensor downstream of
the wheel when both are correlated using Eqs. (1) and
(2). The analysis is the same to determine the thermal re-
sponse of the energy wheel alone from the measured
characteristics of the thermocouple alone and the ther-
mocouple plus energy wheel [14]. This deconvolution
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Fig. 5. (a) Normalized humidity of humidity sensor, Wheel MS-100 p
and decrease in humidity and (b) normalized temperature of thermo
alone for step increase and decrease in temperature.
analysis is not presented here, but the resulting response
curves of the sensor, wheel plus sensor and wheel alone
are contained in Fig. 5 for the 100-mm thick molecular
sieve wheel.

Fig. 5(a) shows the transient response of the humidity
sensor alone, wheel plus humidity sensor and wheel
alone following a step increase and decrease in inlet
humidity for Wheel MS-100. Fig. 5(b) contains the same
for the thermocouple following a step increase or de-
crease in inlet temperature for Wheel MS-100. It is seen
that the wheel response alone lies between the sensor
response and the wheel plus sensor response for both
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temperature and humidity changes. The wheel response
alone is very close to the wheel plus sensor response.
This confirms that the response of the wheel is not
greatly altered when a humidity sensor or thermocouple
sensor with a fast response is used to measure the wheel
response as reported by [4,14].

Curve fitting the transient response curve of the
wheel alone using Eqs. (1) and (2) gives the characteristic
coefficients representing the transient humidity response
and transient temperature response of the wheel alone.
These coefficients are presented in Tables 5 and 6 for
Wheel MS-100. It can be seen that these time constants
and weighting factors are very close to those listed in Ta-
bles 1 and 3 which confirms that the sensors (humidity
and thermocouple) respond quite quickly. Thus there
is only a small change in the transient response of the
wheel alone compared to the response of the wheel plus
sensor [4].

Table 7 lists the statistically averaged transient ther-
mal and moisture characteristics of wheels MS-100,
SG-150 and MS-200. At the same face velocity, the
thicker the wheel, the larger the time constants. In addi-
tion, uncertainty analysis was performed according to
[19] using the 95% confidence limits. The uncertainties
in the characteristic coefficients are thus included in
the data presented in Table 7. The characteristic proper-
ties of the wheels presented in this table will be used later
to determine the effectiveness of these wheels using the
analysis presented in Part I of this paper [1].
Table 5
Water vapour adsorption and desorption coefficients (v1,v2) and time c
DRH 5 0, DT = 0, Vair = 1.6 m/s for three different humidity step siz

Inlet conditions v1 s1 (s)

Adsorption (Eq. (1))

Dry side: Ti,d � 23 �C, /i,d � 5% 0.87 8.2
Wet side: Ti,w � 23 �C, /i,w � 40% 0.89 11.0

0.90 11.9

Dry side: Ti,d � 23 �C, /i,d � 5% 0.82 7.8
Wet side: Ti,w � 23 �C, /i,w � 50% 0.83 10.6

0.90 6.7

Dry side: Ti,d � 23 �C, /i,d � 5% 0.86 9.6
Wet side: Ti,w � 23 �C, /i,w � 60% 0.88 6.9

0.85 9.3

Desorption (Eq. (2))

Dry side: Ti,d � 23 �C, /i,d � 5% 0.91 9.1
Wet side: Ti,w � 23 �C, /i,w � 40% 0.89 7.3

0.91 8.3

Dry side: Ti,d � 23 �C, /i,d � 5% 0.92 9.5
Wet side: Ti,w � 23 �C, /i,w � 50% 0.90 7.2

0.89 7.2

Dry side: Ti,d � 23 �C, /i,d � 5% 0.90 6.1
Wet side: Ti,w � 23 �C, /i,w � 60% 0.92 7.8

0.90 6.3
3.4. Transient response from numerical simulations

Refs. [20,21] developed a numerical model to predict
the latent and sensible effectiveness of rotary energy
exchangers for different wheel designs and operating
conditions. They validated their numerical results by
comparing them with experimental data with known
uncertainties. In this section, the numerical model of
[20,21] is used to generate transient response data for
energy wheels subjected to a step change in humidity
(20–80% RH) at a constant temperature of 22 �C and a
step change in temperature (20–40 �C) at a constant
relative humidity of 5% RH. These responses are deter-
mined at three different air face velocities of 1.6, 0.8 and
0.3 m/s. The wheel investigated here has zeolite desiccant
coated on an aluminium matrix. The wheel thickness is
100 mm and the wheel is designed to operate at 20 rpm.
The effect of different amounts of desiccant is studied.
For simplicity and clear reference, these wheels will be
referred to as Wheels 5% D, 10% D and 20% D for the
wheel with 0.05 kg/kg of desiccant on the wheel matrix,
0.1 kg/kg of desiccant and 0.2 kg/kg of desiccant respec-
tively. This numerical investigation represents a test for
quality control of the amount of desiccant on the wheel
quoted by an energy wheel manufacturer. Energy wheels
typically contain about 20% desiccant by mass, but this
may vary between wheels and batches of manufactured
wheels. A wheel that has less desiccant is expected to have
a lower performance when compared with a wheel that
onstants (s1,s2) in Eqs. (1) and (2) for Wheel MS-100 alone with
es

v2 s2 (s) r2

0.13 146.3 0.999
0.11 167.9 0.999
0.10 179.5 0.999

0.18 146.0 0.999
0.17 168.7 0.999
0.10 134.9 0.999

0.14 152.1 0.999
0.12 125.8 0.999
0.15 141.8 0.999

0.09 141.2 0.999
0.11 112.7 0.999
0.09 135.1 0.999

0.08 181.8 0.999
0.1 126.5 0.999
0.11 90.1 0.999

0.1 100.5 0.999
0.08 128.7 0.999
0.1 103.8 0.999



Table 6
Heat transfer heating and cooling coefficients (v1,v2) and time constants (s1,s2) in Eqs. (1) and (2) for Wheel MS-100 alone with
DRH = 0, DT5 0, Vair=1.6 m/s for two different temperature step sizes

Inlet conditions v1 s1 (s) v2 s2 (s) r2

Temperature increase (Eq. (1))

Hot side: Ti,d � 23 �C, /i,d � 4% 0.91 24.8 0.09 505.7 0.999
Cold side: Ti,w � 53 �C, /i,w � 4% 0.91 20.0 0.09 141.3 0.999

0.88 20.5 0.12 148.7 0.999
0.91 21.8 0.09 174.3 0.999
0.91 22.6 0.09 265.4 0.999

Hot side: Ti,d � 23 �C, /i,d � 4% 0.91 21.6 0.09 229.2 0.999
Cold side: Ti,w � 44 �C, /i,w � 4% 0.86 19.9 0.14 128.9 0.999

0.87 19.8 0.13 131.2 0.999
0.88 19.6 0.12 115.5 0.999

Temperature decrease (Eq. (2))

Hot side: Ti,d � 23 �C, /i,d � 4% 0.84 21.9 0.16 159.4 0.999
Cold side: Ti,w � 53 �C, /i,w � 4% 0.85 21.9 0.15 221.0 0.999

0.78 20.5 0.22 116.4 0.999
0.80 20.1 0.20 137.3 0.999
0.82 21.3 0.18 138.2 0.999

Hot side: Ti,d � 23 �C, /i,d � 4% 0.79 19.0 0.21 126.0 0.999
Cold side: Ti,w � 44 �C, /i,w � 4% 0.80 20.1 0.20 120.9 0.999

0.76 19.1 0.24 108.3 0.999
0.80 21.1 0.20 105.6 0.999

Table 7
Humidity and temperature transient characteristic properties of Wheels MS-100, SG-150 and MS-200 (wheel alone)

Wheel v1 � Uðv1Þ s1 � Uðs1Þ (s) v2 � Uðv2Þ s2 � Uðs2Þ (s)
Humidity response

MS-100 (Vair = 1.6 m/s) 0.89 ± 0.02 8.4 ± 1.0 0.11 ± 0.02 138 ± 17
SG-150 (Vair = 0.8 m/s) 0.91 ± 0.02 16.2 ± 2.4 0.09 ± 0.02 296 ± 49
MS-200 (Vair = 1.6 m/s) 0.79 ± 0.02 15.1 ± 1.8 0.21 ± 0.02 151 ± 26

Temperature response

MS-100 (Vair = 1.6 m/s) 0.87 ± 0.02 20.7 ± 1.2 0.13 ± 0.02 171 ± 59
SG-150 (Vair = 0.8 m/s) 0.80 ± 0.02 45.7 ± 5.6 0.20 ± 0.02 220 ± 32
MS-200 (Vair = 1.6 m/s) 0.83 ± 0.04 32.2 ± 2.4 0.17 ± 0.04 218 ± 43
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has more desiccant. This investigation tests whether the
new transient model could be used to determine if differ-
ent batches of energy wheels manufactured by the same
manufacturer have the same amount of desiccant.

To determine the time constants of these simulated
wheels, the simulated data are normalized relative to
the maximum change obtained in the simulated data
and the data correlated with an exponential function
as in Eq. (1) and (2). The transient simulated responses
are found to result in good correlations with one-time
constant, which means that v1 = 1 and v2 = 0. Table 8
presents the average response characteristics of these
wheels during adsorption and desorption, and heating
and cooling. Also included in the table are the uncertain-
ties, determined from the standard deviation of the
curve fitting of the simulated response data using com-
mercial software and correlation Eqs. (1) and (2). Table
8 shows that Wheel 20% D with the largest amount of
desiccant has the largest time constants at all flow rates,
especially during the humidity response test. This is
expected because the greater the amount of desiccant
on each wheel, the greater the moisture storage capacity
and thus the slower the wheel responds to changes in the
inlet conditions. It is also observed that, as the face
velocity decreases, the time constants increase for all
the wheels. This is because a decrease in the air face
velocity reduces the rate of advection heat and moisture
transfer and hence the outlet temperature and humidity
will respond slower to a change in the inlet conditions.
The characteristic properties listed in Table 8 will be
used in the next section to determine the latent and
sensible effectiveness of these wheels.



Table 8
Humidity and temperature transient characteristic properties (time constants) of wheels with 5%, 10% and 20% desiccant by mass
fraction at face velocities Vair = 1.6, 0.8, 0.3 m/s

Face velocity
(m/s)

Humidity response Temperature response

�s� Uð�sÞ (s) �s� Uð�sÞ (s)
Wheel 5% D Wheel 10% D Wheel 20% D Wheel 5% D Wheel 10% D Wheel 20% D

1.6 2.1 ± 0.2 6.2 ± 0.5 14.2 ± 1.2 10.3 ± 0.9 10.3 ± 0.1 11.4 ± 0.9
0.8 5.2 ± 0.4 22.2 ± 2.1 30.1 ± 2.8 18.9 ± 1.6 19.1 ± 2.0 20.2 ± 1.9
0.3 13.9 ± 1.1 36.4 ± 3.8 80.3 ± 9.5 85.9 ± 10.1 85.9 ± 10.1 88.1 ± 10.3
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Fig. 6. Comparison of the (a) latent and (b) sensible effective-
ness and uncertainty obtained from the new effectiveness model
(transient) and the steady state standard tests for Wheels
MS-100 (Vair = 1.6 m/s, w = 20 rpm), SG-150 (Vair = 0.8 m/s,
w = 20 rpm) and MS-200 (Vair = 1.6 m/s, w = 16 rpm) at ARI
winter and summer test conditions.
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4. Effectiveness results and verification with steady state

tests

The effectiveness and uncertainty results for Wheels
MS-100, SG-150, MS-200, 5% D, 10% D and 20% D
are presented in this section. These results are calculated
using the statistically averaged time constants and
weighting factors presented in Tables 7 and 8 in the tran-
sient effectiveness model presented in Part I of this paper
[1]. Wheels MS-100, SG-150 and MS-200 have been pre-
viously tested using the standard steady state test meth-
od in [2,3] and therefore these wheels allow the transient
method to be validated. Wheels 5% D, 10% D and 20%
D are wheels whose steady state effectiveness values have
been determined using a validated numerical model
[20,21]. All steady state effectiveness values are deter-
mined at both ARI summer and winter test conditions
[2]. These test conditions are 35 �C, 47.5% RH (hot side)
and 23.9 �C, 51.5% RH (cold side) for summer condi-
tions and 21.1 �C, 48.1% RH (hot side) and 1.7 �C,
82.1% RH (cold side) for winter conditions. The results
obtained from this new transient effectiveness model are
compared with the known steady state effectiveness
values for the wheels to verify the accuracy of the new
method.

4.1. Steady state standard tests

Fig. 6 compares the latent and sensible effectiveness
and their uncertainties obtained from the new transient
effectiveness model [1] (Part I) with the results obtained
from the steady state standard tests for Wheels MS-
100, SG-150 and MS-200. For steady state standard
tests, the uncertainty in the latent and sensible effective-
ness should not exceed ±7% and ±5% respectively [22].
For the transient tests, the uncertainty in latent and sen-
sible effectiveness are found to be about ±5% and ±4%
which are slightly better than the standard steady state
test method. The comparison in Fig. 6 shows that the re-
sults obtained from the transient test method agree, with-
in the uncertainty bounds, with the results obtained from
the steady state experimental method. This demonstrates
the accuracy of the transient test method. As seen in
Table 2, Wheel MS-100 which was tested at a face veloc-
ity of 1.6 m/s, has the smallest time constant of all the
three wheels because it has the lowest moisture transfer
area; thus the effectiveness is the lowest. Wheel SG-150
has a longer time constant because it is determined at a
face velocity of 0.8 m/s and also has a higher moisture
transfer area (i.e., 150-mm thick wheel) and silica gel
coating. Wheel MS-200, with a thickness of 200 mm,
has the largest moisture transfer area with a molecular
sieve coating but the time constant is determined at a face
velocity of 1.6 m/s and the effectiveness is measured at
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16 rpm compared to 0.8 m/s and 20 rpm for wheel SG-
100. As a result of these factors, the performance of wheel
MS-200 is only slightly higher than Wheel SG-150. In
addition, it must be noted that the effect of using the char-
acteristics of the wheels plus sensors to calculate the effec-
tiveness (rather than the deconvoluted characteristics of
the wheel alone) only results in ±1% error. This shows
that the response characteristics of the sensors will not
cause any significant error on the predicted effectiveness
of the wheels if the response characteristics of the wheels
plus sensors are used to predict the effectiveness for the
case of fast responding sensors as used in this paper.

It should be noted that since the transient results
predicted are the same for ARI summer and winter test
conditions, perhaps only one test condition is needed to
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their test conditions to minimize the uncertainty in the
effectiveness.

4.2. Steady state numerical simulations

Fig. 7 shows the comparison of the latent and sensi-
ble effectivenesses obtained from the new effectiveness
model with the results obtained from the numerical sim-
ulations for Wheels 5% D, 10% D and 20% D. These
results show that as the face velocities decrease, the effec-
tiveness increases. The results can be explained because
NTU is inversely proportional to the face velocity; so
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that as the face velocity reduces, NTU increases (Eq. (5)
of Part I of this paper [1]). Thus, the effectiveness, which
depends directly on NTU, is seen to increase as the face
velocity decreases.

The agreement between the new effectiveness model
and the simulation is within the uncertainty bounds
for all wheels when the face velocity is 1.6 and 0.8 m/s.
There is, however, a lack of agreement for Wheels 5%
D and 10% D for a face velocity of 0.3 m/s as shown
in Fig. 7(c). It must be noted that at this small face
velocity of 0.3 m/s, the numerical simulation results ob-
tained for Wheels 5% D and 10% D could not be verified
experimentally because there is no practical way to re-
move desiccant from the wheel to result in a desiccant
coating mass fraction of a half or quarter of the typical
value of 20% by mass. This investigation was meant to
be a sensitivity study, which, if practical, could be used
as test for quality control for the amount of desiccant
on the wheel quoted by an energy wheel manufacturer.
Wheels 5% D and 10% D, which have a matrix desiccant
mass fractions of quarter and half respectively, have less
desiccant to enhance moisture transfer in the wheel com-
pared to Wheel 20% D with full desiccant mass fraction.

Despite, the poorer agreement between steady state
and transient methods shown in Fig. 7(c), both methods
show a decrease in effectiveness as the mass fraction of
desiccant decreases. This indicates that the transient
method and facility could be used as a quality control
tool to compare different batches of energy wheels from
the same manufacturer to ensure that the amount of des-
iccant has not changed. The transient method also cor-
rectly shows that the effectiveness increases as the face
velocity decreases, which is well known in heat exchange
design and is predicted by the simulation model for all
cases except for effectiveness at the lowest face velocity.
The simulated sensible effectiveness at Vair = 0.3 m/s
(Fig. 7(c)) are lower than the simulated sensible effective-
ness at Vair = 0.8 and 1.6 m/s (Fig. 7(a) and (b)). The
simulated results include corrections for axial heat con-
duction in the matrix, but the equations used in Part I of
this paper [1] neglect this effect. Latent effectiveness is
not affected by axial diffusion and therefore the latent
is inversely related to the face velocity for both methods.
In Fig. 7(c), the numerical simulation shows that as the
face velocity is reduced to a low value (i.e., 0.3 m/s), the
latent effectiveness increases, but the sensible effective-
ness reduces. This difference between sensible and latent
effectiveness is not accounted for in the new (transient)
effectiveness model which depends only on the humidity
and temperature time constants which are measured
independently, and the speed of the wheel alone. In
addition, at very low wheel speeds and face velocities,
the axial heat conduction is important and has signifi-
cant effects on the sensible effectiveness of the wheel.
However, axial heat conduction is not of great impor-
tance at the face velocities typically used in HVAC sys-
tems (i.e., 1.5–4 m/s) and therefore this limitation of the
new transient test method is not a serious limitation for
practical applications. In addition, the effect of axial
conduction is likely to be different for parallel flow
and counter flow heat exchangers and the model does
not consider this.
5. Conclusions

The analytical model presented in Part I of this paper
[1], for predicting the effectiveness of a counter flow en-
ergy wheel from transient measurements, has been com-
pared with steady state experimental standard test data
and steady state numerical simulations. Using a previ-
ously developed test facility, the time constants of sev-
eral different wheels were measured. At same face
velocity, the thicker the wheel, the larger the time con-
stants. Sensible and latent effectivenesses, calculated
from the new analytical model using these measured
time constants, show agreement within uncertainty
bounds with the effectivenesses obtained from standard
steady state tests and with few exceptions, with the
effectiveness calculated with a validated numerical
model. Since the new test method is faster, more versa-
tile (applicable for field testing and manufacturing plant
quality control), requires less expensive equipment and
is slightly more accurate than the standard steady state
test method, it is expected to have wide applications.
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