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Abstract

E}ectiveness correlations are presented which allow the designer to predict the sensible\ latent and total e}ectiveness
of energy wheels when the operating conditions are known[ The correlations agree with simulation data within 21[4)
for sensible\ latent and total e}ectiveness when the desiccant coating on the energy wheel has a linear sorption curve[
The sensitivity of the sorption curve and operating condition factor are studied and the use of the design correlations is
shown with an example[ Þ 0888 Elsevier Science Ltd[ All rights reserved[

Nomenclature

As heat and mass transfer surface area on the supply or
exhaust side ðm1Ł
Am total cross!sectional area of the matrix ðm1Ł
a� height to base ratio of a sine duct
C constant describing the shape of the sorption curve
Cl axial conduction correction factor
C� ratio of the minimum to maximum heat capacity
rate of the air streams
Cr�o overall matrix heat "or moisture# capacity ratio
Crm�o overall matrix moisture capacity ratio
Cp speci_c heat ðJ kg−0 K−0Ł
D diameter of the energy wheel ðmŁ
Dh hydraulic diameter of one tube in the energy wheel
ðmŁ
H� operating condition factor that represents the ratio
of latent to sensible enthalpy di}erences between the
inlets of the energy wheel
h convective heat transfer coe.cient ðW m−1 K−0Ł
k thermal conductivity ðW m−0 K−0Ł
L length of the heat exchanger ðmŁ
M total mass ðkgŁ
m¾ mass ~ow rate of dry air ðkg s−0Ł
N angular speed of the wheel ðcycles s−0Ł
Nu Nusselt number
NTUo overall number of transfer units
T bulk temperature ðK or >CŁ
u mass fraction of water in the desiccant ðkgw kgd

−0Ł

� Corresponding author[ Fax] 990 295 855 4316

Wm empirical coe.cient used in the sorption isotherm
describing the maximum moisture capacity of the desic!
cant ðkgw kgd

−0Ł[

Greek symbols
b surface area density ðm1 m2Ł
D di}erence between supply inlet and exhaust inlet con!
ditions or change in sensible e}ectiveness due to moisture
transfer
o e}ectiveness
os sensible heat transfer e}ectiveness
ol latent heat transfer "or moisture transfer# e}ec!
tiveness
ot total enthalpy e}ectiveness
h fraction of the phase change energy that is delivered
directly to the air
l dimensionless axial conduction
r density ðkg m−2Ł
s volume fraction
F parameter used in the axial conduction correction
f relative humidity
x general dependent variable[

Subscripts
a air
ave average between the supply and exhaust inlet con!
ditions
e exhaust side
d desiccant
dry dry properties
ht dimensionless heat transfer group for energy wheels
i inlet
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m matrix "including support material\ desiccant and
moisture#
min minimum
mt dimensionless moisture transfer group for energy
wheels
o outlet or overall dimensionless group applying to the
entire wheel
s supply side
sup support material[

0[ Introduction

Designing heat exchangers and predicting their per!
formance is often done using the oÐNTU method\ which
is well established for sensible heat exchangers ð0\ 1Ł[ The
classical de_nition of e}ectiveness "o#\ as de_ned in many
heat transfer and heat exchanger books ð0Ð2Ł\ applies to
sensible energy transfer with no moisture transfer[ Cur!
rent interest in regenerative heat and mass exchangers\
which transfer heat and moisture simultaneously ð3\ 4Ł\
has resulted in an extension of the classical de_nition of
heat exchanger e}ectiveness to exchangers that transfer
sensible\ latent and total energy[ The de_nition of sens!
ible\ latent and total "or enthalpy# e}ectiveness can be
found in several testing standards ð5Ð7Ł and research
papers ð8\ 09Ł[ For a constant speci_c heat and heat of
phase change\ the e}ectiveness can be de_ned as]

o �
m¾ "xi−xo# =s

m¾ min"xs\i−xe\i#
�

m¾ "xi−xo# =e
m¾ min"xs\i−xe\i#

"0#

where m¾ is the mass ~ow rate of dry air and x represents
temperature\ humidity ratio and enthalpy for sensible
"os#\ latent "ol# and total e}ectivenesses "ot# respectively[
In equation "0#\ subscripts i\ o\ s and e represent the inlet\
outlet\ supply and exhaust sides of the heat exchanger[

Contrary to the classical de_nition of heat exchanger
e}ectiveness\ the denominator in equation "0# does not
represent the thermodynamic maximum energy transfer[
As a result\ all three e}ectivenesses can have values below
9 and greater than 0 during simultaneous heat and moist!
ure transfer for some operating conditions[ A negative
value for latent "or moisture# e}ectiveness has long been
accepted for desiccant dehumidi_ers ð00\ 01Ł[ Therefore\
it is not surprising that recent extensive experimental
and theoretical research on energy wheels has revealed
e}ectiveness values below 9 and greater than 0 for energy
wheels operating under conditions where the sensible\
latent or total energy transfer rates are small ð02Ð04Ł[
Despite these weaknesses in the de_nition of sensible\
latent and total e}ectivenesses\ they are currently applied
to design applications of energy wheels for any operating
condition since they are well known to heat and energy
exchanger designers and because there are no practical
alternatives[ Consequently\ equation "0# is the de_nition
of e}ectiveness used in this paper except that the average

of the supply and exhaust side e}ectiveness is used to
increase the accuracy of the results as proposed by Cie!
pliski et al[ ð04Ł[

Energy saving and operational bene_ts of energy
wheels have been pointed out by Rengarajan et al[ ð05Ł
and Shirey and Rengarajan ð06Ł for large and small o.ce
buildings in Florida[ In these research papers\ constant
and equal sensible and latent e}ectivenesses were used
to investigate design applications of each energy wheel[
Clearly\ the economics of energy wheels will strongly
depend on their e}ectiveness and\ because there are three
di}erent values "i[e[ sensible\ latent and total# for each
operating condition\ extensive correlations are needed to
allow engineers and designers to quantify energy wheel
performance[

Stiesch et al[ ð00Ł correlated sensible and total e}ec!
tivenesses\ as a function of temperature\ number of trans!
fer units and dimensionless wheel speed using results
generated with a numerical model developed by
Maclaine!cross ð07Ł[ These correlations\ although accu!
rate for heating applications\ do not appear to account
for e}ectiveness changes that result from changes in the
operating condition factor "H�# developed in Part I of
this paper[ Simonson et al[ ð08Ł show that all three e}ec!
tiveness values tend to decrease as the supply inlet relative
humidity increases "i[e[ H� increases# for warm operating
conditions and an energy wheel coated with a molecular
sieve desiccant[ Unlike heat exchangers that transfer only
sensible heat and have e}ectivenesses that are only a
weak function of the temperature and humidity operating
conditions\ energy wheel e}ectiveness values depend
strongly on the operating conditions as well as their
design[ These e}ects must be included in accurate e}ec!
tiveness correlations[

The purpose of this paper "Part II# is to correlate
e}ectiveness as a function of the dimensionless groups
developed in Part I ð3Ł[ The importance of certain par!
ameters in the dimensionless groups will be illustrated
and the correlations will be used to calculate the e}ec!
tiveness of an energy wheel with di}erent operating con!
ditions[ These e}ectiveness correlations can be used by
manufacturers and HVAC engineers to simply\ yet accu!
rately\ predict the performance and life cycle cost savings
of energy wheels in HVAC systems[

1[ Numerical model

Frequently engineering correlations are based on mea!
sured data^ however\ in some cases due to lack of a large
range of accurate experimental data for all operating
parameters\ numerical models are used to simulate data
that is then correlated into functional relationships for
convenient engineering design[ This can be done when
the numerical model has been validated with an adequate
range of experimental data and with sensitivity studies[
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This approach has been adopted in the past for regen!
erative heat "and mass# exchangers ð00\ 19\ 10Ł and is the
method used in this paper[

The numerical model that has been presented by
Simonson and Besant ð3\ 11Ł is used in this paper to
generate the numerical results that are analyzed to obtain
the e}ectiveness correlations[ Validation of the model
with experimental data for outdoor temperatures from
−19 to 39>C and humidities as high as 89) has been
done by Simonson et al[ ð02\ 03Ł[ Simonson and Besant
ð12Ł further verify the model by studying several sim!
plifying assumptions and show the importance of each
assumption through sensitivity studies[

The general governing equations\ summarized in Part
I of this paper and detailed by Simonson and Besant ð3Ł\
are discretized using an implicit _nite volume method
with a staggered grid[ The general dimensional governing
equations are used to generate the numerical data rather
than the simpli_ed dimensionless ones\ developed in Part
I\ so that the numerical results are una}ected by sim!
pli_cations made in developing the dimensionless groups[
In addition to the approximations made in developing
the governing equations\ storage in the air "or carry over#
is assumed negligible and constant convective heat and
moisture transfer coe.cients are used[ These approxi!
mations are expected to change the e}ectiveness by typi!
cally less than 1) ð12Ł[ Axial heat conduction in the
wheel is neglected "i[e[ km � 9# but can be treated by
methods presented in Shah ð10\ 13Ł[ The upwind dif!
ferencing scheme is used for the air and the central dif!
ferencing scheme is used for the matrix[ The discrete equa!
tions are solved using a GaussÐSeidel iteration technique
with under relaxation and\ to speed up convergence\ the
energy equation in the matrix is solved using the Tri!
diagonal Matrix Algorithm ð14Ł[ All the simulations in
this paper are performed with a grid size of 9[990 m and
a time step of 9[90 s[ The numerical inaccuracy for these
grid and time step sizes is expected to be less than 29[4)
for e}ectiveness ð12Ł[ Also\ all simulations use balanced
mass ~ow rates "i[e[ m¾ s � m¾ e#[ Simulated and exper!
imental data together with e}ectiveness correlations for
unbalanced ~ow rates are presented by Simonson et al[
ð15Ł[

2[ Sensitivity of dimensionless groups

In this section\ the importance of the dimensionless
groups for heat and moisture transfer are shown through
sensitivity studies[ The e}ect of the sorption curve and the
operating condition factor "H�# as well as the operating
temperature and relative humidity will be studied for the
wheel parameters given in Table 0[ The e}ect of indi!
vidual dimensional parameters such as mass ~ow rate\
surface area\ wheel mass and wheel speed will also be

Table 0
Energy wheel parameters used in the sensitivity studies

Wheel NTUo Cr�o Crm�o
no[

0 09 09 09
1 4 4 4
2 2 2 2

examined[ The sorption curve used in the simulation is a
general sorption curve\

u �
Wm

0−C¦C:f
"1#

where Wm represents the maximum moisture content of
the desiccant and C determines the type of desiccant[
Several desiccant coatings\ such as molecular sieve\ silica
gel\ activated alumina and activated carbon\ have sorp!
tion characteristics that can be modeled using equation
"1#[

2[0[ Effect of sorption curve on latent effectiveness

The storage of moisture in the desiccant "Cr�mt\o#
depends on the slope of the sorption curve as can be seen
in the following equation\

Cr�mt\o �"Crm�o#
1u
1fbfave

0
e0

4183
Tave 1

095
−0[50fave1 "2#

where]

Crm�o �
Md\dryN

m¾ min

\ and "3#

Tave is "Ts\i¦Te\i#:1 in K and fave is "fs\i¦fe\i#:1[ It is
expected that Cr�mt\o will be proportional to the slope of
the sorption curve at the average operating humidity[
Therefore\ to see if the latent e}ectiveness changes as
expected with changes in the slope of the sorption curve\
simulations with constant exhaust conditions "13>C and
49) RH# and various supply relative humidities and
constant supply temperature of 24>C are given in Fig[ 0
for the three wheels listed in Table 0 with various sorption
curve constants "C#[ Wm is also varied in Fig[ 0[

The results in Fig[ 0 show a wide range of e}ectiveness
values for the di}erent wheels with di}erent sorption
curves and supply inlet humidities[ To help explain the
results in Fig[ 0\ the sorption curves and slope of the
sorption curve are presented in Fig[ 1[

The results in Fig[ 0 clearly show that the slope of the
sorption curve in~uences the latent e}ectiveness\ par!
ticularly for wheel 2 which has low values of NTUo\ Cr�o
and Crm�o[ The e}ectiveness for the linear sorption curve
"C � 0# has the highest values and is nearly constant with
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Fig[ 0[ Variation in latent e}ectiveness with supply inlet humidity for di}erent energy wheels and sorption curve constants] "a# C � 9[90\
"b# C � 9[0\ "c# C � 0\ "d# C � 09 and "e# C � 099 with Te\i � 13>C\ fe\i � 49) and Ts\i � 24>C[

Fig[ 1[ The "a# sorption curve and "b# slope of the sorption curve for Wm � 9[1[

changing humidity because the slope of the sorption
curve is constant[

Figure 0"a# shows that a wheel coated with a Type I
extreme "Type IE# desiccant "i[e[ C � 9[90# will have a

high e}ectiveness at lower supply inlet relative humidities
but ol decreases as f increases[ This result can be ex!
plained from equation "2# and Fig[ 1 because the slope
of a Type I extreme sorption curve is high for low values
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of f and decreases as f increases[ The change in e}ective!
ness is particularly large for wheel 2 which has a low
value of Crm�o[ This trend of increasing sensitivity of
Cr�mt\o for lower value of Cr�mt\o is the same as for regen!
erative sensible heat exchangers "see Part I\ _g[ 1#[ At
about 69) relative humidity\ ol begins to increase with
increasing f for a Type IE sorption curve "i[e[ a molecular
sieve desiccant coating# because saturation conditions
begin at this humidity as shown by Simonson et al[ ð08Ł[
As discussed in section 2[3 of Part I and Simonson and
Besant ð11Ł\ ol increases with increasing f during satu!
ration conditions[ Equation "2# does predict this because
it represents the dimensionless moisture storage capacity
of the matrix during sorption conditions only[

The e}ectiveness of a wheel with a Type III extreme
"Type IIIE# desiccant "i[e[ C � 099# is opposite to one
with a Type IE desiccant[ As f increases for this case\ ol

increases because the slope of the sorption curve increases
with increasing f[ The results predicted with Type I and
III moderate sorption curves are similar to those for their
respective extreme sorption curves except that the change
in ol is much smaller because the slope of the sorption
curve changes less dramatically with f[

The results in Fig[ 0 show that a linear sorption curve
has the highest e}ectiveness over a typical range of oper!
ating conditions[ Figure 1"b# shows that this is due to the
steep slope of the linear sorption curve over the range
14 ³ f ³ 64)[ This type of desiccant "e[g[ silica gel# is
therefore recommended for most air conditioning energy
recovery applications where both sensible and latent
energy transfer occur[ As a result\ the linear sorption
curve will be used for simulations in the rest of this paper
unless speci_ed otherwise[ An additional advantage of
silica gels is that they have high moisture capacities\ typi!
cally 39) by mass "i[e[ Wm � 9[3#[ This will further
increase ol as can be seen in Fig[ 0[

Desiccant dryers\ which are intended to transfer water
vapor\ are very di}erent than energy wheels[ The reason
why a Type 0M desiccant has been recommended for
desiccant dryers by several researchers ð01\ 16Ł is now
apparent when Figs 0 and 1 are examined together with
equation "2#[ The inlet conditions to a desiccant dryer
are typically 89>C and 2Ð4) RH for regeneration and
24>C and 39Ð34) RH for air drying\ giving an average
operating humidity in the desiccant dryer wheel of 19Ð
14)[ At this humidity\ the Type 0M sorption curve has
the largest slope "see Fig[ 1"b## and therefore would be
expected to perform the best for these operating
conditions[ Clearly\ Cr�mt\o is essential to understand
changes in ol caused by changes in the sorption curve
and inlet humidity for both desiccant dryers and energy
wheels[

2[1[ Effect of temperature on latent effectiveness

The storage of moisture in the desiccant "Cr�mt\o#
depends on the operating temperature of the energy wheel

as indicated in equation "2#[ Equation "2# shows that
Cr�mt\o and consequently ol is expected to decrease as the
average operating temperature increases[ Figure 2 shows
simulations of the variation in latent e}ectiveness due
to changes in the operating temperature with constant
exhaust conditions "13>C and 49) RH# and di}erent
supply temperatures and a constant supply humidity of
59)[

The results in Fig[ 2 suggest that the operating tem!
perature a}ects the latent energy performance of the
energy wheel\ especially at high values of inlet tempera!
ture[ The decrease in ol for increasing Ts\i is expected from
the dimensionless group Cr�mt\o[ The decrease in e}ec!
tiveness is particularly large for wheel 2 which has low
values of NTUo\ Cr�o and Crm�o[ Wheels 0 and 1 are less
a}ected by changes in operating temperature because
they have higher values of NTUo\ Cr�o and Crm�o[

2[2[ Effect of H� and h on sensible effectiveness

According to the developed dimensionless groups for
heat transfer in Part I\

NTUht\o �
NTUo

0¦h
ol

os

H�
and "4#

Cr�ht\o �
Cr�o

0¦
ol

os

H�
"5#

where]

NTUo �
hAs

"m¾ Cpa
#min

and "6#

Cr�o �
"MCp#mN
"m¾ Cpa

#min

[ "7#

Equations "4#Ð"7# show that the e}ectiveness of an energy
wheel should depend on the operating condition factor
"H�# and the fraction of phase change energy that is
delivered directly to the air "h#[ This is the case as can be
seen in Fig[ 3 which shows the sensible e}ectiveness as a
function of H� for the three wheels listed in Table 0 for
values of h � 9 and h � 9[0[ The simulation results in
Fig[ 3 have exhaust inlet conditions of 13>C and 49)
RH and a supply inlet temperature of 16>C[

Figure 3 simulation results show that the sensible
e}ectiveness is dependent on both H� and h with os being
a linear function of H�[ As H� and:or h increase\ os

decreases[ These results can be explained with equations
"4# and "5# which show that both NTUht\o and Cr�ht\o

decrease as H� increases\ but only NTUht\o decreases with
h[ When H� � 9\ NTUht\o � NTUo and Cr�ht\o � Cr�o and
the conventional correlation for sensible regenerative
heat exchangers ð1\ 3\ 10Ł equation "04# is expected to
apply[ This is found to be the case with the di}erence
between the simulated values and those calculated with
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Fig[ 2[ Latent e}ectiveness versus supply inlet temperature for the energy wheels in Table 0 with Te\i � 13>C\ fe\i � 49) and fs\i � 59)[

Fig[ 3[ E}ect of H� and h on the sensible e}ectiveness of di}erent energy wheels with Te\i � 13>C\ fe\i � 49) and Ts\i � 16>C[

the sensible wheel correlation being less than 0)\ when
H� � 9[ Figure 3 indicates that large errors will result
if the sensible wheel correlation is applied to operating
conditions where moisture transfer is signi_cant[ This
explains why Simonson and Besant ð12Ł found that dur!
ing cold operating conditions the sensible e}ectiveness
could be predicted reasonably accurately with the cor!
relation for sensible regenerative heat exchangers\ but

signi_cant errors occurred when the temperature and
humidity were high[ Therefore\ the solution for sensible
heat transfer in regenerative heat exchangers is a special
case of the more general solution of simultaneous heat
and moisture transfer in energy wheels and applies when
H� � 9[

Similar to the previous two sections\ Fig[ 3 shows that
wheel 2 is more sensitive to the operating conditions "i[e[
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H�# and h than wheels 0 and 1[ The reason for this is
simply that decreasing NTUht\o and Cr�ht\o has a larger
e}ect on os when NTUht\o and Cr�ht\o are small[

The results in Fig[ 3 show a very important charac!
teristic of energy wheels] increasing moisture transfer
typically decreases os[ For most operating conditions of
practical importance\ the operating condition factor "H�#
is positive\ which means that\ if H� is large and high
sensible e}ectivenesses are sought\ wheels with larger
values of NTUo and Cr�o must be used because the moist!
ure transfer will decrease the heat transfer[

2[3[ Veri_cation of NTUo\ Cr�o and Crm�o

The de_nitions of the dimensionless groups NTUo

"� hAa:"m¾ Cpa
#min#\ Cr�o "�"MCp#mN:"m¾ Cpa

#min# and
Crm�o "� MdN:m¾ min# each include several dimensional
parameters as shown[ Since the development of these
dimensionless groups involved several approximations
"see Part I#\ it is important to verify that these complete
groups a}ect the e}ectiveness regardless of the value of
the individual dimensional parameters[ Figure 4 presents
simulation results that show how NTUo a}ects os and
ol when NTUo is changed numerically by changing the
convective heat transfer coe.cient "h#\ the heat and mass
transfer surface area "As# and the mass ~ow rate of dry
air "m¾ # from the base parameters shown in Table 1[

It can be seen in Fig[ 4 that the e}ectiveness of the
energy wheel is the same at a given value of NTUo regard!
less of which dimensional parameter is changed to attain
the speci_c value of NTUo[ In Fig[ 4\
Cr�o � Crm�o � constant\ therefore when m¾ is changed\
Md and Mm are also changed to keep Cr�o and Crm�o
constant[ Figure 4 shows that the e}ect of NTUo on the

Fig[ 4[ E}ect of NTUo on "a# os and "b# ol[ NTUo is changed by changing h\ As and m¾ with Te\i � 13>C\ fe\i � 49) and Ts\i � 24>C\
fs\i � 59)[

sensible and latent e}ectiveness is similar to that for a
counter ~ow heat exchanger[

Figures 5 and 6 show that Cr�o and Crm�o a}ect the
e}ectiveness values in a manner similar to the way Cr�o
a}ects the e}ectiveness of a sensible heat regenerator[
Cr�o has a larger e}ect than Crm�o[ The in~uence of indi!
vidual dimensional parameters can clearly be seen to be
of secondary importance to the in~uence of the entire
dimensionless group[ The greatest di}erence between the
e}ectiveness calculated with di}erent values of the dimen!
sional parameters but the same values of NTUo\ Cr�o and
Crm�o is 9[2)[ This shows that these dimensionless groups
are applicable to energy wheels[ It is also interesting to
note that Cr�o and Crm�o a}ect both os and ol which shows
that the storage of heat and moisture in the energy wheel
are coupled[ This coupling must be accounted for in the
e}ectiveness correlations[

3[ Effectiveness correlations

In this section\ the correlations for sensible\ latent and
total e}ectiveness with balanced ~ow rates "C� � 0# are
presented[ "Correlations for unbalanced ~ow rates are
presented by Simonson et al[ ð15Ł[# In each case the
dimensionless groups are used to _t simulation data with
a correlation that has a similar form as the e}ectiveness
correlation for a sensible rotary heat exchanger[ An equa!
tion of this form is used because the governing equations
for energy wheels and sensible regenerators are of the
same form and therefore the solutions to the governing
equations are expected to be similar[ The agreement
between the correlations and simulation data is nearly as
good as that presented by Shah ð10\ 13Ł despite the fact
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Table 1
Energy wheel base parameters used to study the sensitivity of each dimensional parameter

h As m¾ N "M Cp#m Md

ðW m−1 K−0Ł ðm1Ł ðkg s−0Ł ðcycles s−0Ł ðJ kg−0 K−0Ł ðkgŁ

39 141 9[4 0:2 04 019 04

"NTUo � Cr�o � Crm�o � 09#

Fig[ 5[ E}ect of Cr�o on "a# os and "b# ol[ Cr�o is changed by changing Mm\ N and m¾ with Te\i � 13>C\ fe\i � 49) and Ts\i � 24>C\
fs\i � 59)[

Fig[ 6[ E}ect of Crm�o on "a# os and "b# ol[ Crm�o is changed by changing Md\ N and m¾ with Te\i � 13>C\ fe\i � 49) and Ts\i � 24>C\
fs\i � 59)[

that the number of variables is larger and several sim!
pli_cations and approximations have been made in deter!
mining the dimensionless groups[ Although the dimen!
sionless variables developed in Part I are shown to have

physical signi_cance\ we have chosen only the dimen!
sionless components of NTUht\o and Cr�ht\o for the sensible
e}ectiveness correlation[ Correlations of os with NTUht\o

and Cr�ht\o explicitly formulated proved to be slightly less
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accurate and for a narrower range of variables than the
ones _nally presented[ Furthermore\ os and ol can be cal!
culated independently with the selected correlations\ eli!
minating the need for an iterative solution[ The cor!
relations presented in this section were determined by
minimizing the maximum di}erence between over 599
simulated e}ectiveness values and those predicted by the
correlation[ The coe.cients of the correlation were deter!
mined using an optimization routine in a commercially
available spreadsheet package[

3[0[ Latent effectiveness

The correlation for latent e}ectiveness is determined
from the over 599 simulation data points shown in Fig[
7 which cover a range of temperatures from −19 to 39>C
and relative humidities near 9 to 89) "−5¾ H� ¾ 5#[
Simulation data points with H� in the range of
−9[2 ¾ H� ¾ 9[1 have been eliminated because ol can be
quite large "×099)# or small "³19)# in this range
ð04Ł[ Condensation and frosting e}ects have also been
eliminated[ The maximum di}erence between simulated
and correlated e}ectiveness is 1) with 87) of the data
agreeing within 20[4)[ The correlation for latent e}ec!
tiveness is]

Fig[ 7[ Latent e}ectiveness calculated with equation "8# compared to the simulated latent e}ectiveness[

ol �
NTUo

0¦NTUo00−
0

9[43"Cr�mt\o#9[751
×00−

0

"NTUo#9[40"Cr�mt\o#9[43H�1 "8a#

where]

Cr�mt\o �"Crm�o#9[47Wm9[220
1u
1fbfave

1
9[1

×"Cr�o#0[02 0
e0

0371
Tave 1

36[8
−0[15"fave#9[41

3[55

[ "8b#

Equations "8a# and "8b# are for a linear sorption curve
with] 1¾ NTUo ¾ 09\ 2 ¾ Cr�o ¾ 09\ a full range of
Crm�o\ −9[2 × H� × 9[1\ 9[0 − Wm − 9[4 and C� � 0[9[
For −9[2 ¾ H� ¾ 9[1\ the moisture transfer can be neg!
lected for most air conditioning energy recovery appli!
cations because the amount of moisture transferred dur!
ing these operating conditions is small[ It should be noted
that for a linear sorption curve the slope of the sorption
curve "1u:1f# is constant and equal to Wm[ Equation "8#
can also be used for desiccants with Type IM for Type
IIIM sorption curves "i[e[ 09− C − 9[0# but the uncer!
tainty is expected to increase to about 24)[ The cor!
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relation in equation "8# is intended to apply for
9 ¾ ol ¾ 099)[

3[1[ Sensible effectiveness

The correlation for sensible e}ectiveness is proposed
in the following format\

os � os"H��9#−Dos "09#

where Dos is a function of H�\ h\ NTUo\ Cr�o and Crm�o
and Wm[ os"H��9# is the e}ectiveness of a sensible wheel
"i[e[ no moisture transfer# and Dos is a factor which adjusts
this e}ectiveness to account for the e}ects of moisture
transfer[ A relation of this type is chosen because os"H��9#

is well known and Dos is a linear function of H� "see Fig[
3#[ Figure 8 contains Dos for H� � 5\ h � 9[0\ Wm � 9[1
and Cr�o:Crm�o � 4 with various values of NTUo and Cr�o
and shows that Dos can be quite large for low value of
Cr�o[ For example\ with NTUo � 09 and Cr�o � 1\
Dos � 49)[ Dos is less than 14) for Cr�o − 2 and therefore
the correlations in this paper use this limit[

The _nal sensible e}ectiveness correlation is]

os �
NTUo

0¦NTUo00−
0

6[4Cr�o1

−

K

H

H

H

H

k

9[150
Cr�o

Wm1Crm�o1
9[17

6[1"Cr�o#0[42¦
109

"NTUo#1[8
−41

¦
9[20h

"NTUo#9[57

L

H

H

H

H

l

H�[

"00#

Fig[ 8[ Dos as a function of NTUo\ Cr�o for H� � 5\ h � 9[0\ Wm � 9[1 and Cr�o:Crm�o � 4[

Equation "00# agrees with the over 599 simulated data
points in Fig[ 09 within 21[4) "87) of data within
21)# for the following range of parameters]
9 ¾ h ¾ 9[0\ −5¾ H� ¾ 5\ 1¾ NTUi ¾ 09\
2 ¾ Cr�o ¾ 09\ 0 ¾ Cr�o:Crm�o ¾ 4\ 9[0¾ Wm ¾ 9[4\
C � 0 and C� � 0[ The uncertainty in equation "00#
increases to 22) for 9[0¾ C ¾ 0 and 24) for
9[0 ¾ C ¾ 09[ Even though equation "00# predicts the
simulated e}ectiveness well for os × 099)\ it is intended
to be used for 9 ¾ os ¾ 099)[

Equation "00# is for negligible axial heat conduction
through the matrix of the energy wheel[ Simulation
results show that the axial conduction can be accounted
for by the method in Shah ð10\ 13Ł with little loss in
accuracy[ The correction for axial thermal conduction is
ð13Ł\

os"k
m
�9#

� os"k
m
�9#

Cl "01#

where]

Cl �
0¦NTUo

NTUo &0−
0

0¦NTUo

0¦lF
0¦lNTUo

' "02#

l �
Amkm

L"m¾ Cpa
#min

\ and "03#

F �X
lNTUo

0¦lNTUo

tanh& NTUo

X
lNTUo

0¦lNTUo

'
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Fig[ 09[ Sensible e}ectiveness calculated with equation "00# compared to the simulated sensible e}ectiveness[

¼X
lNTUo

0¦lNTUo

for NTUo − 2[ "04#

3[2[ Total effectiveness

Using the simulated values for os and ol in the relation\

ot �
os¦olH�
0¦H�

"05#

gives values for ot that are less than 9[3) di}erent from
those simulated for the over 599 data points in Figs 8
and 09 when −0[4 × H� × −9[4[ Data points in the
range of −0[4¾ H� ¾ −9[4 have been eliminated
because ot is discontinuous at H� � −0[ If the correlated
values of os "equation "00## and ol "equation "8## are used
in equation "05#\ the uncertainty in ot is expected to be
the same as that quoted for equations "8# and "00# "i[e[
21[4)#[

4[ Illustrative example

The illustrative example in this paper is for the rating
of an energy wheel rather than sizing each component of

a wheel[ The objective of the rating problem is to verify
the thermal and mass transfer performance of an existing
energy wheel as speci_ed by the manufacturer or to deter!
mine the o}!design performance[ Many details of the
methodology for the rating and sizing problems are given
in Shah ð13Ł for sensible rotary heat exchangers[ The
basic procedure is the same for energy wheels with the
main di}erence being that more property data and more
complex equations are required to calculate the energy
wheel performance[ In this example\ the somewhat hypo!
thetical energy wheel with the properties listed in Table
2\ operating in the conditions listed in Table 3 will be
considered[ The value of the dimensionless groups and
the e}ectiveness values at the illustrative hot and cold
test conditions are also given in Table 3[ In each case the
e}ectiveness correlations "i[e[ equations "8#\ "00#\ "01#
and "05## are used to calculate the e}ectiveness values
which include axial conduction through the wheel[ In all
cases h � 9[94[

4[0[ Mass ~ow rate of air

Figure 00 shows the e}ect of mass ~ow rate on the
sensible\ latent and total e}ectiveness of the energy wheel
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Table 2
Property data of the energy wheel

Entire wheel
D � 0 m L � 9[0 m N � 0:2 cycles s−0 "19 rpm#
Mm � 03 kg b � 1556 m1:m2 porosity � 9[79

Individual tube "sine duct#
Dh � 0[1×09−2 m a� � 9[3 Nu � 1[35 ð17Ł

Desiccant "silica gel Ý 19) by mass#
Wm � 9[3 C � 0 sd � 9[57
rd � 249 kg m−2 Cpd

� 504 J kg−0 K−0 kd � 9[95 W m−0 K−0

Support material "aluminum#
rsup � 1691 kg m−2 Cpsup

� 892 J kg−0 K−0 ksup � 126 W m−0 K−0

Table 3
Design operating conditions\ dimensionless groups and e}ec!
tiveness of the energy wheel

Hot test Ts\i � 29>C fs\i � 49)
m¾ s � m¾ e � 9[5 kg s−0 Te\i � 13>C fe\i � 49)
H� � 0[56 NTUo � 3[5 Cr�o � 5[4
Crm�o � 0[5 Cl � 9[781 Cr�mt\o � 063[2
os � 69[2) ol � 68[0) ot � 64[7)

Cold test Ts\i � 13>C fs\i � 49)
m¾ s � m¾ e � 9[5 kg s−0 Te\i � −09>C fe\i � 49)
H� � 9[52 NTUo � 3[5 Cr�o � 5[4
Crm�o � 0[5 Cl � 9[781 Cr�mt\o � 0488
os � 60[1) ol � 79[8) ot � 63[8)

for the hot and cold test conditions[ The decreasing e}ec!
tiveness with increasing mass ~ow rate "or face velocity#
is expected[ E}ectiveness is more sensitive to mass ~ow
rate changes for the hot test than for the cold test[

4[1[ Wheel speed

Changing the wheel speed of the energy wheel will
reduce Cr�o and Crm�o and consequently the e}ectiveness[
This is shown in Fig[ 01 where the e}ectiveness is plotted
as a function of wheel speed[ Although the e}ectiveness
correlations were limited to Cr�o − 2\ the results in Fig[
01 appear reasonable for Cr�o − 0[ The di}erences
between simulated and calculated e}ectiveness values for
N � 4 rpm are less than 4) which is smaller than the
changes in e}ectiveness that are seen in Fig[ 01[ It would
appear from this example that using wheel speed to con!
trol the rate of heat and moisture transfer for air con!
ditioning applications would likely lead to space tem!
perature and humidity problems[ This has been observed
in practice[

4[2[ Operatin` condition factor "H�#

The correlations can also be used to show the e}ect of
the operating temperature and humidity on the e}ec!
tiveness of the energy wheel described in Tables 2 and 3
"Fig[ 02#[ The results in Fig[ 02 are for the hot test
conditions with various supply inlet relative humidities
and they show the sensitivity of e}ectiveness to the oper!
ating conditions "H�#[ In particular\ ol is discontinuous
at H� � 9 with ol : ¦� as H� : 9−[ The total e}ective!
ness is also discontinuous with the discontinuity occur!
ring at H� � −0 which corresponds to the case of equal
inlet enthalpies to the energy wheel[ For H� ¼ 9 and
H� ¼ −0\ the moisture transfer and energy transfer rates
of the energy wheel are respectively small and therefore
these operating conditions are not important for energy
saving calculations and optimization of air conditioning
designs using energy wheels[ Figure 02 shows that axial
conduction through the aluminum support material of
the energy wheel reduces the e}ectiveness of the energy
wheel by 8) for these operating conditions[

The brief application of the e}ectiveness correlations
given in this paper display their utility[ These correlations
are much simpler to use than detailed simulations pro!
grams which are the current alternative[ The correlations
are especially important because they can be easily
implemented into entire building simulation programs
which will allow life cycle cost and energy saving studies[
These correlations will also permit HVAC engineers to
more accurately design and predict savings for energy
wheels[

5[ Conclusions

Simulation and correlation results presented in this
paper show the importance of operating conditions on
the e}ectiveness of an energy wheel[ The operating con!
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Fig[ 00[ E}ectiveness versus mass ~ow rate for balanced supply and exhaust mass ~ow rates[

Fig[ 01[ E}ectiveness versus wheel speed for balanced mass ~ow rates[

ditions have the largest e}ect on the e}ectiveness when
the traditional value of NTUo and Cr�o and the newly
de_ned Crm�o "which is similar to Cr�o except that it applies
to moisture storage rather than energy storage# are low[
Changes in e}ectiveness that result from changes in the

operating conditions and sorption curve can be explained
by the dimensionless groups[

The dimensionless groups and simulation results show
that a desiccant with a linear sorption curve will have the
best performance over typical operating conditions for
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Fig[ 02[ E}ectiveness versus H� for the hot test conditions[

energy wheels[ Type IM and IIIM sorption curves are
also acceptable for energy wheels\ but Type IE and Type
IIIE sorption curves have poor performance at certain
humidities[

The sensible\ latent and total e}ectiveness correlations\
developed in this paper\ agree with over 599 simulated
values within 21[4\ 21 and 21[4)\ respectively[ The
correlations allow the designer to calculate e}ectiveness
from known parameters and are]

os �
NTUo

0¦NTUo00−
0

6[4Cr�o1

−
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k
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where]

NTUo �
0

"m¾ Cpa
#min$

0
"hAs#s

¦
0
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\ "10#
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1
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0371
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3[55

and "12#

H� �
DHl

DHs

� 0
DHs

DHl1
−0

−0 � 1499
DW
DT

[ "13#

The above correlations apply for the following range of
parameters] 9 ¾ h ¾ 9[0\ −5 ¾ H� ¾ 5\
1 ¾ NTUo ¾ 09\ 2 ¾ Cr�o ¾ 09\ 0 ¾ Cr�o:Crm�o ¾ 4\
9[0 ¾ Wm ¾ 9[4\ C � 0 and C� � 0[ These e}ectiveness
correlations\ although quite complex\ are simpler to use
than numerical models and will permit manufacturers
and HVAC engineers to optimize energy wheel per!
formance and life cycle cost savings for air conditioning
applications in di}erent climates for a range of building
operating conditions[
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