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Résumé

The fundamental dimensionless groups for air-to-air energy wheels that transfer both sensible heat and water vapor
are derived from the governing non-linear and coupled heat and moisture transfer equations. These dimensionless
groups for heat and moisture transfer are found to be functions of the operating temperature and humidity of the energy
wheel. Unlike heat exchangers that transfer only sensible heat, the effectiveness of energy wheels is a function of the
operating temperature and humidity as has been observed by several energy wheel manufacturers and researchers. The
physical meaning of the dimensionless groups and the importance of the operating condition factor (H*) are explained.
The dimensionless groups are used in Part II to develop effectiveness correlations for energy wheels. © 1999 Elsevier

Science Ltd. All rights reserved.

Nomenclature

A cross-sectional area of one tube [m?]

A, heat and mass transfer surface area of one tube [m?]
A, heat and mass transfer surface area on the supply or
exhaust side [m?]

C constant describing the shape of the sorption curve
C* ratio of the minimum to maximum heat capacity
rate of the air streams

Cp specific heat [J (kg=' K™1)]

Cr* matrix heat (or moisture) capacity ratio on the
supply or exhaust side

Crm* matrix moisture capacity ratio on the supply or
exhaust side

Cr¥ overall matrix heat (or moisture) capacity ratio
Crm¥ overall matrix moisture capacity ratio

D, hydraulic diameter of one tube in the energy
exchanger [m]

f general function

h  convective heat transfer coefficient [W (m =2 K™")]
(hA)* convective conductance ratio (hA,),/(hA,).

hy, convective mass transfer coefficient [m s~']

hg,  heat of vaporization [J kg™']

H total enthalpy per mass of dry air [J kg, ']

* Corresponding author. Fax: 001 306 966 5427

H* operating condition factor that represents the ratio
of latent to sensible enthalpy differences between the
inlets of the energy wheel

k thermal conductivity [W (m~' K™)]

L length of the heat exchanger [m]

Le Lewis number

m  mass flow rate of dry air (unless specified by a specific
subscript) [kg s™']

rir’  rate of phase change per unit length [kg (s~' m™1)]
M total mass [kg]

N angular speed of the wheel [cycles s™']

NTU number of transfer units on the supply or exhaust
side

NTU, overall number of transfer units

p period of exposure per cycle for the supply or exhaust
gas [s cycle™]

P pressure [Pa]

R specific gas constant [J (kg7 K1)

t time [s]

t* dimensionless time

T bulk temperature [K or °C]

u mass fraction of water in the desiccant [kg,, kgg']

U mean air flow velocity in the tube [m s™']

W humidity ratio [kg,, kg, ']

Wm empirical coefficient used in the sorption isotherm
describing the maximum moisture capacity of the desic-
cant [kg, kgg']
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x axial coordinate [m]
x* dimensionless axial coordinate.

Greek symbols

o thermal diffusivity [m?s~']

A difference between supply inlet and exhaust inlet con-
ditions

¢ effectiveness

& effectiveness of a counter flow recuperator

g latent heat transfer (or moisture transfer) effec-
tiveness

& sensible heat transfer effectiveness

g, total enthalpy effectiveness

n fraction of the phase change energy that is delivered
directly to the air

p density [kg m~

¢ relative humidity

x  general dependent variable.

Subscripts

a air

e exhaust side

d desiccant

dry dry properties

g total gas phase (air and water vapor)

ht dimensionless heat transfer group for energy wheels
i inlet

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

sat saturation properties

vV water vapor

w liquid water or frost.

1. Introduction

Heat exchangers, when combined with mass transfer,
have somewhat more complex characteristics than
devices that transfer only sensible energy. As a result,
there is no simple design methodology available for
regenerative rotary energy wheels which transfer both
sensible heat and water vapor. Despite the lack of
accepted design methods or effectiveness correlations,
energy wheels are rapidly being introduced into HVAC
designs because they can reduce cooling and heating
loads in buildings [1, 2]. Energy wheels can also increase
thermal comfort, while decreasing HVAC systems oper-

ating and capital costs [3—5]. Because energy wheels
are beginning to be used more frequently, a simplified
design methodology is needed to help HVAC engineers
optimize designs for different climates and operating
conditions.

Effectiveness is widely accepted as the best means to
characterize and design most types of heat exchangers
operating under a wide range of operating conditions
where only the inlet properties are known [6, 7]. For
sensible energy exchange, effectiveness (¢) is defined as
the ratio of the actual heat transfer to the thermodynamic
maximum heat transfer and therefore is restricted to
values between 0 and 1. The ¢-NTU is a favored design
method because ¢ typically depends on two dimensionless
groups for sensible recuperative heat exchangers (NTU
and C*) and four dimensionless groups for sensible
regenerative heat exchangers (NTU,, C*, Cr¥and (hA,)*)
[8-10]. The effect of (hA,)* on effectiveness is negligible
for the range of 0.25 < (hA4,)* < 4 and is neglected in this
paper. These dimensionless groups are functions of the
size and shape of the heat exchanger and the flow rate
through the heat exchanger; but, for most designs, they
are only weak functions of the operating temperatures of
the heat exchanger when condensation and frosting are
not significant. That is, for a given heat exchanger design
with known flow rates, the effectiveness is essentially con-
stant regardless of small changes in inlet fluid tempera-
tures. This important characteristic of heat exchangers
transferring sensible energy allows the designer to esti-
mate energy savings over a wide range of operating tem-
peratures without iterative calculation procedures.

By analogy with sensible heat exchangers, one might
expect the effectiveness of a regenerative energy
exchanger to be nearly constant for a range of inlet
temperatures and humidities. However, recent exper-
imental and theoretical evidence shows otherwise [11—
14]. The effectiveness of energy wheels seems to be
particularly affected by changes in the inlet humidities,
but a recent correlation by Stiesch et al. [14] does not
account for humidity effects nor does it give physical
insight into why effectiveness varies as a function of
the inlet operating conditions. This needs physical expla-
nation. It is proposed that the key to understanding
the link between operating conditions and effectiveness
lies in the dimensionless groups derived from the gov-
erning equations.

This paper, Parts I and II, is concerned with several
objectives. Firstly, new dimensionless parameters need to
be developed to give insight into why effectiveness is so
strongly dependent on the operating temperature and
humidity. Using these parameters, new effectiveness cor-
relations need to be developed for energy wheels that
will allow for accurate designs. The new effectiveness
correlations will help manufacturers and HVAC engin-
eers to produce and select efficient energy wheels that
provide greater life cycle cost savings.
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2. Governing equations

The governing equations, presented in this section, use
the coordinate system shown in Fig. 1, which contains a
schematic of an energy wheel operating in a counter flow
arrangement showing one of the tubes in detail. The
governing equations are for simultaneous and coupled
heat and moisture transfer in one tube as it rotates around
the axis of the wheel. A typical operating condition would
be warm humid supply air transferring energy and water
vapor to the matrix and energy and moisture being trans-
ferred from the matrix to the exhaust air during the
second half of the cycle.

The governing equations for simultaneous heat and
moisture transfer in energy wheels, based on the assump-
tions listed in Table 1, are as follows [12, 15]:

— t(or9)
impermeable & adiabatic surface

QA L L L L L L L

aluminum
N desiccant 2
I r air
/] %

VA A A4

——— X (axial coordinate)

Fig. 1. Schematic of the rotary energy exchanger wheel showing
(a) the entire wheel, (b) the tube geometry cross-section and (c)
a side view of one of the tubes.

Table 1
Assumption used in governing equations

1. Axial heat conduction and water vapor diffusion in the air
are negligible.

2. Axial molecular diffusion and capillary motion of moisture
within the desiccant are negligible.

3. There are no radial temperature or moisture content gradients
in the matrix.

4. The half-plane and ends of each matrix tube are impermeable
and adiabatic.

5. Hysteresis in the sorption isotherm for the desiccant coating
is neglected and the heat of sorption is assumed constant and
equal to the heat of vaporization.

6. The tubes that make up the rotary energy exchanger are
identical with constant heat and mass transfer surface areas.

7. The matrix thermal and moisture properties (support
material, desiccant and adsorbed water) are constant.

oT, oT,
PnggAgW + UngPgAgﬁ — 1" hgn
A{
R T) =0 ()

aTm ., ./
mepmAmW —m hfg(l _I/’) —m CpW(Tg_ Tm)

hA; T,—T.,) = g kA T 2
- L( g m) - 0)( m<tm (7x ( )
dp, 0 L

A, o + aX(pVUAg)—i-m =0 3)
op, 0

) = 4
T () =0 @
and

ou

'’ = pd.dryAd E )

where, during adsorption and desorption, the moisture
transfer (m2’) can be calculated by

’

o A
m _hm L(pv_pv.m)- (6)

During saturation conditions, the density of the water
vapor is calculated using
P\'.Sﬂl (7)
R,T,
where P, is the saturation vapor pressure and is a
function of temperature only.

In the energy equations, the symbol 5 is the fraction of
the phase change energy that is convected directly into
the air. It can be estimated with

NNERYHNES

Py = pv,sal =
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which is derived by Simonson and Besant [12]. When
n = 1, all the energy of phase change is convected directly
to the air and when = 0, all the energy of phase change
is conducted into the matrix. For 0 < < 1, some of the
energy of phase change is convected into the air and the
rest is conducted into the matrix. The value of  will not
be constant for all energy wheels, but is expected to range
between 0 and 0.1. 5 will also depend on the desiccant
coating and the manufacturing process and the exact
value of 7 needs to be determined experimentally. A more
complete discussion of the value of 5 and its effect on the
energy wheel performance is presented in the literature
[12, 13]. Several property relations, boundary conditions
and initial conditions are needed to complete the for-
mulation of the problem; these can be found in Simonson
and Besant [12].

3. Governing dimensionless groups

The method of deriving the governing dimensionless
heat and moisture transfer groups for energy wheels from
the governing equations follows the method presented by
Shah [9]. Shah [9] shows that a set of simplified governing
equations that govern the transfer and storage of sensible
energy on the supply or exhaust side of a counterflow
sensible regenerative heat exchanger can be approxi-
mated by

aT,

Pt NTU(T,,—T,) 9
and

oT,, NTU

or* = Cr* (Tg_Tm) (10)

The form of equations (9) and (10) will be referred to
as the standard dimensionless form. The dimensionless
number of heat transfer units and matrix heat capacity
on the supply and exhaust side are

hA; hA,

NTU = =—
(pAUCp),  (mCp),

(11)

and

_ (pACp)uLl _ (MCp)uN
(pAUCp)yp  (Cp),

Recognizing that the supply and exhaust sides of the heat

exchanger may have different heat transfer coefficients or

surface areas, a set of dimensionless groups which par-
allels those of a recuperator can be defined as

*

(12)

1 1 1 !
N = i)y [(hAos * (hAoJ
(MCp) N
and Cr¥f=—F-"7-"—. (13
(mcp)g,min ( )
In the case of equal flow areas, heat transfer coefficients

and mass flow rates on the hot and cold side, NTU, and
Cr¥ become simply

_ h4, _NTU
B 2(n./lcvp)g,min B 2
Kays and London [10] and Shah [9] present the following
empirical correlation, which demonstrates the effect of

Cr¥ and NTU, on the effectiveness of a sensible heat
regenerator:

£=£Cf[l—;} (15a)
9(C}’;k)1'93

where

1—exp(—=NTU,(1—C%))
Eor = (15b)
1 —C*exp(—NTU,(1 —C%*))

and C* is the ratio of minimum to maximum heat
capacity rate of the air streams. Equation (15) was
obtained by correlating the numerical results of Lam-
bertson [16] and Bahnke and Howard [17] and is rec-
ommended for ¢ < 90%. Equation (15) agrees with the
numerical data compiled in Kays and London [10] within
1% for C* =1 and the following parameter ranges:
2 < NTU, < 14 for Cr¥> 1.5, NTU, < 20 for Cr¥ > 2;
and a complete range of NTU, for Cr¥>=5. As C*
decreases, the error in equation (15) increases with lower
values of Cr¥ As Cr¥ becomes large, the effectiveness
approaches the effectiveness of a counterflow heat
recuperator (&). Increasing NTU, and Cr} increases the
effectiveness of a sensible rotary heat exchanger as is
shown in Fig. 2.

NTU,

and Cr¥=Cr*. (14)

3.1. Moisture transfer in energy wheels

Starting with the equations that govern the transfer
[equation (3)] and storage [equation (5)] of moisture, the
dimensionless groups that govern the moisture transfer
process (i.e. NTU,, and Cr},) are developed for balanced
mass flow rates (i1, = rit).

3.1.1. NTU,,
Combining the equation for moisture transfer (3) with
the rate of sorption phase change (6) gives

’

opy 0 A
+ ~ (vaAg)+hm (pv_pv‘m) =0. (16)
0x L

¢ ot

Introducing dimensionless variables for # and x as

o :% (17a)
and

W
r* =;<t—g> (17b)

where the second term in * is small for small dwell times
or carry over rates. The time and spatial derivatives can
be written for any dependent variable, y, as follows:
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Fig. 2. Effectiveness of a counterflow rotary heat exchanger as a function of NTU, and Cr¥ for C* = 1 [equation (15)].

oy oy ot 10y

_oxoar _1oyx 18
ot o o par* (18a)
and

ﬁxiaixax* ﬂ&t* laix_iax (18b)

o ox ~ Lox* pUor+

It should be noted that the basic equations [i.e., equations
(1)-(8)] and the above equations apply to the supply or
exhaust side of the energy exchanger so that each variable
could have a subscript s or e. The subscripts have been
left out for clarity for the above transformations. Sub-
stituting equations (18) into equation (16) and rearrang-
ing yields

0py hmA;( )+& i@il/ ou
pVJTl p\' U pU 0[* ax* -

Ox  0x* Ox

ox* AU

(19)

If it is assumed that the density of dry air is constant or
changes little within the energy wheel, the velocity gradi-
ent and time derivative can be neglected and equation
(19) can be approximated by writing it in the standard
dimensionless form similar to (9):

opy
ox*
NTU,, is the number of moisture transfer units on the
supply or exhaust side of the energy wheel defined as
hy, AL
AU
If the Lewis number (h/h,,p,Cp,) is unity, which is a good

approximation for simultaneous heat and water vapor
transfer in air, NTU,, can be rewritten as

= NTUml (pv.m - pv) . (20)

NTU, =

@n

h A, h4,
p.Cp, AU (1Cp),

NTU,, = NTU. (22)

Equation (22) shows that for Le = 1, the number of
moisture transfer units for an energy wheel is equal to
the number of heat transfer units for a sensible rotary
heat exchanger. This means that the number of moisture
transfer units is independent of the operating humidity
and temperature. If, however, the density of the air was
not considered constant, NTU,,, would be slightly depen-
dent on the operating conditions. Finally, it should be
noted that NTU,, on the supply side of the energy wheel
will not always be equal to NTU,, on the exhaust side,
but these values will be nearly equal for most practical
operating conditions.

3.1.2. Crj,

Equation (5) describes the storage of moisture in the
desiccant coated matrix. Introducing the dimensionless
independent variables (17), and substituting equation (6)

into equation (5) gives
hmA;( _ ) _ pd,dryAd ﬂ — pd,dryAd au apv,m
L Pv pv,m p a[* P apvvm al* .
(23)

Rearranging equation (23) gives an equation in the stan-

dard dimensionless form similar to (10):

pym  NTU,,
ot Cr,

(pv _pv.m) (24)

where
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_ pd,dryAdL 0”

Cr*, = . 25

AU pn *)
Defining a general sorption curve as

Wi Wi
= mo_ m (26)
1-C+Cl¢p 1-C+Cldn
Cr¥, becomes
ou ¢

Cri, = Crm*% W 27
where ¢, ® ¢, p,.m * p, and
Crm* — PaayAal Md.dryN. (28)

paA,Up - om
Further simplification of equation (27) to include those
parameters most familiar to an HVAC engineer (7 and
¢) by using the Clapeyron equation to represent the
saturation vapor pressure and assuming standard atmo-
spheric pressure (101 325 Pa) gives

Cr¥, =(Crm* % e<¥>

ab| 100

1.61¢ 29)

where T is in K. The second term in the brackets in
equation (29) will generally have less than a 5% effect;
thus, Cr¥, is a function of the slope of the sorption curve
and the operating temperature and to a lesser extent the
relative humidity.

3.2. Heat transfer

By performing a similar analysis as in the previous
section, the governing dimensionless groups for heat
transfer can be obtained.

3.2.1. NTU,,

Starting with the equation that describes the transfer
of heat between the air and the matrix [i.e., equation (1)]
and introducing the dimensionless independent variables
and equation (6) (which applies to sorption only) gives

p.CpeA, 0T, 107, 1 6Tg>

5 A ___ 5 ___
p or* +Up:CpeA, (L ox*  pU or*

’

A A
- hm f(pv _pv,m)hfgn +h T(Tg - Tm) =0. (30)

Rearranging equation (30) yields
0T, hA; N A

=i Tn=T)—
ox*  Up,Cp,A, & Up,Cp,A,

(pv.m _pv)hfgn-
@31

Putting equation (31) in the standard dimensionless form
of equation (9) gives

0T,
a‘{* = NTUhl(T'm - Tg) (32)

where

(33)

e _
NTU,, = NTU[I— gl M}

pgcpg 7—; - Tg

because Le = 1 = h/(,p,Cp,). For NTUy, to be as useful
as a design tool, it needs to be calculated from known or
determinable quantities. Clearly the ratio
(Py.m—py)/(Tn— T) is not directly known to the designer,
but can be related to the number of heat and moisture
transfer units. Using equations (20) and (32) this
unknown ratio can be expressed as

ap,
(pv.m_pv) _ NTUhl ox* ~ NTUhl ‘OIAW
T,—T, NTUy T,  NTU,, AT,
ox*
Where & = [(I/Vlf Wo)s/(Ws,i* We.i)]9 & = [(]117 TO)S/
(Ts.i - Te,i)]> AW = Ws,i - We,is ATg = Tgs‘l - Tgc_‘ and Pv
and T, are assumed to be linear functions of x*. Equation
(34) can be inserted in equation (33) to give
he NTUy, iAlV
p.Cpe NTU, ¢, AT, |

(34)

NTU,, = NTU [1 - (35)

Equation (35) can be further simplified by defining an

operating factor as

pre = e paAW% 2500AW
p.Cp," " AT, AT,

and using the fact that NTU = NTU,, for Le = 1. The

resulting dimensionless number of heat transfer units is

NTU

(36)

NTU,, = . . (37)
by aes
147 ‘. H

The number of heat transfer units for an energy wheel
is a function of NTU (with no moisture transfer), the
ratio of latent to sensible effectiveness and the operating
conditions such that, as the fraction of phase change
energy entering the air () goes to zero, only NTU is a
factor. The operating condition factor (H*) can in theory
vary from — oo to + oo, but varies typically from —6 to
+ 6 for energy wheels used in HVAC applications.

The operating condition factor (H*) is essentially a
ratio of latent to sensible energy differences across the
energy wheel. This enthalpy ratio can also be expressed
in terms of the sensible heat ratio between two operating
points which is familiar to HVAC engineers. The relation-
ship is

pe 2 A (AHNT (38)
T AH, \AH, ‘

Therefore, H* can be determined graphically by joining
the inlet conditions on the psychrometric chart and deter-
mining the value of the sensible heat ratio (AH,/AH,)
from the protractor and then calculating H* from equa-
tion (38). For numerical calculations, H* can be cal-
culated from equation (36).
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Fig. 3. Psychrometric chart showing the operating condition factor (H*) for exhaust conditions of 24°C and 50% RH and different

supply conditions.

Figure 3 shows lines of constant H* for exhaust con-
dition of 24°C and 50% RH and various supply con-
ditions on the psychrometric chart. The value of # is
typically less than 0.1 for energy wheels and the ratio of
g/es will tend to be near unity for practical applications.
Therefore, the value of NTU,, will tend to be between
0.5-3 times the value of NTU for a wheel where no
moisture transfer occurs.

If H* is positive (i.e. heat and moisture transfer in the
same direction between the supply and exhaust air), the
moisture transfer will decrease NTU,, and the sensible
effectiveness. On the other hand, if H* is negative, the
moisture transfer will increase NTU,,,. This can be explai-
ned by the fact that adsorption is exothermic. When
moisture is adsorbed on the matrix, heat is released which
(when 5 > 0) is partly taken up by the air. This will
tend to increase the local temperature of the air and
consequently the temperature of the air leaving the energy
wheel. If H* is positive, the warmer of the two inlet air

streams is simultaneously cooled and dried and the cooler
air stream is heated and humidified. When moisture is
removed from the warm air by adsorption onto the
matrix, energy is released and the air temperature will
increase and consequently the ability for the energy wheel
to cool the warm air will be reduced. The net result will
be that the sensible effectiveness will decrease. On the
other hand, if H* is negative, the warm air is sim-
ultaneously cooled and humidified. In this case, when
moisture is added to the warm air by desorption, the
temperature of the warm air will decrease (desorption is
endothermic) which will increase the sensible effec-
tiveness of the energy wheel.

3.2.2. Crj;

To develop the equation for Crf, the starting point is
the energy equation for the matrix [equation (2)] which,
upon introduction of the dimensionless independent vari-
able for time, is
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pmcpmAm az—‘l‘ﬂ l é
p e ™L

(0w = Py e (1 =1)

A
—h T (T,=T,) =0 (39)

where the term ' Cp,(T,— T,,) (which is several orders
of magnitude smaller than the other terms) and axial
conduction have been neglected. It should be noted that
axial conduction can alter the effectiveness of energy
wheels [13] which will need to be accounted for with
methods described in Shah [9, 18]. Rearranging equation
(39) shows that the standard dimensionless form is

0T, NTUy
at* - rlT[ ( g Tm) (40)
where

NTU,, NTU|: hig(1—1) Pv*Pv,m:| (41)

Crl:kt a Cr* ngpg Tg—Tm
Using equations (34) and (36), equation (41) can be
simplified to
NTU,, NTU NTU,, ¢

= 1+ (1— —H*|.
Cri . Crt [ =D 370 J

(42)

Rearranging equation (42) to solve for Crf and using the
definition of NTU,, from equation (37) and Le = 1 gives

C o
Criv=—,— 43

1+ 2 g
8S

Examining equation (43) shows that Cr{; is independent
of n, but dependent on the ratio of latent to sensible
effectiveness (g/¢) and the operating condition factor
(H*). Since H* varies from —6 to + 6, in typical HVAC
applications, the value of Cri can be positive or negative.
A negative value of Crj means that, even though the
supply air stream is colder than the exhaust air stream,
energy will be stored in the matrix during the supply air
flow due to the release of energy during phase change.

3.3. Energy transfer

There are only two independent effectiveness values
for energy wheels. In this paper, the latent and sensible
effectivenesses have been chosen and the total effec-
tiveness can be derived from these. Starting with the
definition of total effectiveness

ms (Hs,i - Hs,o) me (Hs,o - He‘i)
& = =
' mmin (H\l - He.i) ’hmin (I{\l - He‘i)
and introducing the definition of enthalpy as
H=Cp, T+ W(hy,+Cp,T,) (45)
where T is in °C, the total effectiveness can be shown to
be

&+ H*
“Em

(44)

(46)

Equation (46) shows that ¢, is essentially a weighted aver-
age of ¢ and ¢. As H* —» oo (i.e., dominant moisture
transfer), ¢ — ¢ and as H* — 0 (i.e., negligible moisture
transfer), ¢ — &. Also as H* - —1, g, > + o0 if & # ¢
which was measured and simulated by Simonson et al.
[11]. Equation (46) gives values of ¢ that are in close
agreement with those obtained from simulations.

3.4. Saturation conditions

As a first approximation, saturation conditions can be
considered to exist when a straight line between the inlet
condition on the psychrometric chart cross the saturation
line for cold operating conditions [19, 20]. The approxi-
mation works well for warm operating conditions and a
linear sorption curve, but not for other shaped sorption
curves [15, 20]. Saturation operating conditions have
been addressed by Simonson and Besant [15] and Simon-
son et al. [20] and are not discussed here except to note
why the effectiveness and governing dimensionless groups
are more difficult to define under these conditions.

When the energy wheel is operating under con-
densation and evaporation conditions, the amount of
moisture that the matrix can store is much larger than it
can store during sorption conditions. This is expected to
increase Cr and similarly increase ¢. Furthermore,
when condensation occurs, the moisture transfer to the
matrix is controlled by the mass flow rate of water vapor
and the axial gradient of temperature. Condensation will
occur at a rate that will keep the air, that is flowing
through the wheel, saturated. This may result in a greater
phase change rate than that governed by convection mass
transfer with only sorption. In a sense, this is like increas-
ing the convective mass transfer coefficient /. If &, is
increased, NTU,, will also increase, resulting in an
increase in g. The value of ¢ calculated with the cor-
relations in Part II will be a conservative estimate during
condensation and frosting conditions. On the other hand,
the value of ¢, calculated with the correlations in Part IT
will be quite accurate because ¢ is less affected by satu-
ration conditions than ¢ [15, 20]. It is expected that the
total effectiveness can still be calculated with equation
(46).

4. Summary

The governing dimensionless groups for simultaneous
heat and moisture transfer in energy wheels have been
developed. These dimensionless groups parallel the
dimensionless groups for rotary sensible heat exchangers
which can be fund in many heat exchanger books. For
the case of C* = 1, the dimensionless groups for coupled
heat and mass transfer are NTU,,, Cr%, NTU,, and
Crif, which are related to NTU and Cr* for rotary sensible
heat exchangers. These dimensionless groups are func-
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tions of the operating temperature and humidity of the
wheel and the sorption characteristics of the desiccant as
well as functions of NTU, Cr* and Crm*. Crm* is a
moisture capacitance ratio that is analogous to Cr*. The
importance of the operating conditions are evident in the
new simultaneous heat and moisture transfer dimen-
sionless groups and an operating condition factor (H*)
has been defined which depends on the ratio of the latent
to sensible energy change across the energy wheel.

To summarize the findings of Part I of this paper,
the simplified governing equations for heat and moisture
transfer with the dimensionless independent variables are
listed below. The equations for moisture transfer are

apy
ax* = NTUml(pv,m _pv) (47)
and
apv.m NTUmt
or* - Cl‘:(n (pvipv‘m) (48)
where
hA,
NTU,, = NTU = -, (49)
mCp,
5294
Cr, = (Crm*) <~ () —1.61¢ (50)
| 10
and
My 4N
Crm* = =24~ (€]
m

Equation (47) shows that NTU,,,, is the proportionality
constant that relates the axial gradient of water vapor
density in the air to the driving potential for moisture
transfer which is the difference between the water vapor
density on the surface of the desiccant to the water vapor
density in the air. Similarly, equation (48) shows that
NTU,,/Crf, is the proportionality constant which relates
the storage of water vapor in the desiccant to the potential
for moisture transfer. These proportionality constants
are clearly dependent on the physical size, shape and
rotational speed of the energy wheel as well as the mass
flow rate of air. Cr; also depends on the operating tem-
perature and humidity. It should be noted that the defi-
nition of NTU presented in equation (49) uses the
approximation that (mCp), ~ rmCp, for typical operating
conditions for energy wheels.

The simplified equations for heat transfer are

oT,
T’Ci = NTUhL(Y—;n - Tg) (52)
and
aTm NTUh(

=—(T,— T, 53
or* Cri (T, ) (33)
where

NTU
NTU,, = . (54)
1402 H*
g
Cﬂ*
Cr = + (55)
14+ 2 H*
ES
and
(MCp),,N
e _
Cr* = nCp, (56)

Equations (52) and (53) are analogous to equations (47)
and (48) except that Cr¥ (and NTU,,, if 5 is large) can
have negative values. This may seem physically imposs-
ible, but negative values for NTU,, and Crf can be ex-
plained in light of the governing equations shown above.
For example, equation (52) shows that the axial gradient
of the temperature in the air will be proportional to the
temperature difference between the air and the matrix.
The proportionality constant, NTU,,, will typically be
positive. However, if the moisture transfer is dominant
and in the opposite direction of the heat transfer (i.e., H*
is a large negative value), NTU,, can have a negative
value. According to equation (52) this means that the
axial temperature gradient in the air will be negative when
T,> T, and NTU,, is negative. This is an important
observation because it means that even though the matrix
is warmer than the air, the air temperature can decrease
as it flows through the wheel if the heat released due to
phase change is large.

Similarly in equation (53), the change in temperature
of the matrix with time is proportional to the temperature
difference between the gas and matrix. Under normal
conditions, the temperature of the matrix will increase
when the temperature of the air is warmer than the tem-
perature of the matrix. However, in the case of
NTU,/Cri < 0, the change in the temperature of the
matrix will be opposite in the convection heat transfer.
That is, when the moisture transfer is large and in the
opposite direction of the heat transfer, the temperature
in the matrix can increase with time even though the
temperature of the matrix is greater than the temperature
of the air. This means that the heat transfer due to moist-
ure transfer is larger than the heat transfer due to radial
convection, resulting in the net heat transfer to be in the
opposite direction of the simple radial convection. These
observations are very important because they explain the
coupling between the heat and moisture transfer.

Finally, it is important to note that the assumption of
Le = 11is used in this analysis. As shown previously, this
means that NTU,,, = NTU but does not guarantee that
& = g because NTU,,, Cri and Cr¥, can all have different
values depending on the wheel design and operating con-
ditions.

Summarizing, the effectiveness of energy wheels for
C*=1,0.25<(hdy)* <4 and k, = 0 is expected to be
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gs =f‘1 (NTUhl,os C”}Tl,o) (57)
81 = f2 (NTUm!,m Cr:‘l:n.o) (58)
and
& = fi(es, &, HY) (59)
where the overall dimensionless groups are defined as
NTU,., = NTU, (60)
5294
5 5294
Crt,, = (Crm¥) o[+ )—1.61¢ 61)
| 10
NTU,
NTUy, = — (62)
iy 2 27
I+n ‘. H
and
C ok
Crio=—","— (63)
1+ H*
with
NTU, = ! ! + L (64)
° (mcpu)min (hAb)b (hAs)c
MCp),,N
o ( . P) (65)
(n’lcpa)min
My gy N
Crm¥ = % (66)
Miin
and
H* = AH, _ (AH\ 1= 2500A—W (67)
T AH,  \AH, B AT
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