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ABSTRACT:

A mathematical model for the unsteady state heat and mass transfer in regenerative rotary heat
exchanger is derived and solved numerically by using finite difference method. Triangular shape of the
rotary matrix with silica gel (SiO,) that used as desiccant material is taken here. The heat transfer
coefficient and the mass transfer coefficient that used in the present study are suitable for different
types of the matrix shapes. The unsteady state time effect, inlet air temperature, Number of Transfer
Unit (NTU,), heat exchanger length, inlet air temperature and the desiccant material volume on the
latent, sensible and total effectiveness are discussed. It has been notes that the increasing of the heat
exchanger length, inlet air temperature, desiccant material volume and the (NTUy) will increase the
sensible, latent and total effectiveness. The increasing of the inlet air mass flow rate will decrease the
total, latent and sensible effectiveness. The steady state time for the latent effectiveness is lower than
the steady state time for the sensible and total effectiveness.

Keywords: Heat Exchanger, Rotary, Enthalpy Exchange, Latent and Sensible Heat Transfer,
Finite Difference, Regenerative, Counterflow.
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Nomenclature
A Area (m°) NTU,, Mass Number of Transfer Unit
m Mass flow rate (kg/sec) NTU, Thermal Number of Transfer Unit
C Fluid capacitance (W / °C) Nu Nusselt Number
Cp Constant pressure mass heat capacity (kJ/kg.K) P Periphery area for equivalent diameter (m?)
[eN Fluid capacitance ratio Pr Prandtle number
D Diffusion coefficient (cm?/s) Re Reynolds number
| deg Equivalent diameter (m) Sc Schmidt Number
F Cross-sectional area for equivalent diameter (m?) Sc Schmidt number
H Enthalpy (kJ/kg.K) Sh Sherwood Number
h, Heat transfer coefficient (W/m”.K) Sh Sherwood number
hy, Mass transfer coefficient (m/s) T Temperature ( "C)
k Thermal conductivity (W/m.K) u Fluid velocity in the flow channel
L Length of the heat exchanger (m) w Moisture content (kg air/ kg water)
Le Lewis number X Longitudinal distance in x-direction (m)
M Mass (kg) Z Dimensionless longitudinal distance in x-direction
Greek
0 Rotational speed direction (s) v Kinematics viscosity (m%/sec)
A Time interval \ Shape factor
A Change Y Constant factor in heat transfer equations
3 Heat exchanger effectiveness D Heat transfer factor
i Dynamic viscosity (Pa.sec) C Effectiveness constant
T Dimensionless time p Density (Kg/m®)
r Dimensionless time constant
Subscript
a Air sa Saturated air
in Inlet s Supply
X x- direction e Exit
0 0- direction r Ratio
m Matrix desiccant material eq Equivalent
ut Out j Interval
o0 Limiting case t Thermal
Superscript
i | Refer to distance [ | Refer to time
INTRODUCTION

Energy recovery can substantially reduce the mechanical heating and cooling requirements
associated with conditioning ventilation air in most locations and application. Heating and cooling
systems can be downsized and down cost when energy recovery is used, because energy recovery
systems reduce peak heating and cooling requirements, [ASHRAE, 2005].

Rotary regenerative heat exchangers have certain advantages over other types of heat exchangers
for the recovery of heat from exhaust air [WorsAe-Schmidt, 1991]. Two distinct advantages are that a
considerably larger heat transfer area per unit volume and relatively less expensive, and this type of
heat exchanger has higher effectiveness compared with other recovery heat exchanger. Effectiveness of
plate-type heat exchangers is between 45% and 65%, as compared to 60% and 80% for rotary
regenerators [Heinrich, and Franzke, 1993]. Besides these, the speed of the rotation of the matrix can
be used to regulate the amount of the heat transferred. Thus, rotary regenerative heat exchangers
combine both compactness and high performance [Skiepko, 1989]. Rotary regenerators find
increasingly frequent use in air-conditioning systems and gas turbine engines. They have a long history
as air pre-heaters in steam power plants [Romie, 1988].

In many researches considered, rotary heat exchangers that transfer sensible heat only and steady
state operating conditions [Klein et al., 1990, Ciepliski et al., 1998, Simonson et al., 1999 a and b].
Kays and London, 1984, presented an “Effectiveness-NTU” (e-NTU) method for predicting the
effectiveness of sensible recuperative and rotary regenerative heat exchangers as a function of
dimensionless numbers. They showed that the effectiveness depends on two dimensionless numbers for
sensible heat exchangers (NTU and C;) and four dimensionless numbers for rotary heat exchangers
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(NTU, C,, C; , hyAs / heAc). Bowlen, 1993, stated that the energy recovery in the cooling/dehumidifying
mode can be up to 2.5 times greater than for an equally sized sensible heat exchanger and
approximately 40% greater in the heating/humidifying mode. Gunnar Stiesch, 1994, investigated
experimentally the performance of the rotary regenerative heat and mass exchangers for different types
of desiccants material to allow energy savings in the heating and cooling of ventilated buildings by
recovering energy from the exhaust air and transferring it to the supply air stream for different types of
the desiccants. JoAnna Christen Staton, 1998, discussed different types of polymeric desiccant
materials and the ultimate goal of his study was to develop a material that, when applied to an existing
air-to-air heat exchanger would achieve the necessary heat and mass transfer in a single process, thus
transforming a sensible heat exchanger into a total enthalpy exchanger. His study focused on the
development and determination of appropriate polymeric desiccant materials for use in different heat
and mass transfer applications. Various candidate materials were initially studied. Buyukalaca, and
Yilmaz, 2002, presented a correction factor for the speed of the rotary heat exchanger effectiveness,
this factor is used with traditional “Effectiveness-NTU” method to estimate corrected value of rotary
heat exchanger effectiveness. Yilmaz and Ukalaca, 2003, presented a calculation method for the
design of rotary regenerators having different flow channel geometries. This method is dependent to
correct the tradition heat exchanger calculation method “Effectiveness-NTU” by introducing two
factors for correction, one for rotational correction and other for the purge area. They showed this
method is valid for rotational speeds between 0.05 and 7 rev/min. Oyetope, 2005, studied the energy
wheel effectiveness by a selected international laboratory for many types and sizes of wheel. His study
used a new, low-cost, transient method to predict the effectiveness using only data obtained from
transient measurements. In his study, an analytical model was presented for predicting the effectiveness
of rotating energy wheels using only the characteristics measured on the same non-rotating wheels
exposed to a step change in temperature and humidity. A relationship between the step response and
the periodic response of an energy wheel is developed using first order linear system design theory.
Wang et al., 2005, developed a new experimental facility to study the transient response of sensors and
equipment. They studied the transient response of a humidity sensor and used the same sensor to
measure the relative humidity downstream of a non-rotating energy wheel following a step change in
inlet air relative humidity.

In the present study, a mathematical model is derived to generate the governor equations for the
unsteady state countercurrent flow regenerative heat exchanger with mass and energy conservation,
because these equations are impossible to solved analytically, then a numerical techniques is used to
solve these equations by using finite difference method. Triangular shape of the matrix and silica gel
(S103) is used as desiccant material in the present study because the silica gel is most popular desiccant
material. It can selectively absorbs compounds of different molecular weights.
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Fig. (1), Cross Sections of Enthalpy Regenerative Heat Exchanger, [Reilly and Van Geet, 2003]
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MATHEMATICAL FORMULATION

The assumptions that will be used in the present study are (Fig. (1)):

1-
2-

3.

The inlet and outlet state properties for the both fluids are uniform and not change with time.
The thermodynamic properties of the air and the matrix are not affected by the pressure drop in
axial direction of the matrix which is small compared to the total pressure.

There is no mixing or carry out between the two fluid streams.

The fluids and matrix states are considered to be uniform in radial direction.

Angular and axial heat conduction and vapor diffusion due to temperature and concentration
gradient respectively are neglected.

The matrix is considered to be a homogenous solid with constant matrix characteristics.

The convective heat and mass transfer coefficient between the air streams and the matrix are
constant throughout the system.

The rotary regenerative heat exchanger operates adiabatically.

The working fluids (inlet and exhaust) are air.

The mathematical formulation of combined heat and mass transfer in unsteady state regenerative
rotary heat exchanger can be derived by applying the mass and energy conservation on the rotary
regenerative heat exchanger (Fig. (2)) compound with the previous assumptions, [JoAnna Christen
Staton, 1998]:

Inlet Exhuast Air
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Fig. (2) , Schematic of Enthalpy Regenerative Heat Exchanger, [Gunnar Stiesch, 1994]

¥ (the inlet air mass) — Z (the outlet air mass) = mass change of the desiccant matrix material with time

M, +tMie =M, i =M, oo = mass change of the desiccant matrix material with time ...... (D)
a1\/‘['(1 in,x aMa in,0
M, oux =M —— = AX and M, oo =Muno——=""A0 ... 2)
o ” ox o T 00
i, e Ao, Y O e A e 3)
ox 00 00

For the time interval A,



i, e M, S o ML e, 4)

Then, the final form can express as following:

'y 'y
rha.Lawa+Maawa—J+ méwm—J:O ..................................................................... (6)
Tox 0 A 0 A

For the same procedures mentioned previously. Applying the heat transfer balance for the system in
order to get the energy equation, [JoAnna Christen Staton, 1998]:
The advective heat transfer in the air = heat transfer to the desiccant matrix material wheel

A A
rha.LaHa+Ma%—J+ maH—m—J=0 ..................................................................... (7)
T 0x 00 A 00 A

For the same procedures, applying the mass balance for the air and desiccant matrix material wheel,
[Gunnar Stiesch, 1994]:

My, Wo_p w,—w )= D (8)
p,A Ot ot m,/p,

M, _ ‘hA oH, (T,-T, )+ ,hmA (W, =W H e )
oo m,C, JT, m

a a

The final heat and mass transfer governing equations based on mass and energy conservation combined
with the assumptions for the rotary regenerative heat exchanger as follow, [Gunnar Stiesch, 1994]:

1- Mass conservation: 2 . 0 (10)
0z ot ot
oH oH H
2- Energy conservation: “+M, —+ o, =0 (11)
0z ot ot
oW
3- Mass transfer rate: 5 = NTU, (W, = W) et (12)
T
oH cH
4- Thermal energy transfer rate: 5 = =NTU, 8Ta (T, -T,)+NTU (w,-w )H_............ (13)
T

a

The dimensionless parameters in Egs. (10 -13) as following, [Gunnar Stiesch, 1994]:



M Am, .
’C=i for OStSi,whereF=.—m,and1:=i e (14)
AL i bk, A M,
h A M
2=X NTU, =D Nru = dWA N M (15)
L m,C m,/p, M,

The enthalpy of the moist air can expressed as following, [Al-Judi, 1983]:

H,=H,_, +H, =H , + W, H e (16)
Where
_ ] 1.007T, -0.026 0<T,<60°C (17
w 1.005T, 05T >_10iC I
H = 250 4 L8 T oot (18)

Then, Eq. (16) can be written as following:

H, =1.007T, —0.026+ W, (2501 4+ 1.84T,) ...coiieiie e, (19)
1 = Ha 2500w, #0026 g, JHL T LO0TL 40026 e, (20)
1.007 +1.84w, 2501+1.84T,

The enthalpy of the matrix desiccant can expressed as following, [ JoAnna Christen Staton, 1998]:

kJ
H_ = (C L W XA L) L e 21
m ( pm m k K) m ( )

g

The specific heat of desiccant (silica gel) known as a function of temperature, and the average value of
the specific heat at the room temperature is [JoAnna Christen Staton, 1998].

o T 0.95645 .ottt (22)

H, = (0.95645+ 4180 W )T ooooe it (23)

Due to the enthalpy and the temperature of the air are dependent on the longitudinal distance and the
time, then:

Ho=Ha(Z,1) and TamTa(Z,T) oonvieii i e e e e e e ae e (24)
The chain rule is used to find the derivative of the air enthalpy with temperature, as following:

oH, OoH, 0z O0OH, ot
L=—= o (25)
oT, oz 0T, ot 0T,




FINITE DIFFERENCE TECHNIQUES:

Because of the analytical solution for the coupled partial equations with variable parameters is
very complicated and difficult, the numerical solution is used. A finite difference technique is used to
solve the Egs. (10-13), as following, [Kreyszig, 1999]:

Li i+l Litl i Litl i
1- Mass conservation: Ve L —+ M, Va Vo Wi Vi o0 (26)
Az At At
) Hi+l,j _ Hi,j Hi,j+1 _ Hi,j Hi,j+l _ Hi,j
2- Energy conservation: ——+M, — 2+ = =0 (27)
Az At At
Wit b - -
3- Mass transfer rate: % =NTU, (W =W (28)
T
4- Thermal energy transfer rate:
Hb g . 0H oz OH ot . o
——2 =NTU (T, =T, )(—* 2 T )+ NTU, (W) —=wHHY (29)
At oz 0T, ot 0T,

In order to solve the above equations, firstly determine the relative humidity for the air.
Substitution the Eq. (28) in Eq. (26),

i,j i+1,j i,j+l1 i,j
W J_W ] =+ ]

M, Va : Mo ENTU, (W = W) 20 oo (30)
V4 T
i,j i+1,j
wit = Wi C AT NTU (wimwy e N e e 31)
M, Az
it [ ATNTU, — AT i ATNTU w420 b (32)
. AzM, . AzM,

Then from Eq.(28) determine the relative humidity of the desiccant matrix material.

W = W ATNTU (W = W) e (33)
W = (1= ATNTU )W + ATNTU L W e, (34)
For the enthalpy, to determine the air enthalpy, substitution Eq.(29) in Eq.(27),
i _ HH g RN = (s g & & H-* —HM
LS V L WS VUG N L e S L Sl S L
Az At Az T -T," At T,”" —-T," )+.(35)

+NTU,, (w;' —w,HH;) =0



Hi,j+1 _Hi,j o o Hi,j+1 _Hi,j A
M, —* % 4 NTU (T —Th)—2 (I L
At At THT T

Hi+1,j _Hi,j Hi+1,j —Hi’j Az o .
= : - ———— [+ NTU, (W}’ —w,;HH =0
AZ AZ T:_LJ _ T;’J m a m m

+NTU (T - T )[

i,j+1 _ i,j i,j+1 _ i,] i+1,j _ i,]
M e -HS +NTU (TH —Ti’j)H“ H, +Ha H,
AT A DA Az

+NTU, (w;! —wiHH =0

Hi+1,j _ Hi,j
T —-TH )b ...(37)

+NTU(T,” - T, )(

T - T T -T) e
(H""' —H;") ‘+NTU T | =Y - HY) +NTU 2= |- NTU, (w;! —w,;)H,.(38)
T1J+ T;,J THJ T;J
Ti,j _Ti,j
|:Alz + NTUt M:| i i
N e T} NTU,, (W' —w! .
H;,_]Jrl — H;,J _(H:rl,J _H:J) a x aJ — m(Wa Aij )_] Hi;lj ................. (39)
M T,) T, M T,) - T,
L+ NTU, 2 —" L+ NTU, 2 —"
At T =T | | At T -1,
iLj _ i iLj _ i
{AIZ-FNTQ T’:li—‘jl,j T"in”} |:A1Z+NTIJt T’:li—‘jl,j Tiwni,j:| ij i,j
Ho =1 LR T L NGOG = Wa) gy 4
’ M, T/ -T) || ° | M, T/ -T) | © |M T,) T
i,j+1 i,j U i,j+1 i,j U i, j+1 i,]j
At T T At T T At T T
Where:
g . g g L HY - b
H;' =1.007T,” —0.026 + w, (2501 +1.84T,") = T," JHOA0026= 200w (41)
1.007 +1.84w !
y A . HY
H,J) =(0.95645+ 4180w, )T,) = T, = n s (42)
0.95645+4180w,,’

These equations are solved by using trail and error (firstly determined the H, from Eq. (40) at
new time, then determined the T, from Eq. (41) at a new time and replay the procedures to get the
approached values of H, and T, with good accuracy.

Finally, the desiccant matrix material enthalpy is determined as following:

HE i OH, oz aH o
——==NTU (T} - T)! +NTU, (Wh —whYHY 43
AL (T, =, ar 5 2T ) m( ) (43)
Hi,j+1 _Hi,j o o Hi+l,j _Hi,j Hi,j+1 _Hi,j
Sm T e o NTU, (T - ThH)| = 2 TAZ L 2 ‘.IAT
At Az T,” -T," At T =T )b, (44)

+NTU_ (W —w')HH



- . . . . IO S ast S & NI & VLU < (N
HY" = (1+ AINTU, (Wb —wh)HY + AINTU, (T, —T;;J)( e a4 _a a J

i+l i Litl i
Ta Ta Ta Ta

The time interval that used in the present analysis to avoid the negative fluctuation term in the above
equations is derived from the Eq. (32) and Eq. (34) as following:

=8TNTU A% 50 o A M BT (46)
M. AzM, NTU,_ Az+1
or
I=ATNTU, 20 = ATS o oo (47)
NTU

The lower value of the (A1) from the Eq. (46) or Eq. (47) will be selected in the computer program. A
Quick-Basic computer program is written to calculate the values of the enthalpy, temperature and
moisture content for the air and the matrix.

BOUNDARY AND INITIAL CONDITIONS

The conditions in the following analysis are taken as the summer conditions because this condition is
very common through the year for Arab countries, [JoAnna Christen Staton, 1998]:

Table (1), Specifications of the Case Study

Standard Supply Return
dry bulb temperature (°C) 35 21
wet bulb temperature(°C) 26 16
relative humidity (%) 47 60
humidity ratio (kg H,O / kg Air) 0.017 0.009
mass flow rate (kg/s) 0.22 0.4

Silica gel density = 1200 kg/m’

Aluminum foil density = 2700 kg/m"’ and the specific heat (C,.)= 903 J/kg'K
Rotary heat exchange wheel length = 0.1 m

Rotary heat exchange wheel diameter = 1 m

The other needed air properties is determined from the psychometric chart

The boundary and initial conditions that used during the solution process can be described as following.
Two sets of boundary conditions were required to allow for different, independent air conditions of the
supply and exhaust air streams, different supply and exhaust boundary conditions must be imposed. For
most realistic applications the exiting supply and inlet exhaust conditions would be dependent in some
manner.

When the passage of supply air over the surface of the desiccant channel is modeled, the solution
satisfies the supply air boundary conditions:

T,(0,7) =T,

a1

ANA W (0,T) = W o ottt (48)



When the passage of exhaust air over the surface of the desiccant channel is modeled, the solution
satisfies the exhaust air boundary conditions:

T,(L,ir) =T, ,and W (L, T) = W o oot (49)

The initial conditions applied to the governing equations, regardless of which air flow is being analyzed
first, are:

T, (z0)=T

> ANd W, (Z,0) = W, o (50)
The area of the hot and cold air flow are taken as following (hot air passage area =cold air passage area
= (165°/360°) of the total area of the wheel, and the purge passage area = (30°/360°) of the total area of
the wheel).

Then after applying the boundary and initial conditions, we calculate the humidity and enthalpy of the
air and the matrix are calculated from the Eq.(32), Eq. (34), Eq. (40) and Eq. (45) , respectively.

HEAT TRANSFER COEFFICIENT:

Yilmaz and Cihan [1993] developed a method to calculate the convective heat transfer coefficient for
flow in the channels of various cross-sections for a constant wall temperature boundary condition. The
Nusselt number can be calculated by using the following equation:

3 3 \?3
Nu, = Nu |1+ 322 o Y L (51)

In which Nuy is the Nusselt number for the limiting case of Z— oo and can be obtained as follows:

NUL Z3.657@ oo (52)

Where @ is a heat transfer factor taking the shape of the cross-section of the channel into account for
developed velocity and temperature profiles at a constant wall temperature. It is given by [Yi1lmaz and
Cihan, 1993]:

D=1+ T A (53)

+ +
1+1/(n-1)
The parameters @, and A® can be calculated by using the following equations:

4
@, =0.5155 T e (54)
_1)\05
AD = AD, +— O e (55)
1+0.038(n—1)
Where
.8
AD = _280'007‘1 S teeereetereieteereete e e barbatateaeerrbaaeeeerabaraeeeiartareeans (56)
(1+10d" H)(A+64*107°8d* )2



The parameters (d') and (n) used in the equations above describe the shape of the channel [Y1lmaz and
Cihan, 1994]:

Where (Foq) and (Peq) are, respectively, the cross-sectional area and periphery of the equivalent
diameter of the flow channel. The corresponding values for (d ) and (n) are given in Fig. (3).
Equivalent diameter (dq) 1s defined as [Y1lmaz and Cihan, 1994]:

Where (dmax) is the diameter of the largest circle that can be inscribed in the cross-section of the flow
channel. The shape factor (y), which is required for the calculation of Nusselt number, is given as
[Yilmaz and Cihan, 1994]:

-1

y=1+ e (59)
1+0.33d”% /(n-1)

Where

v, =§d*2(3—d*) ................................................................................................. (60)

The other parameters that used in calculation of the Nusselt number as following [Yilmaz and Cihan,
1994]:

* 7/8 N
o1 BW D A L 61)
1+0.25/(n—1) d, Re Pr
Where
ud,
R = T (62)
v
N b, de, (63)
U, o o ettt
! k

d=1 d*=1 d*=1 d =1 d=2
n=1 n=1.633 =1.273 n=1.432 = oo

Fig. (3) , The Parameters d and n for Different Channel Shape [Yilmaz and Ukalaca, 2003]
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MASS TRANSFER COEFFICIENT:

The common equation that used to calculate the mass transfer coefficient is, [Incoropera and DeWitt,
2002]:

Sh = 0.023 RE% S SC ™ e (64)

h_d
Where Sh is called Sherwood number (Sh = mD =), Sc is called Schmidt number (Sc = A LD) and
P

D

D is diffusion coefficient (cm?/s)

ROTARY REGENERATIVE HEAT EXCHANGER PERFORMANCE:

The performance of the rotary regenerative heat exchanger is calculated by three types of the
effectiveness: the sensible ( & ), latent ( & ) and total ( & ) effectiveness.

Energy from rotary heat exchanger is transferred both sensible and latent energy between the air
streams due to the desiccant attached to the aluminium substrate of the wheel matrix. Sensible energy
transfer is caused by the temperature differences between the two airstreams and latent energy transfer
is caused by the water vapour pressure differences between the two airstreams. The total energy
transfer rate in energy wheels is the sum of both sensible and latent energy transfer rates. The
effectiveness is described as following:

e (67)

Iillmin (C.:s,in - C.:e,in)

Where
{ = 1s equal either the dry bulb temperature, the humidity ratio, or the enthalpy of the moisture-carrying
air stream. When temperature is used, a sensible effectiveness is obtained, reflecting the wheel’s
ability to transfer heat. When humidity ratio is used, a latent effectiveness which reflects the wheel’s
moisture transfer performance is obtained. When enthalpy is used, a total effectiveness is obtained,
reflecting the wheel’s ability to transfer both heat and moisture.

m, ., = is the minimum value of either m_ or m

exit

Also, in the present analysis a dimensionless parameter used with the enthalpy heat exchanger is called
Lewis number (Le), [Schultz , 1987], it is defined as the ratio of the number of transfer units for heat
transfer to the number of transfer units for mass (humidity) transfer, as follows:

Lec NTU,

NTU,
In the rotary regenerative heat exchanger, Lewis number is very affected factor. The Lewis number
depends on the type of desiccant used and the thickness of the desiccant coating. When the Lewis

number greater than one, this means decreasing in the humidity transfer effectiveness compared with
the thermal effectiveness for a fixed conditions of inlet states.

RESULTS AND DISCUSSION:

Before discussion the results, the accuracy of the Q. Basic computer program is checked with the
other results [Gunnar Stiesch, 1994], for the data (Le =1, T,;,=25"C, T.ix=35°C, triangular matrix
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duct, matrix length =0.15 m, matrix diameter =2 m, Silica Gel). The comparison is plotted in Fig. (4),
the results of the current program for the sensible heat exchanger effectiveness are very acceptable with
the results of the Gunnar Stiesch, 1994.

The variation of the temperature and enthalpy of the inlet air against the dimensionless time is
plotted in Fig. (5). The increase of the dimensionless time will increase the temperature and enthalpy
due to increase the time for the energy transfer from the hot to cold fluid (air).

The effect of the dimensionless time on the rotary regenerative heat exchanger effectiveness for
(NTU=4 and Le =2) is plotted in Fig. (6). The increase of the time will increase the sensible, latent and
total effectiveness. The sensible effectiveness is increased as the time increased due to transfer of the
sensible heat (temperature) from the hot fluid to cold fluid by the desiccant material. The latent
effectiveness is increased due to transfer of the relative humidity from the exhaust humid air to the inlet
fresh air and then reaches to steady state faster than the sensible heat effectiveness due to the mass
transfer by relative humidity which need less time compared with heat transfer by temperature to reach
the steady state value. The total effectiveness is also increases because it is the summation effect of the
sensible and latent effectiveness. The steady state time for the sensible and total effectiveness is
approximately identical and it’s greater than the steady state time for the latent effectiveness.

In Fig. (7), the variation of the sensible heat effectiveness is plotted against the dimensionless time
constant for different values of the Number of Transfer Unit (NTU,). The increase of the time will
increase the sensible effectiveness. The increase of the NTU value will increase the sensible
effectiveness due to increase of the quantity of the sensible energy that transferred from the hot fluid to
the cold fluid. The difference in the steady state sensible effectiveness value for larger values of the
NTU; is become not noticeable due to the system nearly reach to the steady state faster (higher
effectiveness) than when the NTU; value is small (lower effectiveness). The increasing of the NTU;
will increase the steady state value due to increase of the heat transfer between the hot fluid and cold
fluid. The same effect is appearing for the total effectiveness with dimensionless time for different
values of the NTU; (as shown Fig. (8)). Due to the steady state, the total effectiveness is directly
proportional to the steady state sensible effectiveness.

The effect of dimensionless time on the sensible effectiveness for different values of the inlet air
temperature is plotted in Fig. (9). The increasing of the inlet air temperature will increase the sensible
heat effectiveness value due to reduce of the maximum heat transfer and in same time increase the
energy of the inlet air. Also, the effect of the number of transfer unit on the sensible effectiveness for
different values of the inlet air temperature is plotted in Fig. (10). The increasing of the inlet
temperature and the number of the transfer unit increases the sensible effectiveness for the same
reasons mentioned before.

The effect of the heat exchanger length (matrix wheel length) against the steady state sensible,
latent and total effectiveness is plotted in the Fig. (11) for (NTU=7 and Le =2). The increase of the
heat exchanger length will increase the steady state sensible, latent and total effectiveness due to
increase the exchange time for the energy and mass transfer between the fluids. The effect of the heat
exchanger length on the steady state value of the latent effectiveness is not noticeable compared with
the steady state value of the sensible and total effectiveness because the latent effectiveness needs less
time to reach the steady state value compared with sensible and total effectiveness.

The effect of the inlet air mass flow rate on the steady state sensible, latent and total effectiveness
is plotted in Fig.(12). The increase of the inlet air mass flow rate decreased the steady state sensible,
latent and total effectiveness due to decrease the number of transfer unit (NTU) for heat and mass
transfer. The increase of the mass flow rate will increase the inlet air storage energy and then the inlet
air needs more thermal and mass energy in order to rise its temperature and its relative humidity. The
effectiveness decreased firstly and this decreasing becomes sharply at high values of the inlet air mass
flow rate the reason is the maximum heat transfer and maximum mass transfer become large compared
with the actual mass and energy transferring.
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The effect of the desiccants material mass on the sensible, latent and total effectiveness is plotted
in Fig.(13). The increasing of the desiccants material mass (volume) will increase the energy storage
inside the desiccant material (internal energy) and then increases the transferred energy from the hot
fluid to the cold fluid through the desiccant material.

CONCLUSIONS:

The heat and mass transfer from a rotary regenerative heat exchanger is solved numerically by
using finite difference techniques. The following conclusions that drawn from the results of the present
work:

1- The increasing of the time will increase the sensible, latent and total effectiveness.
2- The steady state point for the latent effectiveness is less than the sensible and total

effectiveness.
3- The increasing of the NTU will increase the effectiveness and reduce the time for reaching the

steady state value.

4- The increasing of heat exchanger length will increase the sensible and total effectiveness
sharply compared with latent heat effectiveness (the increase of the heat exchanger length not
affected largely on the latent effectiveness).

5- The increasing of the inlet air flow rate will decrease the sensible, latent and total effectiveness.

6- The increase of the desiccant material mass (thickness) will increase the total, sensible and
latent effectiveness.

7- Neglecting the latent heat transfer is not acceptable because the difference between the sensible
and the latent effectiveness is noticeable.

8- The using of traditional NTU-Effectiveness method and the Log Mean Temperature Difference
method for this system without any corrections may be lead to mistake in the calculations.
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Fig.(4), Comparison between the present study and Gunnar Stiesch, 1994, (Le =1, T,,=25°C,
Tein=35°C, triangular matrix duct, matrix length =0.15 m, matrix diameter =2 m, Silica Gel)
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