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Abstract: In this study, effect of geometry channel of matrix on the performance of the recovery wheel was
experimentally and numerically studied. Two channels geometry of matrix (rhombic and sinusoidal) made of
aluminum with diameter (60 cm) and length (5, 10, and 15 cm) of wheel were used. A mathematical model
for heat transfer between the air and matrix in recovery wheel is derived and solved numerically by using
backward difference, fully explicit discretization in time finite difference method. Computer program was
built in MATLAB to solve finite difference equations to find the effectiveness of the recovery wheel, and this
model is validated with experimental work. The results showed that, the sensible effectiveness for rhombic
and sinusoidal channels was increased with increasing wheel speed, also the increase of wheel thickness will
increase the sensible effectiveness. When the wheel thickness increased from (5 to 15 cm), the effectiveness
will be increase from (74. 39 to 81.48 %) for rhombic, and (79.16 to 85.89 %) for sinusoidal channel at speed
(25 rpm). The sensible effectiveness for the sinusoidal channel is higher than the rhombic channel at any
wheel speed and wheel thickness increase.
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1. Introduction

A recovery wheel employs as a main part of technologies known as heat recovery
ventilations (HRVS) or energy recovery ventilators (ERVS). The benefit of combine the
recovery wheel with the (HVAC) system is to improve (IAQ), reduce energy consumption,
and downsize (HVAC) system. A recovery wheel as shown in figure (1) is a cylindrical
wheel rotates at constant rotational speed and divided in to two section by positioned it in a
duct system. The frontal area of the wheel is designed to allow air to pass through it from
one side to another [1].

Exhaust air Return air

Outside air Supply air

Fig. 1: Recovery Wheel

The heat and moisture in the recovery wheel exchanges in an indirect manner between the
supply and exhaust air. When the wheel start to rotate heat is transfer from the hot air to the
heat transfer media (matrix) during one half of revolution and from the matrix to the cold
air during the second half of revolution. The moisture is transfer in the same manner,
during the first half of revolution, the moisture is transfer from the high humid air to the
transfer media (matrix) and from the matrix to the low humid air during the second half of
revolution [2].

Many investigations have studied the performance of recovery wheel. These studies
have investigated the factors that have an influence on recovery wheel performance such as
dimension, matrix material, speed of wheel, and the volume flow rate. S. Delfani et al. [3]
investigated experimentally and numerically the effect of desiccant wheel length on the
sensible and latent effectiveness. Eight different value for the length of wheel at constant
diameter were investigated: L=0.1, 0.12, 0.14, 0.16, 0.18, 0.2, 0.22, and 0.24m. It was
concluded from the experimental results that the sensible and latent effectiveness rises by
increasing the wheel length. Monali S.Bhojane et al. [4] used the energy wheel to improve
the performance of C.I engine. Three materials used were mild steel, copper, and aluminum
with diameter equal to18 in and thickness 2 in.

They also observed that, aluminum wheel gave the highest performance for all wheel
speeds from the other wheels. Manu Prakash et al. [5] studied the energy wheel
effectiveness (sensible and latent) at different wheel diameter. The wheel dimension
selected for this study is five value of diameter D=500, 600, 700, 800, and 900mm and
constant wheel length. It was showed that, when wheel diameter increases both sensible

67



Journal of Engineering and Sustainable Develop t Vol. 23, No. 02, March 2019 www.jeasd.org (ISSN 2520-0917)

and latent effectiveness increases because the area of contact increases and the volume flow
rate is constant. This study focused on the effect channel geometry of matrix on the
performance of the recovery wheel.

2. Theoretical and Numerical Models

The governing deferential equations and finite difference equations will be introduced to
estimate the performance of the recovery wheel. The programming and structure of
computer codes will be also presented in this section.

2.1 Physical Properties of Recovery Wheel

To form the sensible heat model, it is necessary to illustrate and define the coordinate
and nomenclature of the heat wheel as shown in figure (2). The supply side is distinguished
by subscript (s) and the exhaust side by (e). The inflow is denoted by (i) while the outflow
by (0). the subscripts (m and g) refer to matrix and air flow respectively.

x=17L, x=0
x| x(+)
1
C_e,o 7;{__8,1
T mg_e i
”““-E__—-#-—'
«Q I
m ng__s i ];_5,0
g_s.d =
1
x(+)
x=0 ot x=L

Figure 2. Coordinates and nomenclature of the recovery wheel.

Since the wheel is balanced and symmetric, the wheel frontal area, free flow area, and
heat transfer area are the same on each side. They can be written as follows [6].
Frontal cross sectional area of the wheel (for each flow):

A = (55) (%) = 5 ®
Cross section area of the air stream:
o= (555) ) (F) = 5% @
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Cross section area of the matrix:

= () 01— (122 < o ©

Porosity (¢) of the matrix can be defined as the ratio of the air stream volume () to the
total volume ((V,), can be written as:

@ = Vo Yo
Viot Vg+Vm

(4)

The porous matrix is used to increase the heat transfer surface area (A). The surface
area can be written as:

(1-@)mdf Ly
A, =0 0rduln 5
; = e ©

Hydraulic diameter is define as [7]:

__ 4 (voidvolume) 4V,  4A

dy = (6)

surface area Ag P

Fig.3. represent he channel geometries that tested in the present study with the hydraulic
diameter of each channel.

A

Figure3. Channel geometry where (A) Rhombic and( B) Sinusoidal channel

Where, the hydraulic diameter of rhombic channel can be written as shown below:
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_ 4a?

dh—_:a (7)

4a

While, the hydraulic diameter of sinusoidal channel is shown by the following
equations[8].

A=2a.b, 8
2 2 3+(tzzci1cr)2
P ~2b,+2_|b% + (a.m) prvaire 9)
4A 8a.b,
dy === 2 T (10)

P 3+(_)2
2b+2_ b2 +(acm)? S
e

To obtain the convective heat transfer coefficient of the flow inside channels with
various cross section area it can be given by [6].

NuKg (1—
hyr = %f@ (11)

Where, the Nusselt number for flow in various cross section channels for porous media
of the recovery wheel is given by the following equation:

1 2
Nu= 2+ (0.4 Rez +0.2 Re3 )Pro4 (12)

The Reynolds number and Prandtl number can be defined by the following relations:

Re= Pa %a n (13)
Hg
_ kg Cpyg
Pr="2-2 (14)

The design parameter of the recovery wheel that govern the heat transfer is the number
of transfer unit for the heat transfer between the matrix and air (NT Uy ) can be defined as
shown below:

NTUyy = ﬁ (15)
2.2 Assumption
The model assumes in the present study that:
1- The matrix is suppose to be a homogenous porous solid with constant physical
properties.
2- A mixing does not take place between the two fluid streams.
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3- The thermodynamic properties of the matrix and air are not affected by the small
pressure drop.

4- The temperature radial gradient for the air and the matrix is neglected.

5- The heat transfer coefficient is assumed to be constant and not vary with time.

2.3 Governing Equations

The energy equation is applied on an unit volume element of the matrix and the air to
derive the governing equation as shown in Fig.4.

@W
N

‘ qc()nveclive (x) e qslored _ flow = qconvecli've (x At dx) ¢
i aq com

Matrix

dx

Figured. The energy balance of the sensible heat wheel.

In the flow region:
By applying the first low of thermodynamic to the unit volume element of the air in the
wheel, the energy balance of the flow become [1].

Qstored,flow = qconvective (X) — Gconvective (x + dx) - quOTlU (16)
Where:

a .
QConvective(X + dX) = Qconvective (X) + W dx (17)

Substituting Eq. (3-17) in Eq. (3-16) gives :
9 convective
QStored,flow = (convective (X) - ( Gconvective (X) + qa—xt dx ) - dQConv (18)

stored,flow » 9qcony » AN Geonvective CaN be expressed by the following equations:
_ 9Ty
Qstored,flow = pgAngCpg ot (19)

d
dqconv = hHT As Tx (Tg'Tm) (20)
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qconvective™ l’i’leng = UgAgngpng (21)
Substituting Egs. (3-19), (3-20), and (3-21) in Eq. (3-18) gives:

0Ty _ Ty dx
pgAgdx Cpgy Tl UgAgpgCpgTy- UgAgpgCpy ( Tg+$ dx)- hyr As - (Ty-Tn) (22)

It can be simplification to yields: (23)
Eq. (3-23) refers to the temperature distribution of the air in the sensible heat wheel.

oT, oT,
PPg Cpg a_f =—9 Ug ngpg (6_5) — hyr Ay (Tg - Tm) (23)

In the matrix:
By applied the first low of thermodynamic on the unit element in the matrix of the
wheel, the energy balance becomes[1].

qstored_matn'x = {4cona (x) ~ qcond (x + dx) + dQConv (24)
And

a con
Geona(x +dx) = (qcond (x) + % dx) (25)

Substituting Eq. (3-25) in Eq. (3-24) gives:

a CcOoNn.
Qstored,matrix = Ycond (x) — (QCond (x) + % dx) + dqcony (26)

Where (¢scoreamacriz @1d Geona (x) ) €N be written as follows:

OTm

Qstored matrix — PmAmCom dx ot (27)
T,
Geona(X) = —KmAp ox (28)

Substituting Egs. (3-20), (3-27), and (3-28) in Eqg. (3-26) gives:

Ty, T, Ty, 0%Ty dx
PmAmClm A% 28 = —Ky Ay T2 = KAy (=22 = 220 dx) + hypds (T) (Ty = T)  (29)

Simplify the above equation for the following equations.

0Ty, 02Ty,
1- (p)pmcpm rra = (1- (P)Km (_ ?) + hyr A, (Tg - Tm) (30)

EQ. (3-30) refers to the temperature distribution of the matrix of the wheel. The initial
and boundary conditions that used to complete the solution process as shown in the
following[9].

Initial conditions:
The initial conditions that common applied in the solution process are:
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Tg—s,i+Tg—e,i

Ty(x,0) =Ty, ,and  T,(x,0) = 5

Boundary conditions:
Supply side: Ty (x=0,t) = Ty_g;
Exhaust side: T, (x=0,t) = Ty_;
For the matrix the boundary condition written mathematically as shown bellow
(chosen to be adiabatic):

0T (x=0,t) _ 0T (x=Ly,t) _
ox dx

0 (31)

2.4 Representation in Dimensionless Form

The solving of equations (23) and (30) give the temperature distribution of the air and
matrix in the recovery wheel. The analyzing and solution become very easy and intelligible
when the differential equations turn into dimensionless. The parameters and variables that
will turn into dimensionless are:

tt = Time

xt=2X Length

Lw

Tg—Tg—si
TS = ——2*— Temperature of gas
Tg—e,i_ Tg—s,i

Tm-Tg-si .
T} =—"—22  Temperature of matrix
M T ei—Tgosi

g-e,i g-s,i

By using all of the above dimensionless parameter, the partial differential equations
(23) and (30) become in the dimensionless form as shown below:

1015 ot}
Ty, %1} NTU _
at+ = FOm ax+2 - C;'HT (Tg+_ TT;";)_O (33)

Where C;t is the heat capacity rate ratio of the recovery wheel and defined in the
following equation :

Cr _ (PALCP)m @ _ (MCD)m Q
cr=S= = 34
TTC, T (pAucp), | (mep), (34)

The initial and boundary conditions should be also converted to the dimensionless form
in order to solve the dimensionless differential equations.

73



Journal of Engineering and Sustainable Development Vol. 23, No. 02, March 2019 www.jeasd.org (ISSN 2520-0917)

Initial conditions:
For the air: T (x*,0) = T,_,

i + .+ T;-si+T;-ei
For the matrix: T, (x™,0) = —

Boundary conditions:
Fortheair: T,_s(x* = 0,t") = 0,and T/ .(x* =0,t*) =1

oot
For the matrix:aT'"(x—:O’t)z 0, and
dx

OTH(xt=1t") _
ox+t -

0

2.5 Numerical Model

Equations (32) and (33) can be solved numerically by using the finite difference method.
In this study the backward difference and fully-explicit discretization in time was applied to
both air and matrix. The solution of the governing equations give the temperature
distribution of air and matrix in the sensible heat wheel.

LT N
1.9 i i i-1 N ) _ .
L I IS g NTU (T, =TT ) = 0 for air (35)
TH T -TEY Fo n n n NTU n n
mi  —'mi _ ZOm (N opd + _ HT (41 _ M) _ :
At+ Ax+? Tmi_l ZTmi + Tmi+1) ot (Tg ; Tmi) = 0 for matrix (36)

Equations (35) and (36) can be used for both supply side and exhaust side. To avoid
the negative fluctuation term in the above equations, the change in dimensionless time is
derived from the finite difference equations of air and matrix as following:

1
(AX%H“NTUHT)

1 - .
T Fom NTURT) > At* in matrix
(ZAx+2+ crt )

> AtT inair

Finally, the sensible effectiveness of recovery wheel can be calculated according to Eq.
(37)[10].

£ = c2(T1—T) (37)

S
Cmin(T1—T3)

After offer all the main governing equations and finite difference equation, the average
outlet temperature of the supply and exhaust period should be calculated from these
equations in order to estimate the sensible effectiveness of the wheel. Computer program
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built in MATLAB (version 7.6 R2008a) to solve the finite difference equations, and find
the effectiveness of the recovery wheel.

3. Experimental Work

To accomplish experimental investigation, the test rig is designed and manufactured as described
and photographed in figure (5). The test rig consists of (test room, air conditioning, two centrifugal
fans, motor, case and recovery wheel, four ducts, and measurement devices).

2m

Room

wg
-
0

Air conditioner

Inlet Exbaust

Fan —
Station 3
TC(2)

Figure5. Description of the test rig.

The test room was made of sandwich panel with dimension (2m X 2m x 2m). A
window type air-conditioning (gives heating and cooling loads) was used to obtain the
temperature and relative humidity recommended in air-conditioned places according to the
Iragi Mechanical Ventilation Code [11]. The tests of this study was conducted in winter
where the range of temperature and relative humidity required in room was (21+2 °C and
50+10%) respectively, while the temperature and relative humidity in surrounding was
(1443°C and 50+10%) respectively. Two shapes of aluminum channels geometry were
used (rhombic and sinusoidal channels). The hydraulic diameter of rhombic and sinusoidal
channel was (10 and 7.9 mm) respectively. The effect of both speed and wheel thickness on
the sensible effectiveness were studied. three wheels of diameter 600mm and thickness (50,
100, and 150mm) has been manufactured for each channel geometry, while the speed used
in this study was (5, 10, 15, 20, 25 rpm), and the volume flow rate was (150 CMH)[12].

4. Results and Discussion

The experimental effectiveness results of recovery wheel shows in Fig.6, while Fig.7.
was show numerical results for rhombic and sinusoidal channels respectively. The effect of
both speed and wheel thickness on the sensible effectiveness for rhombic and sinusoidal
channels shows Fig.6. respectively. It is seen from these figures that, the effectiveness for

75



Journal of Engi

ing and Sustainable Develop t Vol. 23, No. 02, March 2019 www.jeasd.org (ISSN 2520-0917)

rhombic and sinusoidal channels was increased with increasing wheel speed because the
average temperature of the matrix becomes close to the air when the sensible heat wheel
rotates slowly and this will decrease the heat transfer as the temperature difference becomes
limited, while the amount of trapped air in the channel of the wheel increases when the
wheel rotates fast and this increases the heat transfer between the matrix and air which lead
to increase the effectiveness. In this study, the optimal wheel revolution speed was (25 rpm)
at each value of volume flow rate and length of wheel for two channels. The effectiveness
of recovery wheel is also affected by the wheel thickness as shown in Fig.6. It can be
concluded from these figures, the increase of wheel thickness will increase the sensible
effectiveness due to increase the area of heat transfer and this will increase the time of
exchange the energy between the supply and exhaust air streams. When the wheel thickness
increased from (50 to 150 mm), the effectiveness will be increase from (74. 39 to 81.48 %)
for rhombic, and (79.16 to 85.89 %) for sinusoidal channel at speed (25 rpm). The sensible
effectiveness for the sinusoidal channel is higher than the rhombic channel at any wheel
speed and wheel thickness because the rhombic channel has the highest hydraulic diameter,
and therefore this leads to a lower heat transfer coefficient and heat transfer area. When the
volume flow rate and wheel speed were (150 CMH and 25 RPM) respectively for each
length ( 50, 100, and 150 mm), the experimental sensible effectiveness of rhombic channel
was (74.39, 78.26, and 81.48 %), while the effectiveness of sinusoidal channel was (79.16,
8v 2.82, and 85.89 %) at rates increase (1.06, 1.058, and 1.054 time) respectively. Finally
can be seen from Fig.6 and Fig.7 that, there is a convergence between the results of
experimental and numerical effectiveness with maximum error reached to (23.27%) while,
the minimum error (2.42%). The main reason for this error was the leakage between the
wheel and outlet, and between the supply and exhaust air streams.

e =5 M el L=10 cm —=Ll=>cm =@=Ll=10cm

=15cm  Rhombic

=15¢m Sinusoidal

85 90

30 85 -
3 <75
570 3
g £ 70
ks 65 k]
£ £ 65

60 i

4 60 /
55 55
50 T ) 50 T T )

10

20 30
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1\A(I)heel Speed (RPI%)0

30

Figure 6. Experimental results of the effectiveness at each length for rhombic and sinusoidal channels.
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Figure7. Numerical results of the effectiveness at each length for rhombic and sinusoidal channels.

Abbreviations

Symbols Definition Units

A Cross section area m?
A, Frontal cross section area of the half split wheel m?
Ag Cross section area of the air stream m?
A Cross section area of matrix m?
Ag Convective heat transfer surface area m?
A, Geometrical surface to volume ratio m?/m3
dy, Diameter of wheel m

ds Diameter of fiber m
dy, Hydraulic diameter m
hyr Convective heat transfer coefficient W/m?. K

i Index of stepping along x-direction

kg Thermal conductivity of gas W/m.K
ki Thermal conductivity of matrix W/m.K
L, Length of wheel m
g Mass flow rate of gas kg/s

NTUyr Number of heat transfer unit

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

T, Temperature of gas K

TS Dimensionless temperature of gas

T Temperature of matrix K

T Dimensionless temperature of matrix

t Time s

t* Dimensionless time

Uy Mean gas velocity m/s
Viot Total volume of half split wheel m3
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Vn Volume of matrix m3
A Volume of air m3
x Axial coordinate m
x+

Dimensionless length
5. Conclusions

1. The sensible effectiveness of recovery wheel will increase with increasing the speed and
wheel thickness.

2. the sensible effectiveness and of sinusoidal channel are higher than rhombic channel.

3. There is a satisfactory match could be seen between the numerical and experimental
results.
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