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Nonemclature

D, = flow hydraulic diameter 2(w x h)/(w + h)

g = gravitational acceleration

Gr* = modified Grashof number eq. (5)

h = lower glass cover and back plate spacing

k = thermal conductivity

1 = length of offset plate

L = total length of offset plates

n = number of elements i, orj

N = number of offset plates (L/I )

&JX = local peripheral Nusselt number eq.(23)

Nu = average Nusselt number eq. (24)

p = static pressure

P = dimensionless pressure eq. (5)

Pr = Prandtl number

q = heat flux

Re = Reynolds number (u;, D, /V)

T = temperature

t = offset plate thickness

u,v = velocity components in x and y directions
respectively

U,V = dimensionless velocity components

w = offset plates width

X = axial horizontal distance measured from
inlet edge of the 1st offset plate

y = distance in vertical direction

Greek symbols

a
a*

B

absorptance
thermal diffusivity
volume expansion coefficient

1. Introduction
Convective heat transfer between a fluid and solid accompanied with
radiation mode is a rather complicated phenomenon. It is known that the
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entrance region of a fluid flow in a duct or between parallel plates is
characterized by thin velocity and thermal boundary layers. Hence, the
convective heat transfer coefficient therein is substantially larger than at
locations farther downstream. To make a promotion of the convective heat
transfer coefficient, using offset (interrupted) plates or fin surfaces in a
channel or duct to prevent a fully developed flow has been considered in
many industrial applications. An extensive previous numerical study of the
forced convection of air with interrupted fin surfaces or offset plates has
been carried out for the compact heat exchanger such as Joshi and Webb
(1987), Mizuno et al. (1994), Patanker and Prakash (1981), Sparrow and Liu
(1979), Sparrow et al. (1977), and Suzuki et al. (1982; 1985). Peterson and
Ortega (1990) presented a concise review of current work on the offset
configuration in the thermal control of electronic equipment and devices.
Through the literature review, most of presented work treated has been the
convection heat transfer on the offset configuration considering isothermal
or constant heat flux conditions, while the present knowledge of the long
offset fins in the flow direction (offset plates’ configuration), especially when
it is neither subjected to constant heat flux nor having isothermal condition,
i.e. heated by radiation heat flux, is not satisfactory, particularly for
application to air heater solar collectors. Thus, to describe precisely the
complex temporal and spatial structures of the effective heat transfer
process, the physical system considered here for the numerical simulation
analysis is conducted to investigate the laminar flow forced-convection heat
transfer characteristics of air flow in a two parallel plates channel with offset
absorber plates and heated by a radiation heat flux. Also in this study, the
significance of design parameters on the convection heat transfer coefficient
is investigated. These parameters are the optimum spacing of offset absorber
plates relative to the nearest channel wall and the relation between an offset
plate length and the channel hydraulic diameter for specified channel length.
To obtain the convective heat transfer coefficient in this study, the velocity
and temperature fields are obtained numerically by solving the two-
dimensional, laminar-flow conservation equations. The flow field boundary
temperatures are obtained by applying the energy balance to the boundary
elements.

2. Physical model and analysis

The physical model considered in this study is shown in Figure 1. It consists of
a two parallel plates channel formed by the back plate and the lower glass
plate (g2). The back plate is an aluminum sheet coated with black paint on the
upper side and thermally insulated from the back side, while, N numbers of
aluminum plates are coated black on both sides forming the offset
configuration. The upper glass plate (g1) is forming a convection shield
between g2 and the ambient air.
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2. 1 Flow field model

For the physical model shown in Figure 1, the flow is considered laminar,
incompressible and the fluid (air) was assumed Newtonian with constant
properties. The pressure work and viscous dissipation terms are negligible in
the energy equation. The dimensionless equations that govern the steady-state
of the conservation of mass, momentum and energy in the fluid portion in X-Y
domain, obtained employing the Boussinesq approximation, and considering
the natural convection are as follows:
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The dimensionless variables employed in the above equations by taking the
inlet velocity and the hydraulic diameter as the characteristic velocity and
length are defined as follows:
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All the flow field boundary, upper and lower surfaces of the offset plates, the
upper surface of the back plate, and the lower surface of the lower glass cover,
are assumed to be smooth, impermeable and non slip (U = V = 0) conditions.
The inlet conditions of air (see Figure 1) are; U;, = 1.0,V,,=0,and 6,,=0
respectively. The outflow boundary conditions at the channel outlet are taken to
be-2(X,Y) =Z¥(X,Y) = 0 and-28(X,Y) = 0. The back side of the back plate is
thermally insulated. The temperatures of the boundary surfaces imposed
around the computational domain were obtained by applying the energy
balance on each of the lower glass cover element (j) (g2-j), the offset plates
element (i) (absr-i), and the back plate element (j) (bk-j) respectively as follows:

for (g2-j) Irad g2+ cond,g2=q conv,g1,e2Qconv,g2,air (6)

where q,,4 4, is the net radiation heat flux absorbed in (g2-j) element (total
absorbed radiation minus the emitted radlatlon) and its determination
technique is given in the next section. g, ., is the net axial conduction heat
flux onto (g2-j) element. Gcony g1 g2 is the net natural convection heat flux
between the two glass covers’ elements. Oeonvg2,air 1S the net convective heat flux
loss/or gain from the lower glass cover element j to/or from the adjacent air
stream element. It is calculated from the temperature difference between the
near wall flow field temperature and the temperature of (g2-j) element.

for (absr-i) Qrad,absr Hcond,absr=0 conv,absr-u,air+Qoonv,absr-1,air (7)

where 4 ane 1 the net radiation heat flux absorbed in (absr-i) element (total
absorbed radiation minus the emitted radiation) and its determination
technique is given in the next section. g, q s, S the net axial conduction heat
flux onto (absr-i) element. d . apsr-u air and Ueonvabsr-l.air &7€ the net convective
heat flux transferred from the upper and lower surfaces of the offset plates
element i to the adjacent air stream element. They are calculated from the
temperature difference between the near wall flow field temperature and the
temperature of (absr-i) element.

for (b k-]) Qrad,pk+Qeond,5k=9 conv,bk,air (8)

where q,.4 i IS the net radiation heat flux absorbed in (bk-j) element (total
absorbed radiation minus the emitted radiation) and its determination
technique is given in the next section. g4, is the net axial conduction heat
flux onto (bk-j) element. d .,y 4ir IS the net convective heat flux loss/or gain



from the back plate element j to/or from the adjacent air stream element. It is
calculated from the temperature difference between the near wall flow field
temperature and the temperature of (bk-j) element.

2. 2 Net radiation heat transfer

The net absorbed radiation heat fluxes in the boundary surfaces’ elements were
obtained by using the ray tracing technique considering multiple reflection
between those surfaces. The radiative heat transfer is divided into two bands, a
shortwave band and longwave band (thermal radiation), and each band is
treated separately using corresponding radiative properties.

2. 2. 1 Long-wave radiation (thermal radiation). The long-wave radiation
heat fluxes absorbed in the lower glass cover, offset plates, and back plate
elements are analyzed, knowing that glass cover plates are opaque to thermal
radiation (long wave band). Also, both of the offset plates and the back plate are
opaque to all radiation bands. All boundary surfaces are considered to be
diffuse surfaces. The system shown in Figure 2 is confined to the lower surface
of the absorber plate and the back plate. The method followed for analysis is by
tracing a radiation beam leaving an element i of the lower surface of the
absorber plate directed to element j of the back plate. The detailed multiple
absorption and reflection between the offset absorber plate element i and the
back plate element j is shown in Figure 2. The net thermal radiation heat flux
absorbed in (bk-j) and (absr-i) elements from the thermal radiation emitted from
all elements of the offset plates can thus be estimated as a function of the
radiative properties of the enclosure, the configuration factors between the
enclosure elements and their temperatures.

For back plate element j (bk-j). The radiation fraction absorbed in (bk-j) (see
Figure 2) from the emitted thermal radiation from the offset plates lower
surfaces (total elements), 0 bk, €an thus be estimated by using the series
analysis as follows:

(Aabsr Pok paberBKA2 (Aabsr Pok Pab’sr2 FBKAS

abrs- (Gtabsr FBKA pbk QFABK) Ak QFABK) FABK QEABK)

(Pabsr FBKA pok Pbk pabsr2 FBKA? (Pbk Pabsr3 FBKA3
QFABK) FABK QFABK) FABK2 QFABK)

Oe,absr-i
(pbk Pabsr FBKA 2
(pbk QFABK) (pbk pabsr FBKA
FABK QFABK) FABK2 QFABK)

bk-j (i QFABK) (Ot Pabsr FBKA Pok  (Clbk Pok? Pabsr” FBKA2 (@b Pok® Pabsr® FBKA3
FABK QFABK) FABK2 QFABK) FABK3 QFABK)

n n
Qe,absr-i = € absr 0T apsr-in FABK :i_zj!:absr— iok —j, QFABK = FABK X Qe apsr-iy FBKA :jgfbk—j,absr—i
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Qaper-Lok=0px QFABK + ey papee FBKA pye FABK QFABK + ayy Parsr FBKA? py
FABK? QFABK+ Oy Pur® FBKA? py® FABK® QFABK+. . . (9)

Qaberanki=0ox QFABK ( 1+ pape FBKA py FABK+ Py’ FBKA? py’ FABK® + pans
FBKA® py,” FABK® +, . . (10)
using the series analysis equation (10) can be reduced into the following form:

o QFABK
1- pabse FBKA po FABK

Qabsr-Lbk= (11)

The abbreviated quantities FABK, QFABK and FBKA in equation (11) are
replaced by their values indicated in Figure 2, thus the final form of g, | ;i
given as follows:

n
Qok Eabsr O, Fabse-i,bk-j T*absr-i
Qabs-1bk-= = (12)

n T
1-pavsr Y, Fok-j,absr-i Pok Y, Fabsr-i,bk-j
=1

i=l

For offset plates element i (absr-i). A similar procedure to that mentioned above
can thus be used to estimate the absorbed thermal radiation fraction in the
absorber plate element i from the lower surface of the total offset plates
elements, Gp..) ansr-i @Nd s given as follows (see Figure 2):

1] n
Otabsr Eabsr OPbk Y, Fik-jabsr-i Y, Fabsr-i,ok-j T abr-i
J=l i=l

absra,absri= (13a)

1-pabsr ,Enl Fok-j,absc-i Pk ﬁ Fabse-i,bk-j

=l

Following the same analysis and the terminology given above, the fraction of
the thermal radiation absorbed in each element of the boundary surfaces from
the emitted thermal radiation flux from all elements (including itself) gy, i

qbk,bk—j, qabsr-u,gZ-j, qabsr-u,absr-i ! qu-l,absr-i, qu-l, 92+, qg2-u,g2-j, and qgl-l,gz-j, can thus be
obtained and are given as follows:

n
Olabsr Ebk GzFbk-j.absr-i T4bk-j
=1

qbk,absr-i=1 a . . - (13b)
'pabsrg bk-j.abse-i Dbk 2 absri,bk-j

i=]



Clok Evk UpaherFabsr-i,bk-j EFbk-j,absr-iT4bk-j
=l

ix]l

bk bk-i=

1-Pavs }n:Fhk- jabsr-i Pok iFabsr-i,bk-j
=1

=l
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Olg2 Eabsr CEFubsr-i,gI-j T e
1

Qabsr-u,g24=

l-pabsr ]Z:ng-j,lhsni Pz )::Fabsr-i,g?.-j

n L]
Clabsr Eabsr GngEFgZ—j,absr-i Y Fost-i2-j T aver-i
=

i=l
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l'pabst J211:"52-1',3115514 Pe2 2Fabst-i,gz-j

L]
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J=1

izl

n n
O Eg opabsrzFahsr-i,gZ- i Eng'i.ﬂhsr-iT4gz- i
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=

i=1

n
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2. 2. 2 Short-wave radiation. Following the procedure mentioned above for
longwave radiation band, the absorbed portions in (g2-j) and (absr-i) elements in
the shortwave radiation band can be estimated. Those portions are from the
direct incident radiation heat flux and the fraction absorbed from that reflected
from two adjacent elements by using the ray tracing technique. The absorbed
shortwave radiation portions are obtained with the following assumptions, the
glass cover plates are adequately characterized by their shortwave and long-
wave band radiation properties, the offset plates and the back plate are opaque
to all radiation bands, and, no radiation passes through the clearance distance
of the offset plates.

As shown in Figure 1, the upper glass cover plates (g1) receive incident
radiation from the radiation heat flux source. The absorbed shortwave
radiation portions in (g2-j) and (absr-i) elements can thus be estimated as

follows;
}sw (1)

} - 15)

2. 2. 3 Total absorbed radiation. The total absorbed radiation fluxes (W/m2) in
each element were estimated by summing both the absorbed fraction in the
shortwave and the longwave radiation bands and are given by:

1 + Prabs: T2 +p.m1:232 Per+Pet P2
1-pus pez 1~pei pe

(abs,g2- J)sw-qmc {Tsl Olg2

Dsw=0; obst 1 PasPar PetpPe Py
qabs.absr-l)sw Jinc {1:511:32(1 b l 1_p'bu pgz } l_pgl pgz

for (92-)) Qabs,g24= Qabs.gz)swt Qabsr-ugzj + A21,62 + Qzugai+ Qei1g2 (16)

for (absr-i) Qabs,absr-i= Qabs,asr-i)sw+Cabsr-Labse-i+ Yok absr-i+Jabst-u,absr-i+Gg2-1abse-i (17)

for (bK-j) Qabs,pk= Yabsr-1bk-j + qok,bk-j (18)

2. 2.4 Total emitted radiation. The total emitted thermal radiation flux from the
boundaries elements can be estimated as follows:

for 1g2-|) Qemirg2-i= 20¢ g2lw T‘1 2 (19)
for (absr-i) clemit,absr-i=2 O € absrilw T4 absr-i (20)

for (bk-j) Qemitbk-i= O £ bkjw T bk-j (21)



The net absorbed radiation flux ¢, 5 rag ansr-i @ Arag picj 1N (92-]), (@bsr-i),
and (bk-j) elements can thus be calcuiJ ted as the total absorbed flux minus the
total emitted flux quantities.

The configuration factors between surfaces are estimated using the general
relation of two infinitely long, directly opposed parallel plates of the same
finite width that were presented in Siegel and Howell (1991). Knowing
the configuration factors between such surfaces, for example (absr-i, i = 1) and
(bk-j,j =1, 2,3, ...,n), and from geometrical similarity, one can compute
the configuration factor between any surfaces by applying the reciprocity
relations.

2. 3 Convection heat transfer coefficient presentation parameters

During execution of the solutions, the bulk temperature T, , at any axial

location X was determined by integration of the 8and U distribution as follows:
Tb,x—Tin _erdY

mOp=
( qmm&) Judy
k

OSYSh/Dh (22)

Existing local Nusselt number (Nu,) relation involving both offset plates sides
convection heat transfer is defined as follows:

D COny, Sfulll' CONY,. Ill’
h(q ab + Qoonv, absr-1, ) 23

Nu,=—
knjr Tabsr.x ‘Tb,x

where g .onvabsr-uair @0 Aeonyabsr-1air 2r€ the convective heat fluxes from the
upper and lower surfaces of offset absorber plates element i (absr-i). .

In discussions of the computational results the average Nusselt number Nu is
used and is defined as follows:

N__ _ (4
= fNup  where Nl]pl:1 SNuxdx (24)
Pi=1 ¢ a0

2. 4 Numerical method of solution

The governing equations (1) to (4) of the continuity, momentum and energy for
the flow field were solved numerically. Computations were performed using
routine finite-difference methods. The flow field-pressure velocity coupling is
treated by the SIMPLE algorithm of Patankar (1980), more details of the
numerical procedure are presented in Katsuki and Nakayama (1990). The
control volume has h height and total length L + L, where L is the
downstream length of computational domain required for numerical stability as
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shown in Figure 1. The chosen ratio of L /I was large enough (namely, L/l =
0.4, for this entire study) to ensure the stability condition. Therefore, the flow
field at the exit from the trailing edge of the last offset plate is not sensitive to
further increase to this value.

The temperatures of the boundary elements were obtained by solving the
energy balance equations (6) to (8) for n-module model, generating
(3 x n) finite central difference nonlinear equations in (3 x n) unknowns. These
unknown (3 x n) are the temperatures of the back plate, offset plates, and lower
glass cover elements respectively. For solving this set of nonlinear heat balance
equations, the multidimensional secant method — Broyden’s method - as
presented in Press et al. (1992) was used.

The radiative properties used in calculations of the radiation part of the
model were measured values, their measuring technique was described in Ali et
al. (1998). The average measured values of the absorptance and reflectance, for
offset plates and the back plate samples, those coated black paint with coating
thickness of about 60 um, in the wavelength ranged from 0.3 to 17 um were
about 0.94 and 0.06 respectively, while the glass covers plates (g1) and (g2) are
ordinary float colorless sheets of 3mm thickness, and having an average normal
transmittance, reflectance and absorptance in the spectrum range of 0.3 to 3.0
pm are 0.855, 0.05 and 0.095 respectively. The absorptance and reflectance of
(g91) and (g2) in longwave band (more than 3.0 um) are 0.85 and 0.15 respectively.

The incident radiation flux was set equal to 1,000.0 W/m?, the Prandtl
number was set equal to 0.72 and the Re number was varied from 500 to 2,550.
In this range of Re, the real flow is expected to be mostly laminar, although a
small value of t/l, it is possible that transition to turbulence may occur
somewhat before Re = 2,550. Also, the real flow may display instabilities and
vortex-shedding from the trailing edges of the plates, especially the last one.
These phenomena are beyond the scope of the present numerical simulation
study. The base case of the dimensions for Figure 1 used in the present
computations are as follows, N = 4, L = 864mm, h = 26mm, t=1mm, | =
216mm and D, = 48.6mm respectively.

For the grid system, a refinement study was performed to select uniform
grid numbers, particularly in X direction. Thus, this selection will not only
affect on the accuracy, stability, scalability of the computer program and time
required for the calculation of the whole domain (the calculation is carried on
PC) but also on the numerical stability of the radiation part of the model. It was
found that the grid points of total numbers 270 x 52 that allocated uniformly, to
ease solving the radiation model for the temperature boundary conditions,
gives reasonable output results in comparison with experimental results’
values.

The flow field computation was started with artificial temperatures of the
surfaces’ boundary elements. Then, this first stage flow field computed
results of U, V, and O are used in solving the energy balance equations (6) to
(8) to get the temperatures of the surfaces boundary elements. These new



temperatures of the surfaces’ boundary elements are used to solve the flow
field again in the second stage. These computation procedures are repeated
until the change in the temperatures of the surfaces’ boundary elements
became within the allowable error. The solution procedure is iterative for all
variables and the computation was terminated when the sum of the absolute
residuals normalized by the inflow fluxes were below 10~7 for all the
variables. This residual can be obtained at 8,000 iterations for Re = 2,550 and
at 10,000 iterations for Re = 650 or less, for the total number of grid points
was 270 x 52.

3. Results and discussion

3.1 Validity of the numerical simulation results

3.1.1 Temperature distribution. Figure 3 shows the comparison between the
experimentally measured temperatures’ values presented in Ali et al., (1998)
and their corresponding values obtained from the numerical model for the
temperature’s distribution of the offset plates, back plate, lower glass plate and
air bulk respectively. It is clear from the figure that the predicted temperature
values of the offset plates, back plate and air bulk temperatures are in good
agreement with the measured data, while for the lower glass cover there is a
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Verification of
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numerically calculated
with measured values of
Ali et al. (1998)
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Figure 4.
Comparison of
numerically predicted
local Nusselt number
with experimentally
calculated values of Ali
et al. (1998) for

Re = 650 and 2,550
respectively

deviation between the predicted and measured temperatures at a location close
to the leading edge of the first offset plate up a location near the x/D,, =17. This
can be attributed to using an approximate relation to calculate the free
convection heat transfer between the two glass plates, while the main aim of
this study is focused on the offset plates, where both experimental and
numerical temperatures’ results agree well. However, this good agreement gives
confidence on the radiation part of the model to describe the temperatures of the
surfaces’ boundary elements with reasonable accuracy:.

3.1.2 Local Nusselt number. Figure 4 shows the comparison between the
experimentally calculated as presented in Ali et al., (1998) and numerically
predicted values of the local Nusselt number in case of N = 4, incident radiation
flux equal 1,000 W/m?2 and Re numbers of 650 and 2,550. As seen from the
figure, there are noticeable differences among the two Re numbers around the
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trailing edge of each plate. This difference can be attributed to the vortex-
shedding flow from the trailing edge of each offset plate in the experimental
results, while this phenomenon is out of the scope of the present numerical
simulation. Also, it can be seen from the figure, for low Reynolds number (Re =
650) there is a good agreement between the experimentally calculated and
numerically predicted values of the local Nusselt number (Nu,) up to a short
distance before the trailing edge of each offset plate, while for high Reynolds
number (Re = 2,550) the experiment shows a slightly higher value of the local
Nusselt number (Nu,) in comparison with the numerical results, particularly for
the 1st and 4th offset plates. This may be due to choice of uniform grid in this
study, and this effect is clear for Re = 2,550, particularly, at the inlet and outlet
from the channel, while it does not appear for Re = 650. This is due to the flow
around each offset plate for Re = 2,550 being a developing one, while this
condition is not for Re = 650. However, the reasonable agreement between the
experimental and numerical computation validates the numerical scheme to
perform a parametric study on effects of geometric and design parameters on
the convective heat transfer coefficient.

3.2 Effect of Re number on the flow and temperature fields

Before reporting and discussing the effect of the design parameters on the
convection heat transfer coefficient, discussing the effect of Re number on the
flow and temperature fields will be made. However, knowledge of the effect of
Re number on the flow and temperature fields is helpful when discussing the
effect of other design parameters. This was done by presenting the flow pattern
(velocity vector field) and temperature fields, those obtained from the numerical
results for Re = 500 and 2,550 as shown in Figure 5. As seen from the figure, at
low Re number (Re = 500, Figure 5(a)) both the hydrodynamic (velocity vector
field) and the thermal entrance lengths (air temperature distributions-
isothermal lines) are close to the leading edge of each offset plate. Thus, the flow
field around each offset plate, after a short distance from the leading edge, is
almost fully developed thermally and hydrodynamically. Also, it can be seen
from the figure, the flow wake as well as the thermal wake is smooth and
occupying a small zone behind the trailing edge of each offset plate. Thus, the
flow field appears to be fully recovered at a short distance from the trailing edge
of each offset plate. For higher Re number (Re = 2,550, Figure 5(b)), both the
hydrodynamic and thermal entrance lengths are up to or larger than the trailing
edge of each offset plate. Thus, the flow field around each offset plate is a
developing one. Also, the development of the thermal and flow wakes (see the
velocity vector profile and isothermal lines of Figure 5(b)) formed after the
trailing edge of each offset plate is obvious and those wakes affect the flow over
each downstream offset plate. However, wake flow fills the space between the
trailing edge of one offset plate and the leading edge of the next one. Thus, the
velocity vector profile indicates the flow field is still not fully recovered between

Numerical study
on laminar flow
forced-convection

551




HFF
8,5

552

Figure 5.

Flow patterns (velocity
vector field) and
temperature contour
maps of air

(b) Re = 2550

two offset plates, and that causes the mixing level to be much higher than that
in case of low Re number.

3.3 Optimum spacing of offset plates relative to channel walls

While the offset plates provide a high heat transfer coefficient compared with
one continuous plate, one of the fundamental thermal design questions can be
addressed; what is the optimal offset plate spacing relative to the nearest
channel walls (the lower glass cover and back plate). An optimizing of offset
plate spacing hl and h3 of Figure 1 for two mass flow rates corresponding to
the two Re numbers of 650 and 2,550 was accomplished using this numerical
model. Figure 6 shows the average Nusselt number with the ratio (h1 + h3)/h
(where h1 = h3) for the two values of Re number. As seen from the figure, the
average Nusselt number values increase as the offset plate height decreases
relative to the nearest channel walls. Thus, up to around one third of the gap h,
h1l = h3 = h/3, the average Nusselt number values decreased again for both
values of Re. This can be attributed to the velocity defect in the wake behind the
trailing edge of each offset plate being restored faster as the gap (h-h1) or (h-h3)
increasing up to around certain values refers to Figure 7. Then this process
decreases again. Therefore, those results homogeneously in the air bulk
temperature before the leading edge of the next downstream offset plate, that
provides a condition for rebuilding a thinning velocity and temperature
boundary layer on the next one. Also, it is shown in Figures 6 and 7 that, for
Re = 650, the higher value of the average Nusselt number can be obtained at a
ratio (h1 + h3)/h = 0.7, while for Re = 2,550 it can be obtained at a ratio (hl1 +
h3)/h = 0.65. This slight difference is explained, referring to Figure 7, to the
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wakes after the trailing edge being dependent on the distance (h1/h) or (h3/h) as
explained above and on the effect of the Re number on the flow field as
explained in section (3.2). Both of those factors produce this slight change of the
optimum space relative to the channel walls for the two Re numbers. This leads
to the conclusion that the best position of each offset plate relative to the nearest
wall of the parallel plates channel is to be near one third of the channel height,
and the worst position is in the middle or close to its walls.

3. 4 Effect of the number of the offset plates on the convective heat transfer
coefficient

The second thermal design aspect that can be investigated here is the number
of the offset plates N that leads to a higher heat transfer coefficient in case of a
constant channel length L, i.e. the offset plate length where N = L/I. In the other
meaning, the relation between one offset plate length and the hydraulic
diameter. This will be obtained by assuming that the N offset plates are
positioned at h1 = h3 = h/3 of Figure 1, in accordance with the conclusions
reached in the preceding section. Figure 8 shows the variation of Nu with (D, /I')
or N for the case, when the total length of the offset plates L (see Figure 1) is
unchanged. As shown in the figure, Nuincreases as D/l increases (or, N
increases). Thus, for a certain hydraulic diameter, always a shorter length of
offset plate is better for a higher convective heat transfer coefficient. However,
the rate of the increase of Nu is rather small when D,/ > 0.562 (or, N > 10) in
case of Re = 2,550, while it is rather small when D, /1 > 0.675 (or, N > 12) in case
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Figure 6.

Effect of offset plate
spacing relative to
channel walls on the
average Nusselt number
for two values of Re
number
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Figure (7a).

Flow patterns and
temperature contour
maps of air for different
offset plate spacing
relative to the nearest
wall for Re = 650, (h1 +
h3)/h=1.0andN=4

hl=h3=h/6

of Re = 650. This can be explained as it can be seen from Figure 9, as follows,
at Re = 650 both the hydrodynamic and the thermal entrance length being
close to the leading edge of each offset plate. Thus, as the number of the offset
plates increases there is an excessive interruption of the flow field that leads
to an increase in the convection heat transfer coefficient. Thus, excessive
interruption of the velocity and temperature boundary layers is not more
efficient for D, /1 < 0.675 (N > 12), while for Re = 2,550 both of the
hydrodynamic and the thermal entrance lengths are up to or larger than the
trailing edge of each offset plate. Thus, excessive interruption of the velocity
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Figure (7b).

Flow patterns and
temperature contour
maps of air for different
offset plate spacing
relative to the nearest
wall for Re = 2550, (h1
+h3)/h=10andN=4

and temperature boundary layers is not efficient for D, /l <0.562 (N > 10). Air
heaters solar collectors normally work in Re numbers ranging from 500 to
2,500, to obtain a reasonable temperature difference through the collector.
However, based on the results shown in Figure 8, the offset plate length would
be around one and half times the hydraulic diameter of the two parallel plates
flow channel. Using such an offset plate length less than this ratio (increasing
the number of the offset plates) is not more efficient for convective heat
transfer and of course will certainly be accompanied by an increase in
manufacturing cost.
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Figure 8.

Effect of offset plate
length relative to
hydraulic diameter
(offset plate numbers)
on the average Nusselt
number for two values
of Re number

0 2 4 6 8 10 12 14 16
Nu 20 x x x x x x x \

18 —

hl=h3=h/3

16 —

14 =

12—

10—

r Key

—0— Re = 2550

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Dn/1

3. 5 Correlations of the average Nusselt number

Using output data results of the numerical model of the effect of the ratio D, /I
on Nu, a correlation of the average Nusselt number (Nu) as a function of Re
number, Pr number, and the ratio (D,/l) for Re number ranging from 500 to

2,550 and
hl = h3 = h/3. The correlation is given as follows;
Nu= 1.81 Re®**? Pri? (D92 5

4. Conclusions

A forced laminar convection heat transfer on air flowing in two parallel plate
channel with offset plates and heated by radiation heat flux was investigated by
the numerical simulation study of a two-dimensional model. The numerical
simulation results were verified by experimental results and show a
qualitatively good agreement. The numerical simulation results show that the
optimum offset plate spacing relative to the nearest wall of two parallel plates
was found to be around the number of one third of the channel wall height in Re
number ranging from 650 to 2,550 (Figure 9). Also, in this range of Re numbers,
the optimum offset plate numbers can be calculated based on the offset plate
length as being around one and half times the hydraulic diameter of the two
parallel plates flow channel. Using the data obtained from this study, a
correlation of the average Nusselt number can be given as follows; Nu = 1.81
Re0:352 prl/3 (Dhll)l/z'
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