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Abstract

Experimental study of the effects of the operating parameters on laminar flow forced-convection heat transfer for air
flowing in a channel having a V-corrugated upper plate heated by radiation heat flux while the other walls are thermally
insulated has been carried out. The parameters studied and their ranges were as follows: flow Reynolds number (Re)
ranging from 750 to 2050, incident radiation fluxes (gin) of 400, 700, and 1000 W /m?, inlet air bulk temperatures (T ,)
ranging from 12.4 to 59.4 °C and tilting angles of the channel (f5) of 0°, 15°, 30°, 45°, and 60°. The results show that, the
effect of Re on local Nusselt number (Nu,) are clear and more significant at the channel entrance region. While,
changing f from 0° to 60° leads to an increase in Nu, by a ratio ranging from 33% to 67.3% depending on Re values and
other operating parameters. Increasing the gi,. values by 175% and 250% leads to an increase in Nu, values by 26% and
50%, respectively. In addition, the results indicate that there are significant increases in Nu, in the channel entrance
region due to the increase in inlet air bulk temperature and this influence diminishes downstream. © 2002 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Characteristics of laminar flow forced-convection
heat transfer for air flowing in a channel having a V-
corrugated upper plate heated by radiation heat flux
and thermally insulated flat sidewalls and bottom is an
important subject for air heater solar collectors appli-
cations. Conventional heat exchangers are known to
accomplish a fluid-to-fluid heat exchange with radia-
tion as a negligible factor, while solar air heater col-
lectors, which are special types of heat exchangers, use
solar radiation to heat the air (working fluid). How-
ever, because of the low thermal and hydrodynamic
properties of the air, solar air collectors have the dis-
advantage of low convective heat transfer coefficient
compared with those that use liquids as working fluids.

* Corresponding author.
E-mail address: ah-hamza@acc.aun.eun.eg (A.H.H. Ali).

The use of a V-corrugated plate as an absorber in a
solar air collector improves its thermal performance for
two reasons. First, corrugations enhance the convective
heat transfer coefficient () and at the same time the
effective convective heat transfer area (A4) increases,
resulting in a collective increase of the convective
conductance (hA). The second reason is that, the V-
corrugated plate absorber provides an apparent ab-
sorptivity to the incident radiation flux of almost unity
even when painted with commercial black paint, as
indicated by Sparrow and Lin [1]. Published data for
the convective heat transfer coefficient in (inverted V
shapes) triangular channels were reported for both
constant heat flux and isothermal conditions cases in
[2-4]. Piao et al. [5] studied the forced convection in
cross-corrugated channel subjected to radiation heat
flux. Sparrow and Lin [1] reported that, the maximum
absorbed thermal energy in a V-groove cavity subjected
to radiation heat flux takes place near the apex. Effects
of convection-radiation interaction on the convective
heat transfer coefficient for laminar flow in a parallel
plate channel were studied analytically by Liu and
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Nomenclature

A surface area, m?

Dy flow hydraulic diameter at inlet of the test
section, m

h convective heat transfer coefficient, W/m? K
i element number

k thermal conductivity, W/m K

n number of elements, dimensionless

Nu,  local Nusselt number, dimensionless

q heat flux, W/m?

(0] heat transfer rate, W
R

e Reynolds number, u;, Dy, /vy, dimensionless
T temperature, K or °C
u average flow velocity in x-direction, m/s

axial horizontal distance measured from the
V-corrugated plate inlet edge, mm

Greek symbols

o absorptance, dimensionless
p the unit inclination angle with the horizontal,
degree

o reflectance, dimensionless

T transmittance, dimensionless
v kinematic viscosity, kg/m s
Subscripts

a ambient

abs absorbed radiation
air flowing air

b bulk temperature
bk back plate

cond conduction

conv convection

g glass sheet cover
i element i
in inlet

inc incident radiation

out  outlet

rad  radiation

sur surrounding surfaces to the test
section

vpl V-corrugated plate (absorber)

Sparrow [6]. Such combined effects were numerically
studied for flow in an asymmetrically heated duct by
Satoh and Kurosaki [7]. Based on the previous findings
it can be concluded that, not only higher temperature
values exist at the apex’s of the V shapes as indicated
in [1], in the case of triangular channel, but also high
local fluid temperature zones exist due to close stagnant
flow regimes around the apex’s of these channels. Both
of these factors decrease the net useful convected heat
transfer to the flowing air. Also, based on the results of
[6,7], for air flowing in laminar flow regime through a
channel having one wall heated by a constant heat flux
and the other walls being thermally insulated, the
convective heat transfer coefficient is a function of the
heat flux. In the present study, it is proposed to move
the bottom plate of the triangular shapes to form a
channel with a V-corrugated upper plate heated by
radiation heat flux and thermally insulated flat side-
walls and bottom wall. This configuration is expected
to enhance the convective heat transfer processes for
solar air collectors’ applications. The aim of this work
is to study experimentally the effects of different oper-
ating parameters on the convective heat transfer coef-
ficient in laminar flow regime, for the suggested
channel configuration which is formed by an upper V-
corrugated plate heated by radiation flux and thermally
insulated flat sides and bottom. The operating factors
studied are the incident radiation heat flux, Reynolds
number, inlet air bulk temperature, and the tilting
angle of the unit with the horizontal.

2. Experimental apparatus, instrumentations and proce-
dure

2.1. Apparatus and measuring instrumentations

A schematic diagram of both the apparatus and flow
channel configurations and dimensions are shown in
Fig. 1. The apparatus consists mainly of an air-handling
section, test section, radiation heat flux source and the
measuring instrumentations.

Test section
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Il 7| Ax Glass cover
7 X
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@ T 1 |>|T(., out)
\\ o Insulation / /
Flow straightener {f_}ack plate (bk) Exit air mixer
@
L3 mm glass sheet
3 T Enclosure 0.3 Alum, sheet X
o (Air gap) coated black <
g :
S S
3 S
J D= 47.46 R
RXAXAXARAXAKXARRXR R AR AR ARXARAX AKX ARARARAX AKX AXX,
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Fig. 1. Schematic drawing of the experimental apparatus (a)
main sections of the apparatus, and (b) configuration and di-
mensions of the flow channel cross-section.
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2.1.1. Air-handling sections

The air-handling sections for this apparatus include
the inlet section and exit air mixing section. The inlet
section incorporates an inlet air heater, an axial flow fan,
orifice meter, inlet air distribution plenum and flow
straightener (honeycomb). The inlet air heater was used
to study the effect of the inlet air bulk temperature as an
operating parameter, which was controlled by the input
power to the electric heater. A variable electric resistor
controls the input power to the fan motor to change the
axial fan speed and consequently the air volume flow
rate. The air volume flow rate was measured with a 300
mm in diameter sharp edge orifice plate. The calibration
curve for this orifice is given in [8]. The velocity of the air
passing through the orifice throat was determined in
terms of the static pressure drop across the orifice plate,
which was measured using Gottingen water manometer
type F-210 having a range 0-300 mm water with an
accuracy of £0.05 mm. The air leaving the test section
passed through the exit air section, which is mainly an
air mixer, within which the outlet air bulk temperature
(mixed mean) is measured.

2.1.2. Test section

The overall dimensions of the test section shown in
Fig. 1(a) are 0.9 m in length, 0.4 m in width, and 90 mm
in depth, with a back plate made from aluminum sheet
of 0.5 mm in thickness and has a 3 mm colorless glass
cover. The back plate and sidewalls of the test section
are thermally insulated by 50 mm glass fiber (thermal
conductivity about 0.038 W/m K) and are contained in
an outer hardwood frame. A V-corrugated plate with
apex angle of 60° placed below the glass cover forms the
airflow channel below it with the back plate and the
sidewalls, and at the same time an enclosure air gap is
formed between its upper surface and the glass cover as
shown in Fig. 1(b). The V-corrugated plate (absorber) is
an aluminum sheet with net dimensions of 0.88 m in
length, 0.37 m in width, and 0.3 mm in thickness. Thus,
the net projected area subjected to the radiation heat
flux is 0.3256 m?. The upper surfaces of both the V-
corrugated plate and the back plate were coated with a
commercial black paint, with an average coating thick-
ness of about 60 um. The monochromatic reflectance of
a coated black aluminum sheet sample was measured in
the spectrum range 0.22-0.85 pum using an integration
sphere attachments of a Spectrophotometer system
model UV-2200 (Manufactured by Shimadzu, Japan).
While in the spectrum range of 1-25 pm, the mono-
chromatic reflectance was measured using the total dif-
fuse reflectance attachments of a Spectrophotometer
System 2000 FT-IR (Manufactured by Perkin—Elmer,
England). The results of both measurements were used
to estimate the spectral absorptance values over the
whole range as presented in Fig. 2. As seen from the
figure, the average value of the monochromatic
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Fig. 2. Measured total spectral absorptance of the coated black
V-corrugated aluminum plate, and both the spectral reflectance
and transmittance of 3 mm thickness glass cover.

absorptance in the wavelength range of 0.3-25 pm is
about 0.94. The normal monochromatic transmittance
and reflectance of the colorless glass cover used in this
work were reported by the manufacture and is presented
in Fig. 2. The reported average normal transmittance of
this glass in the spectrum range 0.3-3 pm is 0.855.

2.1.3. Radiation heat flux source

The top plane of the test section (glass sheet) is uni-
formly heated by an incident radiation heat flux. The
radiation heat source is an assembly of 10 tungsten
lamps whose maximum filament temperature is 2850 K
at the full load condition. The lamps are fixed to a frame
having the same area as that of the test section, and is
placed parallel to it at 1 m above the glass cover. This set
of lamps is capable of delivering radiation heat fluxes at
the plane of the glass cover, in wavelength ranging from
0.25 to 3 um and intensities ranges between a minimum
and maximum values of 420-1140 W/m?, respectively.
During the experiments, a chosen value of the incident
radiation flux was adjusted by the input power to the
lamps, which is controlled by Thyristor power control.
The incident radiation flux was measured at the surface
of the glass cover by using EKO pyranometer, type Ms-
42, having sensitivity of 7 mV/kW m 2 with an error of
0.1% due to temperature variation. The pyranometer
glass dome spectral transmittance for a wavelengths up
to 3 um, (pyranometer measuring range) is shown in
Fig. 3. The average value of the incident radiation flux
on the test section top plane was determined as follows.
The plane of the glass cover was divided into 18 sectors,
and the measurement of the incident radiation heat flux
was performed at each sector separately corresponding
to each input power to the lamps. The deviation of in-
dividual sectors measured values from that of the overall
average values ranged from —5.3% to 4.3%. This error
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Fig. 3. Measured spectral emissive power of a Ref-lamp and
the spectral transmittance of Ms-42 pyranometer glass dome.

range is within the allowable deviation of the indoor
tests for solar collector performance standards [9,10],
which indicate that deviations up to £10% are accept-
able. The spectral radiation power distributions for one-
lamp corresponding to three different incident radiation
fluxes (400, 700 and 1000 W/m?) were measured using
spectral pyranometer type MSR-7000 (Manufactured by
Optic Research, Japan). The measured data at different
values of incident radiation fluxes are presented in Fig.
3. From Figs. 2 and 3 it can be seen that, the range of the
Ms-42 pyranometer glass dome (measuring range) and
that of the glass cover transmittance coincide up to
about 3 um. Also, Fig. 3 shows that the lamp(s) spectral
radiation power vanishes after a wavelength of 2.5 um.
This means that, the lamps incident radiation heat flux is
completely within the measuring range of the Ms-42
pyranometer. Moreover, the transmitted radiation flux
through the glass cover to the V-corrugated plate is the
only measured and recorded value by Ms-42 pyranom-
eter.

2.1.4. Temperature measurements

A 60 channels acquisition system, which is a Remote
scanner DE 1000 data acquisition system that has a
resolution of +0.1 °C, was used for the temperature
measurements and recording. All temperatures were
measured by using Type T (copper/constantan) ther-
mocouple. Two sizes of thermocouple wires were used.
The first size is a 0.1 mm in diameter, which has the
junction in contact with the component for which the
temperature is to be measured. The second size is an
extension thermocouple wire (Type T) of 0.32 mm di-
ameter used to connect the 0.1 mm wire diameter ther-
mocouple (some distance away from the contact point)
to the temperature recorder. The thermocouples were
used to measure the temperature distributions at the
following locations: 10 points along x-axis of the V-
corrugated plate (the flow direction), 4 points at two
axial sections of the V-corrugated plate, 19 points at two

x-axial locations uniformly distributed on the middle V
walls, 6 points in the glass cover along x-axis, 16 points
distributed over the back plate, sidewalls and outer sides
of the housing frame. The thermocouples in the width
direction were used to check the conduction effect in the
lateral direction. In addition, temperature measurements
were carried out at the following locations (one point
each): inlet air bulk temperature, ambient air, mean air
bulk at the exit section, lamps frame holder, and the
upper assembly frame. The error in the thermocouples
reading reported by the manufacture based on Japanese
Industrial standard (JIS) was about 0.5 °C.

2.2. Experimental procedures

The operating parameters studied and their ranges
were as follows: air mass flow rate corresponding to Re
values ranging from 750 to 2050, incident radiation
fluxes were 400, 700, 1000 W/m?, inlet air bulk tem-
perature ranged from 12.4 to 59.4 °C and tilting angles
of the channel with the horizontal were 0°, 15°, 30°, 45°,
and 60°, respectively. The stabilization of temperature
readings to +0.1 °C in all thermocouple sensors was
considered an indication of reaching steady-state con-
dition. For almost all the experimental runs, this con-
dition was established and reached within 5-6 h
depending on the Re value inside the test section. At this
time, the average of the temperature values read and
recorded by the data acquisition system during the last 5
min is considered a good representation of the temper-
ature at such location. In addition, the manometer
reading for the pressure difference across the orifice was
taken at that time. To study the influence of one of the
operating parameters, the previous procedures were re-
peated at a different value of this parameter with other
controlled operating parameters kept constant. The only
uncontrolled parameter was the ambient air temperature
during these experiments.

2.3. Data reduction and determination of the convection
heat transfer coefficient

To fulfill the objectives of the present study, the
variation of the local convective heat transfer coefficient
(h), presented in Nu, form defined by Eq. (1), under
different operating parameters was determined and an-
alyzed. Therefore, the measured data were used along
with the values of other controlled operating parameters
to determine the variation of (#) with the axial distance
under different conditions. The model used to determine
the local convective heat transfer coefficient (/) has been
formulated by performing an energy balance on each of
the test section components based on the following as-
sumptions:

1. One-dimensional temperature variation along the
flow direction. This assumption has been verified by
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the reading of three thermocouples across the V-cor-
rugated plate perpendicular to the flow direction at
two different axial positions and by the reading of
the 19-thermocouple points on the middle V-walls
at two x-axis locations. The differences between ther-
mocouple readings in the transverse direction at all
locations were +0.8 °C of the average value.

2. Uniform incident radiation flux over the glass
cover, and consequently over the V-corrugated plate
as indicated by the incident radiation flux measure-
ments.

3. Uniform thermal radiation transfer between all chan-
nel surfaces, which are to be estimated based on the
surfaces average temperatures.

4. The natural convection within the air gap is estimated
based on the average values of the convection heat
transfer coefficient within the enclosure and the aver-
age surfaces temperatures.

5. Linear variation of the flowing air bulk temperature
between the test section inlet and outlet.

2.3.1. Energy balance on different components of the test
section

The test section is divided along the flow direction
into n elements of equal width Ax as shown in Fig. 1(a).
The local Nusselt number Nu, for an element i at an
axial position x is given by

Nux - h(vpl.air)x Dh/kair,[u (1 )

where

gconv(vpl,air)i 2
h(vplLair) x —m (W/m” K),
Where geony(vpl,air)i 1S the local convective heat transfer flux
from V-corrugated plate element i to the air-stream el-
ement, T, is the temperature of V-corrugated plate
element i (measured quantity), 7;; is the air-stream bulk
temperature of the element i and it is obtained by in-
terpolation from the measured values of the inlet and
outlet air bulk temperatures (7, and T oy) assuming a
linear axial distribution. The value of gconv(vpl.air) can be
obtained by applying the energy balance equations at
the element i on each component of the test section
(glass cover, V-corrugated plate and back plate) as
follows:

(a) Glass cover

AgJngqinc + Qcond‘g‘i + Qconv(vpl,g)/n + Qrad(vpl,g)/”
= Ag‘iqconv(g.a)[ + Qrad(g.sur)/n (W)7 (2)

where Qcond ;i is the axial heat conduction into the node
I

Oconv(vplg) 1s the natural convection heat transfer from
the V-corrugated plate to the glass cover which is given
by

Oconv(vple) = Aghgval(TVpl - Tg) (W), (3)

where A4, is the glass cover surface area, 7, and T, are
the estimated average temperatures of the glass cover
and V-corrugated plates, respectively and A,y is the free
convective heat transfer coefficient between them, which
was calculated using the formula given by El-Sherbiney
et al. [11]. Qrdpple 18 the net thermal radiation heat
transfer rate from the V-corrugated plate to the glass
COVET. Geonv(za)i 1S the natural convective heat transfer
flux out from the glass cover element i to the ambient
air, in which the natural convective heat transfer coef-
ficient (fconv(g.a);) Was calculated using the formula given
by Fujii and Imura [12]. Qrag(gsur) 1 the thermal radia-
tion heat transfer rate out from the glass cover to the
surrounding. «, is the glass cover absorptivity in the
wavelength range 0.3-3 pum, which is estimated from
Fig. 2 to be «, = 0.095.

(b) V-corrugated plate

Tga(vpl)aAvpl,iqinc + Qcond,vplj
= Qconv(vpl.g)/n + Qrad(g.vpl)/n + Avpl.iqconv(vpl,air)[
+ Oradporapy/n (W), 4)

where o is the upper surface of the V-corrugated
plate apparent absorptivity and 7, is the glass cover
transmittance. The average measured values of o (0t
is the absorptivity of a flat aluminum sheet sample
coated with black paint) and 7, in the wavelength range
0.3-3 pm as shown in Fig. 2 are oy, =0.94 and
7, = 0.855. However, based on the results of [1] for V-
groove diffuse surface absorber with considering the
multiple reflections and absorption of the beam flux,
thus the apparent V-groove absorptivity value o(ypia 15
1.0.

(c) Back plate

Qrad(vp],bk)/n = Qcond(bk)i +Abk,iqconv(bk,air)i (W)a (5)

where Qcond(bk)i 18 the conduction heat transfer out from
the backside of back plate element i to the outer surface
of the housing through the thermal insulation. Qraq(vpl,bk)
is the net thermal radiation heat transfer input to the
back plate from the V-corrugated plate.

2.3.2. Procedure for determination of the convection heat
transfer coefficient

From the energy balance Egs. (2), (4), and (5), the
values of Geony(vpiairi> €an be estimated at different axial
positions (elements) along the flow direction at speci-
fied operating conditions. The obtained values are
substituted in Eq. (1). To determine the variation of the
convection heat transfer coefficient within the axial
direction for a certain operating parameter, this pro-
cedure is repeated. The uncertainty in the estimated
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quantities of this work was calculated based on equa-
tions for computing the probable errors or uncertain-
ties as given by Holman [13] and the formula for
computing overall errors as given by Doblen [14].
Based on these formulas and from the measured values
of all operating parameters, the estimated uncertainty
were as follows: for mass flow rate <7.3%, for the
incident radiation flux <5.3%, for net absorbed radi-
ation in the V-corrugated plate was <7.8%. However,
this leads to the estimated error in the determined local
Nusselt number is +11.4%.

3. Results and discussion

The results of the present work cover the influence of
different controlled operating parameters on the con-
vective heat transfer coefficient in terms of local Nusselt
number (Nu,). These parameters are the air mass flow
rate in terms of Reynolds number values (Re), incident
radiation heat flux (¢i,.), angle of inclination of the test
unit with the horizontal (f5), and the inlet air bulk tem-
perature (Ty, ).

3.1. Temperature distributions

Effects of the flow Reynolds number values on the V-
corrugated plate axial temperature distributions for the
case of f=0° at different values of incident radiation
fluxes are shown in Fig. 4. The effect of Re on such
distribution for the cases with = 15°,45° and 60° are
shown in Fig. 5 at g;,. of 700 W/m?. It can be seen from
Figs. 4 and 5 that for the same incident radiation flux the
highest V-corrugated plate temperature distribution in
the x-direction were recorded in case of § = 0° at low Re
values. On the other hand, the figures show that, the
effect of Re on T, decreases as f§ increases and almost
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Fig. 4. Effect of Reynolds number on the V-corrugated plate
axial temperature distributions for = 0° at different incident
radiation fluxes.
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Fig. 5. Effect of Reynolds number on the V-corrugated plate
temperature distributions for > 0° at gj,c = 700 W/m?.

vanishes when f reaches 60° as shown in Fig. 5. Of
course, higher values of Ti, are followed by higher
values of Ty, as it is expected. The values of Tj oy
corresponding to Ty, distributions presented in Fig. 4
for gine value of 700 W /m?, were 42.8 and 36.5 °C for Re
values of 860 and 1985, respectively. Comparison of the
effect of Re for f > 0° on the V-corrugated plate tem-
perature distributions values that are shown in Fig. 5,
with the case of f = 0° that are shown in Fig. 4, shows
that at g, of 700 W/m? as f§ was increased the values of
T,p decreased, consequently, 7y o, values also decreases.
This can be explained as follows: as f§ increases the effect
of the buoyancy force component in the flow direction
(gsin f) inside the V-shaped of the channel increases
particularly at high g;,. values. This resulted in acceler-
ating the fluid in the thermal boundary layer, conse-
quently, increasing the convection heat transfer rate
released from the V-corrugated plate, which will directly
lower its temperature levels. In addition, it can be seen
from Figs. 4 and 5 that, the rate of variation of the V-
corrugated plate temperature along the flow direction is
almost similar for all presented cases. The figures reveal
that the temperature increases at a relatively high rate
from the inlet edge to a distance x/Dy, = 8.4. Then, the
temperature increases at lower rate or remains almost
constant up to the location at x/Dy = 15.4. From this
location to the exit section, the plate temperature de-
creases monotonously for all values of Re and gi, as
shown in Figs. 4 and 5. The rate of decrease in the plate
temperature is higher for x/Dy, = 16.7. This can be ex-
plained as follows: from the inlet edge up to x/D, = 8.4,
the flow is simultaneously developing (velocity and
thermal boundary layers are under development) thus
the convective heat transfer coefficient is high. From the
location x/Dy, = 8.4 to 15.4 the flow is expected to be-
come fully or nearly fully developed (thermally and
hydrodynamically). Beyond x/Dy = 15.4 and particu-
larly from the point x/D, = 16.7 to the trailing edge, the
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temperature decreases can be attributed to the ad-
verse effect of the secondary flow in the zone behind
the V-corrugated plate trailing edge up to the exit air
mixer.

3.2. Effect of Reynolds number on local Nusselt number

The variation of local Nusselt number Nu, with the
axial distances x/Dy, at different Re values are presented
in Fig. 6 for the case of ff = 0° and different values of
incident radiation heat fluxes, while, Fig. 7 shows such
variations for the cases of f > 0°. Both figures show that
Nu, variations have the same trend of decreasing
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Fig. 6. Effect of Reynolds number on the local Nusselt number
distributions at different incident radiation fluxes for = 0°.

monotonically along the axial distances x/Dy, from the
inlet up to x/Dy, = 8.4, then remains almost constant up
to x/Dy, around 15.4. The figures reveal that Nu, in-
creases as Re values increases in all cases. Such increase
in Nu, values due to increase of Re at certain axial lo-
cation became more significant as f decreases and are
substantial in the case of § = 0° as shown in Fig. 6. Also,
it can be seen from the figure, the effect of Re on Nu, is
more pronounced in the entrance region where the Nu,
values are higher than the rest of the channel. This is the
result of simultaneously developing flow and thermal
boundary layer at the channel entrance region as ex-
plained above. While, the slight increase in Nu, values
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Fig. 7. Effect of Reynolds number on the local Nusselt number
distributions for > 0° at g, = 700 W/m?.
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near the trailing edge of V-corrugated plate as can be
seen from Figs. 6 and 7 is attributed to the effect of the
secondary flow in the zone behind the trailing edge up to
the exit air mixer. Such recirculating secondary flows
enhance the convective heat transfer process and con-
sequently lead to a high local convective heat transfer
coefficient from the V-corrugated plate at these loca-
tions. For the cases of f > 15° presented in Fig. 7, Nu,
variations due to changes in Re values are more pro-
nounced at the channel entrance and exit regions than in
the channel mid-section. This effect is more clear as ginc
increases. Explanation of the combination effect of f
(buoyancy force component in the flow direction) and
@inc 0N Nu, will be clarified in following sections.
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Fig. 8. Effect of the unit inclination angle (f) on the local
Nusselt number for Re value around 750.

3.3. Effect of the inclination angle on local Nusselt number

To study the effects of the buoyancy force on Nu,,
comparisons were made between runs that have same
operating conditions but with different values of the
inclination angle 5. The results are presented in Figs. 8
and 9 for two Re values around 760 and 2020, with other
operating parameters as indicated in the figures. As seen
from these figures, as f§ increases from 0° to 60° the Nu,
values increase and effect is more significant in case of
Re = 760. For example at x/Dy = 8.4 for the case of
Gine = 400 W/m? at Re = 760, Fig. 8, Nu, value increases
from 5.2 to 8.7 by a ratio of 67.3% due to changing f
from 0° to 45°, while at Re = 2050, Fig. 9, Nu, value
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Fig. 9. Effect of the unit inclination angle (f) on the local
Nusselt number for Re value around 2020.
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increases from 10.6 to 14.1 by a ratio of 33% due to same
change in f. These results are explained as follows: the
air is flowing under the inverted heated V-shape, in case
of = 0° the hot air stay at the apexes, however, for
p > 0°, there will be buoyancy force driven the flow in
the upwards direction inside the inverted V apexes (as a
result of the flow direction component (g sin f)). This
leads to accelerate the fluid inside the thermal boundary
layer and consequently increases the convection heat
transfer rate.

3.4. Effect of incident radiation flux on local Nusselt
number

The present channel configuration has thermally in-
sulated back plate and sidewalls, while the heating
source is the incident radiation flux on the V-corrugated
plate. The results of experiments performed to investi-
gate the effect of incident radiation heat flux (gi,.) having
values of 400, 700, and 1000 W /m? on Nu, are presented
in Fig. 10 for Re around 760 and in Fig. 11 for
Re =1990. It can be seen from the figures that at all
values of f3, there are significant variations in Nu, due to
changes in gj,. values. The definition of Nu, in this study
is given by Eq. (1), in which it is based on the differences
between the local V-corrugated plate temperature and
local air bulk temperature (7ip; — Tp;). While, part of
the thermal radiation heat was transferred from the V-
corrugated plate (graq(k,vp1)) to the flowing air by indirect
method, it is absorbed in the back plate and then
transferred to the flowing air by convection increasing
Ty,;. As a result, the plotted Nu, values in the figures are
summation of two values that were pure convection
Nusselt number plus “radiative” Nusselt number; the
latter is an indirect function of the V-corrugated plate
temperature, and consequently the incident radiation
heat flux. The results presented in Fig. 10 for Re = 760
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Fig. 10. Effect of the incident radiation flux (g;,.) on the local
Nusselt number for Re value around 760.
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Fig. 11. Effect of the incident radiation flux (gi,.) on the local
Nusselt number for Re value around 1990.

at ff=0° seems to have equal values of Nu, corre-
sponding to the three values of gj,., but quantitative
numbers indicate that there are appreciable differences
in the Nu, values. At the axial distance of x/Dy, = 8.4,
measured temperature indicate that the values of
(Tupr; — Tv;) were 35.5, 55.9 and 72.3 °C corresponding
to ¢ of 400, 700, and 1000 W/m? and the corre-
sponding values of geony(vplairyi as determined from Eq.
(1) are 107.2, 183.8 and 262.3 W/m?. Accordingly, the
ratios of geonv(vplainyi/(Tvpi — Tps) are 3.6, 3.2 and 3, re-
spectively, which indicate that there is an appreciable
changes in Nu, due to changes of g;,. at f = 0°. In case
of > 0° a change in g;,c value leads to significant in-
crease in Nu, value as mentioned above and shown in
Figs. 10 and 11. This is due to two factors which increase
the air bulk temperature and lower the V-corrugated
plate temperature with the increase of ¢, and . The
first factor is the buoyancy driven force in the flow di-
rection, while the second factor is the equivalent radia-
tive convection interaction in which more thermal
radiation heat is transferred from the V-corrugated plate
to the back plate and convected back to the flowing air.
A quantitative values for these changes are as follows: at
the axial distances x/D, =84 of Fig. 10 and
= 30° Nu, were 10.7, 13.5 and 16.1 corresponding to
Gine Of 400, 700, and 1000 W/m?, respectively. These
results indicate that the Nu, values increases by ratios of
26% and 50% due to changes in gi,c values by ratios of
75% and 150%, respectively.

3.5. Effect of inlet air bulk temperature on the local
Nusselt number

It is evident for air heater solar collectors that the
inlet air bulk temperature to the collector is one of the
primary factors, which govern its thermal performance.
It has a direct effect on decreasing both the heat removal
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factor and increasing the overall heat loss coefficient.
Both factors are known to be functions of the convective
heat transfer coefficient between the flowing air and the
hot absorber plate. To study the effect of the inlet air
bulk temperature on Nu, between the V-corrugated plate
and flowing air stream, the electric heater installed be-
fore the flow fan is used to heat the inlet air stream and
consequently vary its bulk temperature. The results ob-
tained for tests performed at operating conditions of gy
1000 W/m?, Re values of 750, 1500 and 1985 at § = 45°
and Ty, ranging from 12.4 to 59.4 °C, were used to
estimate the variation of local Nusselt number, as shown
in Fig. 12. It can be seen from this figure that there are
significant increases in Nu, values in the channel en-
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Fig. 12. Effect of inlet air bulk temperature on the local Nusselt
number at different values of Re.

trance region due to the increase in Ty, for the three Re
values. The increase of the inlet air bulk temperature,
increases the temperature level of the V-corrugated ab-
sorber plate. This increase in the V-corrugated plate
temperature will influence the air thermal boundary
layer development in the channel entrance region and
consequently leads to high heat transfer rate. This in-
fluence diminishes downstream, since the heat transfer
enhancement due to the simultaneous development of
both the flow and thermal boundary layers also dimin-
ishes downstream.

4. Conclusions

In this research, experimental study on effects of the
operating parameters on forced-convection heat transfer
for laminar flow of air in a channel having a V-corru-
gated upper plate heated by radiation heat flux and
other walls are thermally insulated has been carried out.
The parameters studied and their ranges were the flow
Reynolds number (Re) ranging from 750 to 2050, inci-
dent radiation heat flux (gi,c) values of 400, 700, 1000
W/m?, inlet air bulk temperature to the channel (7;;,)
changed from 12.4 to 59.4 °C and the channel inclina-
tion angle with the horizontal (f) of 0°, 15°, 30°, 45°,
and 60°. The results show that:

e The effect of the flow Reynolds number values (Re)
on the local Nusselt number values (Nu,) is clear
and more significant at the channel entrance region.

e Changing inclination angle with the horizontal (/)
from 0° to 60° leads to an increase the local Nusselt
number values (Nu,) by a ratio ranging from 33%
to 67.3% depending on Re value and other operating
parameters.

o Increasing the incident radiation heat flux values
(¢inc) by 175% and 250% leads to an increase in Nu,
values by 26% and 50%, respectively.

e The results indicate that there are significant in-
creases in Nu, in the channel entrance region due to
the increase in inlet air bulk temperature and this in-
fluence diminishes downstream.
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