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Abstract—Experiments were conducted to investigate the effect of fluid injection on laminar flow and heat
transfer characteristics in a one-porous-wall square duct. Uniform air flow at Re, = 400-2000 entered the
duct with a cross section of 20 x 20 mm” and a ratio of the active injection length to the hydraulic diameter
of 40. Pressurized air was injected through a thick layer of porous material for flow uniformity and a
heated porous duct wall at injection rates Re,, = 5-20. All of the measured and deduced data, including
the axial velocity profiles, the pressure drops, the friction factors, the porous wall temperatures, the outlet
fluid temperatures and the Nusselt numbers, were presented and compared with the previous theoretical
results. The deduced friction factors and Nusselt numbers from the experimental data were correlated

within differences of +10% and +15% respectively.

INTRODUCTION

The internal laminar flow in a duct with fluid injection
or suction and heat transfer at the porous wall has
been investigated extensively for many engineering
applications, including the design and analysis of
nuclear reactors, combustion chambers, food-drying
processes, heat pipes, solar air collectors, fuel cell
stacks and purification processes by reverse osmosis.
Olson [1] performed a one-dimensional analysis of
laminar flow in porous pipes. Later, Berman [2] pre-
sented a two-dimensional analysis for fully-porous
channels. Some similar studies were contributed by
Donoughe [3] for semiporous channels, Yuan and
Finkelstein [4] for porous pipes as well as Berman [5]
for porous annular tubes. Research into combined
laminar flow and heat transfer in porous pipes was
introduced by Yuan and Finkelstein {6], and that into
porous channels was initiated by Terrill [7]. Since
then, many related research works have been carried
out, some of the results can be referred to in the brief
review of Kays and Perkins [8].

Most of the studies were focused on theoretical
analysis ; only a few experimental works on the lami-
nar flow are listed in Table 1. Wageman and Guevara
[9] studied the laminar flow through a porous pipe
with fluid sucticn, and the flat character of the axial
velocity profiles for suction flow was verified. Bundy
and Weissberg [10] carried out an experimental work
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of fully developed flow in a porous pipe with wall
injection. The variations of axial pressure gradients
and the ratios of centreline to mean velocities were
reported. Later, Kohler [11] investigated the laminar
flow through a semiporous channel and found the
existence of slip conditions on the porous wall for
slow flow (Re, < 4) with weak suction. However, this
result had not been reported by other researchers for
fast duct flow. Raithby and Knudsen [12] studied the
flow in fully porous channels with strong wall suction,
and concluded that the flow cannot be fully developed
for high suction rates. More measurements were con-
ducted by Quaile and Levy [13] for a suction flow in
porous pipes. Unstable reverse flow was observed for
Re,, < —4, pressure gains were found for Re, < —2,
and locations of points of flow separation were also
presented. It is seen that nothing for the corresponding
heat transfer problem can be found in the literature.

Recently, Hwang et al. [14] carried out a theoretical
study for laminar developing flow in a one-porous-
wall square duct with fiuid injection or suction and a
constant wall heat flux. According to the results for
the injection flow, the peak of the axial velocity profile
is shifted away from the porous wall towards the
opposite solid wall. The pressure drop and friction
factor for the injection flow are increased along the
duct compared with those for an impermeable flow.
In the heat transfer problem the temperatures of both
the heated porous wall and the duct fluid are increased
with the wall injection. The Nusselt number is
decreased by fluid injection. Moreover, the cor-
relations of friction factors and Nusselt numbers were
also deduced [15].
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NOMENCLATURE

A cross-sectional area Greek symbols
¢, specific heat at constant pressure #,n* normalized axial coordinates for fRe
D side length of a square duct and Nu correlations respectively
D,  hydraulic diameter, 44/S 0 dimensionless temperature,
Ec  Eckert number, U¥[c,(T,,— T)] (T—Ty)/(gDjk)
f friction factor, 2t,,/(pU?) U viscosity
h heat transfer coefficient, g/(T,,— T}) v kinematic viscosity
k thermal conductivity P density
L axial length of a test section T shear stress.
Nu  local Nusselt number, AD/k
P,p pressure and dimensionless pressure

averaged over a cross section,

p = P/(pU}) Subscripts
Pr Prandtl number, v/x b bulk fluid condition
q heat flux on the porous wall c centre point of cross section
Re, inlet Reynolds number, U, D/v f mainstream
Re, wall Reynolds number, V,, D/v fd values in the fully developed region
S wetted perimeter j injection fluid
T temperature of fluid m average value over an axial
AT  temperature difference between the distance

inlet and the outlet of a duct w wall condition
U, V, W velocity components in the X, ¥ 0 inlet condition.

and Z directions
u, v, w dimensionless velocity components

in the x, y and z directions, U/U,,

VD/v, WD/v Superscripts
X, Y, Z rectangular coordinates - cross-sectional average at a fixed axial
x,y,z dimensionless rectangular location

coordinates, X/(DRey), Y/D, Z/D. + definition for x* = x/Pr.

Table 1. Previous studies on laminar and turbulent flow in porous ducts

D, Initial Boundary Range of Range of
Investigators Year Geometry (mm) L/D, conditiont  condition} Re, Re,,
Wageman and 1960 O — — ® — —
Guevara [9]
Bundy and 1970 O 35 HF 0] 0-1000 0-14
Weissberg [10]
Kohler [11] 1972 = 17 HD ® 0.2-8 0-0.12
Raithby and 1974 = 64 HD ® 3004800 —10—-20
Knudsen [12]
Quaile and 1975 O 9.4 HF ® 200-1000 0-—30
Levy [13]

+HF = hydrodynamically developing flow, HD = hydrodynamically developed flow.

1® = injection flow, ® = suction flow.

In the present work, an experimental system was
built for measuring the data of axial velocity dis-
tributions, pressure variations, wall temperature vari-
ations, as well as the bulk mean fluid temperatures at
the inlet and outlet of a one-porous-wall square duct
with various fluid injection rates. After the pressure
variation along the duct axis and the flow rate were
measured, the friction factor could be deduced. In
addition, the mean Nusselt numbers could be com-
puted from the measured wall temperatures and

deduced bulk mean temperatures. A comparison of
the present experimental data with the theoretical
results [14, 15] is also made.

PHYSICAL MODEL

The flow and heat transfer characteristics in a one-
porous-wall square duct with wall injection are more
complex than those for solid walls. Consider a steady
laminar flow of an incompressible fluid with constant
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Fig. 1. Physical model and coordinates.

physical properties in a square duct, as shown in Fig.
1. The lower duct wall is porous and subjected to a
constant heat flux, while the other three walls are
impermeable and adiabatic. The entry velocity and
temperature profiles of the axial mainstream are
uniform. A fluid flow is injected uniformly into the
duct flow through the porous wall. The injected fluid
is the same as that of the mainstream and has the same
temperature of the heated porous wall.

According to the theoretical results of Hwang ef al.
[14], the duct flow development is caused by both the
entrance and injection effects. As pictured in Fig. 1,
the axial velocity profile is on a centreline per-
pendicular to the bottom porous wall. Because of the
mass input from the porous wall, the axial velocity is
increased and its peak is shifted towards the opposite
upper solid wall. Because of a constant mass flux
transferred through the porous wall, the larger trans-
verse velocity in the lower area of a cross section is
always observed. The overall continuity equation can
be obtained by using the mass balance as

fi=—=——=1+Re,x n

where Re = UD/v is the local Reynolds number,
Rey = UyDJ/v is the inlet Reynolds number,
Re,, = V,,D/v is the wall Reynolds number indicating
the injection rate and x = X/(DRe,) is the dimen-
sionless axial distance.

The local peripheral Fanning friction factor is
defined as f = 7, /(pU?/2), where T, is the peripheral
average shear stress over the four walls and U is the
average axial velocity over the cross section at a spec-
ific axial location. The friction factor is large at the
duct inlet, and decreases along the axial distance.
Obviously, the wall shear stress 7,, is determined by
the inlet axial velocity, U, the side length, D, the axial
location, X, the injection speed, V,, as well as by
the physical properties of the fluid, p and p. Seven
dimensional variables and three dimensions, i.e. mass,
length and time, are found. Thus, four dimensionless

parameters can be derived in the system. The Poise-
uille number or the product of the local friction factor
and the Reynolds number is a function of x, Re,
and Re,. Because of the large Reynolds number,
Rey = 400-2000, in the experiment, the axial viscous
force can be neglected. The parameter Re, showing
the effect of inertial force is already absorbed in the
dimensionless axial distance, x = X/(DRe;) [14].
Therefore, the result is

fRe = F(x, Re,) )

where Re can be related to x, Re, and Re,, as shown
in equation (1). According to the coordinate system
shown in Fig. 1, the value of Re,, is positive for an
injection flow, negative for a suction flow and zero for
an impermeable flow.

Considering also the overall force balance for a unit
axial length in the X-direction as

duv? dP 4_ 3
Pax Tax~T "™ )
where p U7 is the average inertia force, P is the average
pressure and 7, is the average shear stress over the
four duct wall. By using the dimensionless variables
p=(P—P)/pU3 and t¥=7,/(uU,/D), the above
equation can be rewritten as

1 dp\ 4/
el

The temperature of the mainstream fluid increases
along the flow direction because of the wall heating
effect and the injected thermal energy. As depicted in
Fig. 1, the temperature in the lower area is always
higher due to the constant heat flux transferred
through the porous wall. Moreover, thermal energy
addition by injected fluid also increases the fluid tem-
perature in the duct. Obviously, the heat transfer rate
is also determined by four additional dimensional
variables, i.e. the bulk temperature difference T, — T,
the heating rate, g, and the physical properties of the
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fluid, c, and k. One more dimension, i.e. temperature,
is included. Therefore three more parameters Nu, Pr
and Ec can be derived. Neglecting the viscous dissi-
pation, i.e. Ec = 0, and using the dimensionless axial
distance, x* = X/(Pr D Re,), the Nusselt number can
be written as

Nu = F(x*, Pr, Re,). (5)

It is noted that Pr = 0.72 for air is used in the present
study. At the duct inlet, the Nusselt number is
theoretically infinite due to the sudden application
of heat flux. The Nusselt number decreases along
the axial distance until it finally attains a constant
value (14, 15].

A local heat transfer coefficient, 4, which relates to
the supply of heat flux from the heated porous wall,
may be defined as & = ¢/(T,,— T}). Therefore, the local
Nusselt number can be also expressed as

Nu="P_ 40 _ | ©)
kK KT,—T)) 0,=0,
where 8, = T, /(gD/k) and 0, = T,/(¢D/k) are the
average dimensionless wall temperature and the bulk
mean fluid temperature respectively. In addition, the
mean Nusselt number is taken by using the inverse of
the mean value of bulk temperature difference as

N S
Ou—b0)m

@)

Nu,,

EXPERIMENTAL SYSTEM

As pictured schematically in Fig. 2, an open loop
fluid flow facility was used for the experiment. This
system consisted of four major parts including an air
supply system, a settling chamber, an injection unit

Settling Chomber
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and a test section. A 2 hp compressor with air pressure
up to 7 x 10° N m~2 was used for the air supply. Before
entering the pressure regulators, two filters and a
refrigeration dehydrator were employed for removing
oil, water and particulate material greater than 3 ym
diameter. One regulator was for controlling the rate
of inlet mainstream, and another was for adjusting
flow rate of injected flow. Two rotameters used in this
system were carefully calibrated, using the bubble
method with an accuracy of 2% in the range of
0-361min~—".

The velocity distribution of supply air was firstly
homogenized, using a porous nozzle, and then the air
was expanded in a divergent square channel of the
settling chamber. This chamber consists of four seg-
ments, with a layer of stainless steel mesh, a multi-
layer cotton cloth, a honey-comb and another stain-
less steel mesh to depress the turbulent intensity.
Finally, the flow was contracted by a 10: 1 convergent
square channel to attain a uniform axial velocity
profile.

The injection unit located underneath the test duct
was to create a uniform injection velocity through the
bottom porous wall along the square duct. As can be
seen in Fig. 3, this injection unit was made of four
layers of Bakelite plates with the dimensions
870 x 80 x 50 mm. The injected flow was first dis-
tributed by a closed-end distribution tube with a series
of downward pin holes, having a total open area equal
to the cross-section area of the inlet tube. Then, the
air flow passed two thick layers of ceramic fibre, a
heating layer and a graphite plate with 1 mm thickness
for uniform flow distribution. In this unit, most of the
flow resistance was produced by the graphite plate
with a low permeability. A preliminary test showed
that the range of pressure drops across this graphite
plate for injection Reynolds numbers of Re, = 5-20

Mixing Chamber

Test Section at Flow Exit

— - I

—h —=—

Main Stream Injection Flow

trr
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Flowmeters Data Logger for
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Screen Heater
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m Dehydrator ] |
0] o] |
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Computer

P AR a—
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Fig. 2. Schematic flow diagram of experimental set-up.
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Fig. 3. Details of test section and injection unit.

is 0.06-0.24 bar, which was large enough compared
with the total pressure drop of 0.002 bar for
Re, = 2000 in the mainstream of the duct. It may be
concluded that the injected velocity along the duct
wall could maintain its uniformity. However, the frag-
ile nature of the graphite plate was a serious problem,
thus a supporting perforated frame had to be installed
as well. In the heating layer, four ceramic heaters were
installed for raising the temperature of the injection
flow. These heaters were connected to four inde-
pendent DC power supplies for easy control of the
injection temperature along the test duct. The major
considerations in using the ceramic heaters were their
high heating efficiency and compact configuration.

As also shown in Fig. 3, the lower wall of the square-
duct test section was composed of a sheet of stainless
steel screen (Mesh 325) with effective surface area
about 20 x 800 mm and three thin layers of ceramic
fabric which are not shown explicitly in this figure.
The metal screen was connected to a DC power supply
to form a heating porous wall. Under the screen, pairs
of thermocouples were welded along the mainstream
direction for temperature measurement. In addition,
the upper wall was a piece of transparent acrylic plate
for flow observation, and the other two side walls were
also assemblies of Bakelite plates. The duct had an
effective dimension of 20 x 20 x 800 mm with a ratio
of the active axial length to the hydraulic diameter
of 40.

Five pressure taps at 0, 200, 400, 600 and 800 mm
locations from the inlet edge were inserted at the upper
plate along the channel. The static pressures were read
by a micro-manometer with an accuracy of 2%. The
velocity profile at the exit of the test section was mea-
sured by a Pitot tube, the readings were also taken
by the same micro-manometer. Temperatures were
measured by pairs of T-type thermocouples. The inlet

fluid temperatures were measured at the exits of
rotameters for the flow-rate calculation. Two pairs
of thermocouples were installed at the inlet and outlet
of the channel, 13 pairs of thermocouples were used
for detecting the porous wall temperatures, and the
other four pairs of thermocouples were inserted into
the injection unit for monitoring the injection air tem-
perature along the duct. Each pair of thermocouples
was connected to a data logger with a multi-channel
chart recorder. All of the readings from the data logger
and micro-manometer can be recorded by a personal
computer for further data processing. Table 2 depicts
the ranges of the experimental variables and the cor-
responding parameters.

DATA REDUCTION

Since experiments were performed with a moderate
temperature difference and pressure difference across
the test section, fluid property variations did not play
a major role in the data reduction. Typically, the inlet
bulk temperature of the main flow was about 25-

Table 2. Experimental variables for the present study

Variable Range of measurement

Re, 400, 450, 500, 600, 800,
1000, 1200, 1500, 2000

Re, 0,5,10,20

AP; (mm H,0) 0.04-0.80

AP; (mm H,0) 50-200

X/Dy, (Pressure tap) 0, 10, 20, 30, 40

AT [°C] 2.4-6.6

Tom °C] 40.2-51.6

Pr 0.72

X {cm)] (Thermocouples)

1, 5, 10, 15, 20, 25, 30,
35, 40, 50, 60, 70, 79
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30°C, and the fluid temperature difference between
the inlet and outlet of the test section was lower than
10°C, and the air temperature in the injection flow
was not higher than 50°C. The physical properties
were evaluated at the mean value of the bulk flow and
wall temperatures at each specific location of the duct.
The value of the Prandtl number used in the evalu-
ation of the Nusselt number was 0.72.

At a certain axial location, the local friction factor
fRe was evaluated from equation (4), using the aver-
age axial velocity &, the pressure gradient (—dp/dx)
and the axial inertia variation (d#’/dx). The axial vel-
ocity was computed from equation (1), and the axial
inertia variation was directly taken from the numerical
results of Hwang et al. [15]. The measured pressure
data were correlated into the simple form of second-
order polynomial equations in three different seg-
ments along the duct length, i.e. 0.005 < x < 0.01,
0.01 < x < 0.03 and 0.03 < x < 0.1. The discrepancy
between the experimental data and these equations
was dependent on the axial distance and the wall
Reynolds number. In the inlet region, the error might
be as large as +15%. However, the errors of most
data were found within +6%. These polynomials
were used for the evaluation of the pressure gradient
[16].

The determination of the value of the local Nusselt
number involved the local heat flux, ¢, and the local
wall and bulk temperatures, 7, and T,. Since it was
difficult to measure the bulk mean fluid temperature
at each specific axial location, the Nusselt number
could not be computed directly from the experimental
data. The method of deduction of the bulk mean fluid
temperatures from the measured data will now be
discussed. The bulk temperature at any axial position,
X, can be evaluated from an energy balance on a
square control volume between X and x+dX. Note
that the following equation applies at any axial
position

gDdX = [pe,(U+dO) (T, +dTy)
—pc, UT | D*—pe, V, T,DdX. (8)

Combining this with equation (1), the equation of
bulk temperature can be obtained :

_ 1+PrRe,,
® T 14+ PrRe,xt’

00, + Pr Re,,
0x*t 1+ PrRex*

©)

The solution of equation (9), subjected to its initial
condition 8, = 0 at x* = 0, is

1 't . .
Gb—mL (l+PrRew0w)dx . (10)

Therefore, the bulk temperature at each axial location
could be computed from the inlet temperature of the
mainstream and the measured temperatures of the
heated porous wall. According to the calculation
results of the present study, the difference between the
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calculated and measured temperatures at the outlet of
the duct was usually lower than 5%.

Invoking the method suggested by Kline and
MacClintock [17], an uncertainty analysis was per-
formed to estimate the uncertainties in the reported
results. The relative uncertainty in the axial velocities
measured by the rotameters was estimated to be within
+2.8%. However, the relative uncertainties of the
axial velocities measured by the Pitot tube might be
as low as + 1.3% in‘the centre point of a cross-section
and as high as +9.3% at the position near the duct
boundaries. The local friction factor used in this study
was deduced from equation (4), and its error attri-
buted mainly to the first term on the right-hand side.
Based on the estimated uncertainties of the static pres-
sure measurements of +2.7% at high values and
+13.1% at low values, the uncertainties in fRe were
estimated to be +3.4% and +13.2% respectively.

All of the thermocouples used in the measurements
and the corresponding readings of the data logger
were carefully calibrated with an accuracy of +0.2 °C.
On the other hand, the accuracies of the multimeter,
which is used for measuring the heating rate, were
1.5%+2 digital for current measurement and
0.3% + 1 digital for voltage measurements. Therefore,
the largest estimated uncertainty of the mean Nusselt
number was not higher than 10% in all measured
data.

RESULTS AND DISCUSSION

The experimental data are presented and discussed
in the following paragraphs to explore the charac-
teristics of laminar duct flow and heat transfer with
wall injection. The previous numerical results {14, 15]
are plotted by the line drawings for comparison in
Figs. 4-11, and the measured and the deduced data
are labelled with remarks.

Reliability of experimental data

Before the verification of the test results with the
wall injection, experiments were conducted for zero
injection, Re,, = 0, to determine the axial centreline
velocities, the axial velocity profiles, the pressure

5.0 —————T———————¢
| —— Hwang et ol.[14]

Experimental Data

40l
° cRev=20 = Re.=10
|l oRe,= 5 e Re,= 0

2.0

16} " L TR T L | | L
00 002 004 006 008 010
X/(DRe,)

Fig. 4. Centreline velocities along the axial length for various
wall Reynolds numbers.
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Fig. 5. Axial velocity profiles at specific locations for various
wall Reynolds numbers.
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Fig. 6. Pressure drops along the axial length for various wall
Reynolds numbers.
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Fig. 7. Friction factors along the axial length for various wall
Reynolds numbers.
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Fig. 8. Comparison of experimental data with previous cor-
relation results of friction factors.
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Fig. 9. Porous wall and mixed mean temperatures along the
axial length for various wall Reynolds numbers.
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Fig. 10. Nusselt numbers along the axial length for various
wall Reynolds numbers.
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Fig. 11. Comparison of experimental data with new cor-
relation results of Nusselt numbers.
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Fig. 12. Comparison of measured friction factors with exist-
ing data for duct flow without wall injection.

drops and the local friction factors and heat transfer
along the duct for the range of Re, from 400 to 2000.

Lacking the corresponding experimental data of
friction factors in the developing laminar flow, the
theoretical results of Curr er al. [18] as well as Carlson
and Hornbeck [19] in a square duct are shown in Fig.
12. The average friction factor, f;,, over a specific flow
length is defined as

; _D(=aP)
" 200X

or expressed by (fRe),= —Ap/(2x) = —APD?/
(2uXUy) in a dimensionless form. The value of (fRe),,
can be calculated directly from the measured inlet
average axial velocity and pressure drop at each spec-
ific axial location. For comparing with the existing
results, the experimental data of impermeable flow
are plotted. It is seen in Fig. 12 that most of the
experimental data are within +10% of the existing
results. The heat transfer results for zero injection
were also measured for various inlet axial velocities
and will be discussed later.

(am

Axial velocity distribution and pressure variation

As shown in Fig. 4, experimental results of the ratio
of the centreline to the inlet velocity along the duct
length for different injection rates are compared with
the previous numerical values. The centreline velocity,
U,, was measured on the exit plane of the test section
by varying the main flow Reynolds number, Re,. It is
seen that the experimental data are consistent with the
theoretical results. As a result of the mass addition
and acumulation, the value U,/U, increases with the
increase in the value of X/(D Re,) and also the value
of Re,,.

Figure 5 shows the dimensionless axial velocity dis-
tributions on the exit plane with four injection rates
and four dimensionless distances. The measured axial
velocity data were taken from five vertical positions,
1.5, 5, 10, 15 and 18.5 mm along the centreline, which
is perpendicular to the porous wall, on the duct exit
plane. It is seen that the fluid injection increases the
axial velocity components of the duct flow and shifts
its peak value towards the opposite solid wall.
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Alhough this movement is not significant near the
inlet, the trend is more pronounced as the axial
distance increases. This shift is larger for a stronger
injection rate because of more fluid injection.

In Fig. 6, a comparison between the measured and
theoretical pressure drops along the dimensionless
axial length is made for various wall Reynolds
numbers. The experimental data fit well the theoretical
curve. For the impermeable flow, Re, = 0, the axial
pressure continuously decreases in the developing
region, and a fixed negative value of the pressure
gradient is obtained when the flow is fully developed.
For the injection flow, the axial pressure gradient
decreases faster than that for the impermeable flow,
and this trend becomes more pronounced for larger
Re,,. The additional pressure drop is required for over-
coming the flow resistance of both viscous and inertial
forces, which are increased by the mass addition from
the bottom porous wall along the duct.

Friction factor

As shown in equation (4), the local friction factors
can be deduced from the measured static pressures.
Figure 7 shows the variations of these deduced friction
factors along the duct for Re, =0, 5, 10 and 20.
Again, the agreement between the experimental values
and the theoretical ones is good. Note that the friction
factor is always decreased with an increase in the
axial position and is increased with an increase in the
injection rate. As shown in Fig. 5, this result can be
explained by the steeper axial velocity gradient near
the walls for the stronger injection rate. However,
a physical interpretation of the full meaning of this
phenomenon is needed to understand it further.
According to equation (4), the friction factor is affec-
ted by both the axial pressure gradient (—dp/dx) and
the inertial force (du?/dx). As reported previously, the
axial inertia variation is gradually decreased along the
duct for all of the impermeable flow and injection
flows. Hence, the increment of friction factor for
X/(D Rey) = 0.04 is mainly produced by the larger
pressure gradient.

According to the results of Hwang et al. {15], the
local friction factors along the axial direction can be
correlated as

fRe
(f Re)

where (f Re)g is the fully developed friction fctor and
n is a normalized axial coordinate. The value of
(f Re)g 1s expressed as

(fRe)y = 14.4+0.31Re,

= 1+0.005997 8 (12)

(13
and 7 is defined as

X
 (1—-0.0559Re, +0.00108 Re2)' %>

] (14)

The deduced experimental data are presented in Fig.
8 for comparison. The data are within + 10% of the
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theoretical correlation for the entire regions of # and
Re,, under study.

Temperature variation

For practical applications and theoretical analysis,
the average wall temperature, 0,,.., and the bulk mean
temperature of fluid, 6,,,, along the duct are of inter-
est. For obtaining these data, experiments were con-
ducted over a range of inlet Reynolds numbers
(Re, = 550, 600, 700, 800, 1000 1200, 1500 and 2000)
with various wall Reynolds number (Re, =0, 5, 10
and 20). 0., and 6,,, were evalvated by numerical
integration over a certain duct length, where 0, was
computed using equation (10). It can be seen in Fig.
9 that the wall injection increases both the average
porous wall temperature and the bulk mean tempera-
ture. When a fluid at the same temperature as the
heated porous wall is injected into the mainstream,
the temperature of fluid in the duct will be increased.
Therefore, the temperature of the heated porous wall
will also increase in order to maintain the operating
condition of constant heat flux.

All experimental data of the average wall tem-
peratures and the bulk mean temperatures are com-
pared with the previous theoretical results in Fig. 9.
For all the wall Reynolds numbers, experimental data
are slightly lower than those theoretical values of
8. and 6, along the dimensionless axial distance
except for Re, = 0. The discrepancies of these tem-
peratures are enlarged by the rising injection rate.
When an injection flow is introduced into the test
section, as shown in Fig. 2, the temperature of the
porous wall will rise immediately. It is difficult to
maintain the injected fluid at the same temperature as
the heated porous wall. To avoid this troublesome
problem, the injection temperature was kept 1-2°C
lower than the wall temperature in the experiments.
Therefore, the measured wall temperature and the
mainstream outlet temperature were all lower than
those of the theoretical results.

Heat transfer

In Fig. 10, the variations of Nusselt numbers along
the duct for Re,, = 5, 10 and 20 are described. As can
be seen in the figure, the experimental data of Nu,, for
Re,, = 0 agree with the previous theoretical results.
Note that the experimental data in the figure are
slightly lower than the theoretical values; however,
the differences are all within 5%, which is within the
uncertainty of 10%, as mentioned previously. It can
also be seen that the wall heat transfer is reduced
by fluid injection. In the calculation of the Nusselt
number, most of the temperature discrepancies for
higher Re,,, as shown in Fig. 9, have been cancelled by
each other. The agreement between the experimental
values and the theoretical ones is fairly good, as shown
in Fig. 10. However, most of the measured data are
lower than the corresponding theoretical values.

In the present study, the experimental data of
Nusselt numbers can be correlated as [20]
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Nu 0.0375
== 15
Nugy t+ n* (13)

where Nug is the fully developed value of the local
Nusselt number and #* is a normalized axial coor-
dinate. From the results of Cheng [20], the value of
Nug, is expressed as

Nug = 2.71 —0.367Re,, +0.0212 ReZ — 0.000443Re,

(16)
and y7 is defined as
412
"= A(x*)—0.129(1);():)“”)0'5+0.0058C an
where the coefficients in the denominator are
A =1+0.282Re,,—0.00631 Re
B =1+0.384Re,—0.00109Re}
C = 140.421Re, —0.00139Re? . (18)

The results of equation (15) are plotted in Fig. I1.
The value of Nu,,/Nug is decreased with the increase
in #* and a limiting value of Nu,,/Nuy = I for large
n* is observed. The deduced experimental data are
also presented in the figure for comparison. More than
90% of experimental data are within +15% of the
correlated curve for the entire regions of #* and Re,
under study.

CONCLUSIONS

In considering the above results and discussion for
laminar flow and heat transfer characteristics in a one-
porous-wall square duct subjected to a uniform wall
injection and a constant heat flux, the following state-
ments can be made.

1. It has been verified experimentally that the fric-
tion factor is larger and the Nusselt number is
smaller for a larger injection rate.

2. The measured and the deduced data, including
the axial velocities, the pressure drops and the
friction factors match the predictions of the pre-
vious theoretical results.

3. The measured porous wall temperatures, main-
stream outlet temperatures and Nusselt numbers
can also fit the theoretical results. However,
small discrepancies between the experimental
and theoretical values are a result of the limi-
tations of the experimental method.

4. The deduced friction factors from the exper-
imental data are within + 10% of the correlation
equation. In addition, more than 90% of the
deduced Nusselt numbers are within +15% of
the correlated equation for the entire regions of
n* and Re, under study.
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