Heat transfer and pressure drop characteristics
of yawed fin arrays

A. M. E. ABDEL-LATIF and M. A. SALEH
Mechanical Power Dept., Faculty of Eng., Zagazig University, Zagazig, Egypt

An experimental investigation is carried out to study effects of yaw angle, interfin spacing,
and shroud clearance on heat transfer and pressure drop characteristics of square pin fins
arranged in staggered and in-line arrays. Measurements were carried out for three values of
shroud-to-height ratios C/H, namely 0.0, 0.5, and 1.0. For each one gf these values,
measurements were carried out fqr five values of yaw angles y, namely 0.0, 10 , 20 , 30 ,
and 45 and three values of Reynolds number ranged from 3.5x103 -1.1x104. The spanwise
spacing S, was varied from 10 to 80 mm while the normal to span spacing S_was varied
from 18 to 80 mm. Experiments were performed with air as the working fluid. It is found
that the heat transfer rate increases gradually with increasing yaw angle reaching a
maximum at 1 =30 before it decreases with further increase in y. Also it is found that the
optimum interfin spacing in both spanwise S, and normal to span S_directions is 2.0 b, and
1.8 b, respectively (where b is the side length of pin fin cross-section) regardless of yaw
angle, shroud clearance, and type of array used. A general heat transfer and friction
correlations have been developed taking into account spanwise spacing S , normal to span
spacing S, yaw angle y, shroud-to-height ratio C/H, and flow Reynolds number Re for both
in-line and staggered arrangements.
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1. Introduction

Augmentation of heat transfer from
engineering components has attracted the
attention of researchers for many years. The
development of very powerful gas turbine
engines for military aeroplanes required the
development of a very efficient technique for
cooling turbine blades. One way of doing this
is through the application of forced convection
to fin array configuration inside the blade.
Another area where heat transfer
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augmentation is required is the micro
miniaturization of electronic components for
digital computers and the instrumentation of
modern aircrafts.

The subject of heat transfer in arrays of
rectangular blocks, especially for the periodic
fully developed flow, has been studied by
many investigators. Sparrow et al. [1,2] have
reported heat transfer and pressure drop in
arrays of rectangular blocks with barriers and
missing blocks. They used a mass transfer
technique with the heat-mass analogy to
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obtain the so-called adiabatic heat transfer
coefficient. The object of their work was to
study the effect of the missing block and
barriers on thermal-hydraulic behavior of the
array. Molki et al. [3] investigated the heat
transfer in the entrance region of an in-line
array of heated blocks. The focus of their work
was on the entrance heat transfer coefficients
and the associated thermal wake effects.

Sparrow and Samie [4] experimentally
investigated the heat transfer and pressure
drop from one and two arrays of tubes in a
Reynolds number range from 7500 to 32,000.
They found that when one row of tubes was
used, both Nusselt number and pressure drop
were very sensitive to the pitch distance in the
spanwise direction (pitch distance between
tubes). Similar trends were obtained for a
staggered two-row array of finned tubes.
Metzger et al. [5] reported measurements of
heat transfer associated with staggered arrays
of short circular pin fins (length-to-diameter
ratio of 1). The staggered array arrangements
considered were those encountered in cooled
gas turbine engine airfoils. Measurements
were %onducged over a Reynolds number range
of 10”7 to 10". They found that, in general, the
Nusselt number increases for the first three
rows and then it declines for the remaining
ones.

In a series of experimental investigations,
Moffat et al. [6-14] have extensively studied
various aspects of thermal-hydraulic behavior
of the arrays of electronic components. The
overall objective of their effort was to develop
techniques and data base needed to predict
the operating temperature of the blocks. They
have also emphasized the very crucial point
that the adiabatic heat transfer coefficient,
which is reported in the electronics cooling
literature, should be used in reference to the
adiabatic fluid temperature.

Several investigators [15-24] have
attempted to increase heat transfer in pin-
finned plate exposed to an impinging air
stream. The pin fins are aligned with the air
approach velocity. The overall objectives of
their effort were to select the optimal spacings
between electronic components (e.g. boards)
and fin-to-fin spacing. They also constructed a
numerical model and generated a considerable

volume of optimal-spacing and maximum heat
transfer data, for various combinations of flow
condition (Re), pin dimensions (b/L, H/L), and
fluid type (Pr). A numerical simulation of three
dimensional flow and temperature field was
performed by Sathe et al. [23] in a study of
heat sinks with square pin fins, in which the
spacing was fixed. The thermal performance of
complete sink and fan assembly was
simulated using a commerical computational
package by Kamath [17]. Three geometries
with fixed fin spacings were conidered: square
pin fins, straight fins and radial fins. Related
advances were also made in the area of liquid
jet impingement cooling. Sullivan et al. [25]
conducted experiments with three heat sink
geometries with square pin fins, in which two
fin spacings were tested. Heindel et al.[26]
reported data for one heat sink with radial
fins.

Tahat [27] conducted an experimental
investigation on the optimization of pin-fin
arrays subjected to forced convective heat
transfer. Heat transfer as well as pressure
drop were measured for in-line and staggered
arrays with zero gap clearance ratio. Jubran et
al. [28] investigated the effect of the interfin
spacing and missing pin on the heat transfer
from cylindrical pin fins arranged in staggered
and in-line arrays. They found that the
staggered arrangement of the array tends to
give higher heat transfer than that of the in-
line ones. The effect of missing pin on in-line
and staggered arrays with various interfine
spacing is negligible but staggered arrays are
most sensitive to the missing pin with a7
percent reduction in the heat transfer.

It is anticipated that yawing fin arrays to
flow direction will have a pronounced effect on
both heat transfer and pressure drop
characteristics of these arrays. To the
knowledge of the present authors the case of
yawed fin arrays to flow direction has not been
dealt with before. In the present work, the
effect of yaw angle on heat transfer rates and
friction factor is investigated for both in-line
and staggered arrays of square pins. A wide
range of interfin spacing is considered and
more general correlations are obtained. The
present work also aims to make optimization
of the pin fin array configuration at various
flow conditions.
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2. Experimental setup and test procedure

The experiments were performed in an
open type wind tunnel which has a square test
section 440 mm x 440 mm, and 1000 mm
length with maximum air speed of 23 m/s.
Fig. 1 shows the general arrangement of the
fin array in the test section. The side walls of
the test section are made from Plexiglass. The
middle bottom side of the test section has a
rectangular slot (210 mm x 195 mm) to
accommodate the light metal alloy base of the
square pin fin array. Five slots with different
yaw angles were made in the bottom of the
test section. A container box is attached to the
slot to enclose the aluminum base. This box
was filled with insulating material to minimize
heat dissipation to atmosphere as shown in
fig. 1. The air flow is adjusted by a gate valve.

The square pin fin array is composed of a
210 mm x 195 mm horizontal rectangular
base with a thickness of 30 mm. Square pin
fins of 10 mm in side, 60 mm in height are
mounted on and protruding vertically upward
from the rectangular base. Both the base and
the fins are made of high-thermal-conductivity
aluminum alloy. A thin layer of thermally
conducting €epoxy cement (electrically
insulated) serves to ensure good -contact
between the rectangular base and pin fins.
The number of pin fins can be adjusted to suit
the required spacing between the fins in the
spanwise (z axis) direction and in the normal
direction (x axis). The interfin spacing in the
spanwise direction (distance between two
adjacent fins) is varied from 10 mm to 80 mm,
and in the normal-to-span direction from 18
mm to 80 mm. Nichrome wire uniformly and
closely wound on a mica sheet is used for
heating the rectangular base and was firmly
attached to the bottom of the base by a set of
screws. A guard heater is used to minimize the
heat losses to the outside surroundings. A
guard heater is separated from the main
heater by a copper sheet (3 mm thick). Two
asbestos sheets (6 mm thick) and copper sheet
(3 mm thick) are fixed below the guard heater.
The enclosure is filled with glass wool
insulating material as shown in fig. 2-a. The
electric power input to the main plate heater
and the guard heater are controlled by an
auto-transformer (variac), and are measured
by a wattmeter with an accuracy *1.5% of

readings. The pin fin array is kept at constant
uniform temperature of 50+0.5 C. Figs 2-b and
2-c show a description of shroud pin fin array
geometry and air stream flow. The top cover
(shroud) is adjustable to give different shroud
clearance spaces over the fin tips.

r———— 1000mm
r r€1 HP 1- Test model
1 2 : 2- Shroud
g : —\ : 3- Container box
- R . Y S 4- Glass wool
<
3 1
(Fes e
£ .
4 —— 3
Fig. 1. Schematic diagram of test section.
The steady-state temperature of the

rectangular base of the fin array was
measured by ten copper-constantan
thermocouples distributed uniformly over the
base and embedded 15 mm deep from the
surface of the base plate. The readings of
these thermocouples were recorded using a
digital thermometer with resolution of +0.5 C
and the average of the steady state readings of
these thermocouples are taken as the
temperature of the base plate. The inlet
temperature of the air stream is taken as the
average reading of five copper-constantan
thermocouples located uniformly at the inlet of
the test section (distributed in three rows,
14.7 cm distance between them. Two
thermocouples in the upper and lower rows,
14.7 cm distance between thermocouples in
each row. One thermocouple in the center of
the middle row). Similarly, the qutlet
temperature of the air stream is taken as the
average reading of five copper-constgntan
thermocouples located uniformly at the qutlet
of the test section. The pressure drop across
the pin fin array is measured using two gtatic
pressure tappings in the surface of the cover
plate (shroud) just over the pin fin grray.
These tappings are connected to a
micromanometer of resolution of + 0.0} mm
H,O. :
Before the start of a run, the number of
pin fins is adjusted to the required spacing
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between the fins in the spanwise and normal-
to-spanwise directions. The clearance gap
between the fin tip and the horizontal shroud
is adjusted for a predetermined gap.The base
plate with the pin fins on it are fixed at the
desired yaw angle. Then, to prevent air leakage
from the test section, all suspected joints are
sealed by silicon rubber and thoroughly tested
for leaks with the aid of soap solution.
Subsequently, the flow and power to the
heaters are turned on and adjusted for a
predetermined flow rate. A steady state is
usually achieved after three hours (no change
of thermocouples reading with time).

3. Data reduction

The friction factor of the periodic fully
developed flow is calculated from the pressure
drop across the test duct and the mean
velocity of the air and is expressed as:

f = [(-Ap/AX) D J/(p. U'/2), (1)

where the pressure gradient, Ap/AX, is
evaluated by taking the ratio of the pressure
difference and the distance of the two pressure
taps. In the present investigation, the friction
factor is obtained under isothermal conditions
(tests without heating). The maximum
uncertainty in (f) is estimated to be less than
7.3 percent for Reynolds number greater than
10,000 using the uncertainty estimation
method of Kline and McClintock [29].

The convective heat transfer coefficient is

evaluated fofn’
h = Q. / (AT, ~(Ty, ¥ T, /20 2)

where Ajp is the total heat transfer area given
by

A=wL+(@bHN_N,),
and
Qconv = Q - Qloss- (3)

Where Q_  represents the net heat transfer
rate from the fins to the coolant, and is
calculated by subtracting the heat loss (Q, )
from the supplied electrical power (Q). The

heat loss can be estimated by the following
equation:

Qloss = Qa % Qtad : (4)

The radiative heat loss from a duralum plate
fin assembly, Q ., was evaluated by Naik et al.
[30] for a similar setup to be about 0.5 percent
of the total heat input. Qg4 is the conductive
heat loss from the sides of the heated
rectangular base, and is estimated to be less
than 1.5 percent of the total electric power
input. Tahat [27] conducted similar
experimental tests, and reported that the total
heat losses from the pin fin array, with the
radiative heat transfer losses being included,
were only 2.5 percent of the total heat input.
Using these findings, one could assume with
some confidence that Q __ may be ignored.
Then eq. (3) reduces to:

Qconv =Q.

The total net heat transfer rate from the test
duct to the cooling air is further checked with
the cooling air enthalpy rise along the test
duct. A satisfactory agreement is achieved,
which confirms good energy conservation in
the experiments.

Reynolds number (Re) and Nusselt number
(Nu) may be written as:

Re=G,, b/u,. (5)
Nu=hb/k, (6)
where;

G, ..=m/ A,

Using the method of Kline and McClintock
[29], the maximum uncertaipty of the Nusselt
number is less than 6.2 percent for Reynolds
number greater than 10,000.

4. Results and discussion

Experiments  were carried out to
investigate the effect of yaw angle, shroud-to-
height ratio, interfin spacing, and mass flow
rate on heat transfer ang pressure drop
characteristics of square fin arrays arrapged
in in-line, and staggered. Meagurements were
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model

main heater

guard heater

2 sheets insulation material

steel box (2mm thick)

2 Copper sheets (3mm thick

glass wool
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Fig. 2-a. Assembly of test model.

shroud (18 mm wood)

in-line arrangement

shroud clrearance

staggered arrangement

Fig. 2-c. Description of pin geometry and air stream flow.

carried out for three values of shroud-to-
height ratios C/H, namely 0.0, 0.5, and 1.0.
For each one of these values, measurements
were carried out for five values of yaw angle y,
namely 0.0°, 10°, 20°, 30°, and 45° and three
values of Reynolds number ranged from
3.5x103, 6.7x10% and 1.1x10% The spanwise
spacing S was varied from 10 to 80 mm while
the normal-to-span spacing S_was varied from
18 to 80 mm.

Effect of yaw angle on Nusselt number at
different values of C/H and two values of S,
for in-lipe  arrangement (S =18 mm,
Re=1.1x10 ) is shown in fig. 3.

It is seen that Nusselt number increases
gradually with increagjng yaw angle reaching
a maximum at yp = 30 then it decreases with

further increase in y. This may be attributed
to the existence of a strong flow separation
zone at p = 30 on the first row of blocks of
the array. This flow separation has an
enhancing effect on the blocks-averaged heat
transfer c%efﬁcient. Fig. 3 also shows that N
at y =45 is lower than thatat y =30 Aty
= 45 the flow over pin fins is a wedge flow
and there is no separation at the leading edge
of the pins. Also the figure shows that for 10<
y <45 yalues of Nu are greater than these for
p =0.0 . It is also seen that Nu fo1 the array
with S =20 mm is greater than the
corresponding Nu for S =55 mm. Fig. 4 shows
variation of Nusselt number Nu with spanwise
spacing ratio S /b at different shroud to
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height ratios C/H and different Reynolds
numbers Re at normal-to-span gpacing S =18
mm and yaw angle y =0.0 for in-line
arrangement. It is seen that the optimum
interfin spacing in the spanwise direction,
which corresponds to maximum Nu is S /b
=2.0 for all shroud-to-height ratios C/H and
Reynolds numbers Re. Fig. 4 also shows that
Nu increases with decreasing C/H. This may
be attributed to the fact that as the clearance
above the fins is increased, the flow resistance

130
— S$z=20 mm
el - Sz=85mm Re=1.1x104
| W cH=10
1o|- ©  CH=05
= . C/H=0.0

Nu

o 10 20 30 40 50
yaw angle, y ,(deg.)

Fig. 3. Effect of yaw angle on Nusselt number for in-line
arrangement (Sx = 18mm, Re = 1.1x10%).

of the alternative path diminishes relative to
that of the entire fin spacing, so that the
highest velocities occur in the clearance gap. It
can also be seen that Nu decreases, after
reaching the maximum value at S /b=2 for
further increase in S _/b. This is due to the fact
that as S /b increases the number of fins in
the spanwise direction decreases and hence
the heat transfer decreases. A similar
observation was reported by ref. [28] for
cylindrical pin fin arrays at y =0.0 , C/H=0.0
and Re=3.7x10% Results of ref.[28] are plotted
in fig. 4. Fig. 4 also shows that Nu increases
with increasing Re.

Figs. 5 and 6 show variation of Nusselt
numbey with spanwise spacing ratio S /b for
yp =30 and 45 respectively. These figures are
presented for in-line fin array for different
shroud-to-height ratios C/H and differgnt Re

at constant normal-to-span spacing S =1¢
mm. The family of curves seen in figs. 5 and ¢
are similar to those observed in fig.4 for y -
0.0e.
80

Re=1.1x10%
L C/H=1.0
¥=0.0 -
A C/H=05
70} @® cH=00
> 60
}_
50 |-
o A O R L B L T N
qd 1+ 2 3 4 5 6 7 8 B
60| Re=6.7x10°
50—
e ]
P4
40
S RN TR (NP NP NP NOPU PO M ol
¢ 1 2 3 4 5 6 7 8
- /O Ref[28] C/H=0.0,Re=3.7x10°
60 |- Re=3.5x10°
=
z

Fig. 4. Variation of Nusselt number with spanwise
spacing ratio S;/b for in-line fin array (y=0.0,Sx=18 mm).
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Variation of Nusselt number with normal-
to-span spacing ratio S /b for different
shroud-to-height ratios is shown in figs. 7 and
8. These figures are for in-line fin array with
§,=20 mm, and two yaw angles y =0.0°, 30°,
respectively. It is seen that maximum heat
transfer occurs at normal-to-span spacing
S /b=1.8 for all shroud clearance and flow
rates. Also it is seen that Nusselt number
increases with increasing Re. Figs. 7 apd 8
also show that values of Np at y =30 are
greater than those for y =0.0 .

Figs. 9 and 10 show variation of Nu with
S,/b for staggered fin array for y = 0.0 and
300 respectively. The optimum interfin spacing
for this case again corresponds to S /b=2.0 for
all values of C/H, g, and Re.

The performance of the in-line
arrangements compared with that of the
staggered one under the same experimental
conditions is shown in figs. 11 and 12. These
figures indicate clearly that the heat transfer
for staggered arrangement is higher than the
corresponding one for in-line arrangement
regardless of S /b, g , and C/H.

Variation of friction factor (f) with Reynolds
number is depicted in fig. 13, where the
ressults of smoth duct are included for
comparison. It is seen that, as expected, the
friction factor decreases with increasing
Reynolds number. The results also show that,
for a given Reynolds number, the friction
factor decreases with increasing C/H. Fig. 13
reveals that (f) for finned duct is 3-9 times
greater in magnitude than that of a smooth
duct. The results also show that the staggered
fin arrays have a friction factor greater than
that for in-line fin arrays, and the friction
factor increases with increasing yaw angle.

Nusselt number Nu , Reynolds number Re,
spanwise spacing S , normal-to-span spacing
Sy, and yaw angle y were correlated using the
following form:

Nu = a (Re)® (S:/w) ©(Sx/L)¢ (cos y)s, (7)

where a, b, c, d, and e are arbitrary constants.
The following correlations were obtained, for
Reynolds number ranged from 3.5x10 to
1.1x10 , spanwise spacing S, ranged from 10
to 80 mm, normal-to-span spacing S_ranged
from 18 to 8Q mm, and yaw angle y ranged
from 0.0 to 30 .

A least-squares fit to the data yields the
following correlations.
For C/H = 0.0:
in-line arrangement,

Nu = 2.24 (Re’0.242 (Sz /w)-o.ns (Sx /L)-o.az
(cos w’-3.01’ (f)

with a spread of + 11%,
staggered arrangement,

Nu = 6.66 (R eJo,lg (S,/w) 1 (s /1y 02
(Cos \p)- 15 ’ (9)

with a spread of + 12.5%.
For C/H = 0.5:

in-line arrangement,

Nu = 1.29 (Re)>? (S,/w) " (Sx/L) ***
(cos ) ™ (10)

with a spread of £ 10.5%,
staggered arrangement,

Nu = 3.38 (Ref-24 (S,/w)*'* (s /L)%
(cos w)>* (11)

with a spread of + 11.5%.
Finally, for C/H=1.0:

in-line arrangement,

Nu = 1.05 (Re)°2®® (S_/w) 02 (S /Ly0%
(cos )", (12)

with a spread of + 9.7%,

staggered arrangement,
Nu = 0.38 (Re)“46 (S,/w) "% (s, /L)%
(cos @) >7%, (13)

with a spread of £+ 14%.

Reynolds number (3.5x10%<Re<1.1x10"),
shruod-to-hight ratio (0.0<C/H<1.0), yaw
angle (0.0< y <30°) and friction factor f can be
correlated as follows:
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Fig. '5. Vg:iation of ' Ngsselt number with spanwise Fig. 6. Variation of Nusselt number with spanwise
spacing ratio, S;/b for in-line fin array (y=30°,Sx=18mm). spacing ratio, S./b for in-line fin array (y=45°,Sx=18mm).
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(Sx=18mm, y=30°).
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Fig. 11. Comparison of variation of Nusselt number with
Sz/b for in-line and staggered fin arrays (Sx=18 mm, ¥
=30°, and Re = 1.1 x109).
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Fig. 12. Comparison of variation of Nusselt number with
yaw angle for in-line and staggered fin arrays (Sx=18 mm,
Sz = 20mm, and Re=1.1 x104).

For in-line arrangement:

f= 054 (Re).0.4]3 (C/H)'O-O25 (COS "))_5‘33

(Sx/L) **(So/w) ™Y, (14)

with spread +16%.

For C/H=0.0,
-0.494 L7y .0.43
f=1.2 (Re) (cosy) (S, /L) (S,/w), (195)

with spread + 14%.
For staggered arrangement:

f il 0.3 (Re -0.279 (C/H -0.07 (COS lp)~5.2
(S, /Ly '“(S,/w)"’-}“, (16)

with spread + 18%.
For C/H=0.0,

05 276 _0.38 -
f=22(Re) (cosy) (S,/L) (S,/w), (17)
with spread + 15.8%.

5. Conclusions

An experimental investigation is
carried out to study effects of yaw angle,
interfin spacing, and shroud clearance on heat
transfer and pressure drop characteristics of
square pin fins arranged in staggered and in-
line arrays. Measurements were carried out for
three values of shroud-to-height ratios C/H,
namely 0.0, 0.5, and 1.0. For each one of
these values, measurements were carried oyt
for five values of yaw angles yp, namely 0.0 ,
10 , 20 , 30 and 45 and three values gf
Reynolds number ranged from 3.5x10 -
1.1x10 . The spanwise spacing S, was varied
from 10-80 mm while the streamwise spacing
S, was varied from 18-80 mm. Experiments
were performed with air as the working fluid.
The main findings are:

1- The heat transfer rate increases gradually
with increasing yaw angle until reaching a
maximum at p =30 before it decreases with
further increase in @ for both in-line and
staggered arreangements.

2- The optimal values of the interfin spacing
in spanwise and normal-to-span directions are
S /b= 2.0 and S _/b=1.8 respectively regardless
of yaw angle, shroud clearance, and type of
array used.

3- Staggered arrangement of the array tends
to give higher heat transfer rate and higher
friction loss than those of the in-line ones
regardless of values of shroud clearance-to-
height ratio, and yaw angle.
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4- General correlations for Nusselt number
(Nu) and friction factor (f)j have been
developed. These correlations take into
account normal-to-span spacing S, spanwise
spacing S, yaw angle y, shroud-to-height
ratio C/H, and flow Reynolds number Re, for
both in-line and staggered arrangements.

025
Sx=18mm, Sz=20 mm W cmeo
- - - - Staggered fin arrays
— In-line fin arrays A cH=0S
0.20 =y ‘!’=00 @ CH=0.0
i ...
Toasba, T
8
£
§
£ o010
0.05 |—
0.00 ] I 1 l 1 ' | ¥ ' ] l 1 ' 'l I 1 I 1
) 4 s [ 7 8 s 10 1 12
Re x 10°3
(a)
oe
B - - - Staggered Fin arrays “
—— In-line fin agsys - EH=1.0
osl- e y=3 A CH=08
- T ® cCcH=00
04}
e 03|
g
2 B
02 |-
o1}
smooth duct
00 1 i 3 | 2 | " | 1
T2 4 3 8 10 12
Rex10‘3
(b)

Fig. 13. Variation of friction factor f with Reynolds
number Re at different values of C/H [Sx=18mm,
S;=20mm, (a) ¥=0.0, (b) ¥=30°).

Nomenclature
Ap is the fin array total heat transfer area,
m

Agf is fhe free-flow area = (C+H) W-N_ b H,

m

b is the side length of pin fin cross
section, m

C clearance gap between the fin tip and
the horizontal shroud, m

De is the hydraulic diameter of test
section, m

f friction factor, [(-Ap/AX) .D_]/( p. U*/2)

Gmax is the maximum mass flow rate per
unit area, kg/m? s

H is the fin height, m

L is the length of the fin assembly, m
m is the forced flow rate of air, kg/s

N¢ is the number of fins in the assembly

is the number of fins per row in the

T normal-to-span direction
N, is the number of fins per row in the
spanwise direction
p is the static pressure, Nm
Pr is the Prandtl number, Cpu /k
Qa is the conductive heat loss from sides

of the rectangular base, W

Qcony 18 the total steady-state rate of
convective heat loss through air, W

Qinputis the total steady rate of heat input tq
the fin array assembly, W

Qloss is the total steady-state rate of heat

losses from the fin array assembly, W

is the total steady-state rate of

radiative heat loss from the fin

assembly, W

Re is the Reynolds number of air flow
based on side length of square fin,
bU/v

S is the fin uniform spacing in the
direction normal to array span, m

S is the fin uniform spacing in the

spanwise direction, m

is the ambient air temperature, K

is the steady-state temperature of the

base of pin fin array, K

B is the inlet temperature of forced air
stream to the pin fin array, K

T is the outlet temperature from pin fin

array, K

t is the

array, m

is the mean stream velocity, m/s

is the width of wind tunnel duct, m

is the width of base fin array, m

is the normal-to-span direction

is the vertical direction

Qrad

thickness of base of pin fin

<% gscC
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z is the spanwise direction

W is the yaw angle, deg., (angle between
flow direction and normal-to-span
direction).
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