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ABSTRACT

Experimental investigations have been reported on steady
state forced convection from the outer surface of horizontal
triangular surface ducts in cross flow of air. The triangular
cylinder was set such that its vertex faces the flow. Four
equilateral triangular ducts have been used with cross section
side length of 0.03, 0.05, 0.08 and 0.12 m, corresponding to
blockage ratios 0.066, 0.110, 0.175 and 0.263 respectively.
The ducts are heated using internal constant heat flux heating
elements. The temperatures along the surface and peripheral
directions of the duct wall are measured. Local Nusselt
numbers at the middle of the duct are obtained around the
perimeter for the larger ducts 0.12 and 0.08 m for various
Reynolds numbers. Total overall averaged Nusselt numbers are
obtained for transition to turbulent regime and critical points
are tabulated for turbulent distinction. Empirical correlations
are obtained for the overall averaged Nusselt numbers and
Reynolds number using the equilateral side length as a
characteristic length. Furthermore, other general correlations
are obtained for the overall averaged Nusselt number using the
duct length as a characteristic length and the blockage ratio as a
parameter.

INTRODUCTION

Triangular cylinders in cross flow have many engineering
applications in cooling of electronic components and heat
exchangers. Survey of the literature shows that, correlations for
the overall averaged Nusselt numbers for forced convection
heat transfer from circular and non-circular cylinders have
reported by different authors. Churchill and Bernstein [1] have
reported a single comprehensive equation that cover the entire
range of Reynolds number for circular cylinder in cross flow
for a wide range of Prandtl number as follows:
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Tables are also given for the empirical correlation to be used
for noncircular cylinders in cross flow of gas by Eckert [2],
Jakob [3], Gephardt [4] and Incropera and DeWitt [5].
Comprehensive archival correlations for average heat transfer
coefficients for non-circular and circular cylinders and spheres
in cross flow have reported by Sparrow et al. [6]. Numerical
simulation of two dimensional flow over a circular cylinder
using the immersed boundary method has reported by Silva et
al [7]. An integral approach of the boundary layer analysis has
employed to investigate fluid flow and heat transfer from an
infinite circular cylinder in cross flow by Khan et al. [8].
Abbassi et al [9] have investigated the structure of laminar flow
and heat transfer from a built-in triangular prism placed in a
differentially heated channel. They obtained the critical
Reynolds number, where the transition from symmetric to
periodic flow, occurs at 45 with a blockage ratio of 0.25.
Recently, numerical simulation of unconfined flow past a
triangular cylinder is reported when the vertex of the triangle
facing the flow for low Reynolds number by De and Dalal [10].
They obtain a critical Reynolds number of 39.9. Furthermore,
De and Dalal [11] have extended their previous study for forced
convection from a triangular cylinder placed in a channel for
low Reynolds number and specific blockage ratio. The famous
circular cylinder in cross flow to air and liquids has
investigated by Sanitjai and Goldstein [12]. Other shapes in
cross flow such as square, diamond, elliptical, hexagonal, and
rectangular cylinder have investigated by Sharma and Eswaran
[13], Yoo et al [14], Ota et al. [15], Hilpert [16] and Igarashi
[17] respectively. The following correlations for square and
diamond in cross flow have been cited by [17] and also
recommended by [6] and are shown here for comparison
respectively:

Nup =0.14Re{® | 5000<Re; <60,000 )
Nup =0.27Re{"*”* , 6000<Re; 60,000 3)

It should be noted that, L in Eq. (2) is the side of the square or
the diamond cylinders. In all the cited papers the heat transfer
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from triangular cylinders in unconfined cross flow have been
studied only for the flow fields at small Re < 200 and there is
no correlation available in the literature to report the average
heat transfer coefficient from such cylinders which motivates
the current study.

The present investigation presents experimental study of
heated triangular cylinders in cross flow of air. Local Nusselt
numbers are obtained around the perimeter of the cylinders for
vertex facing the flow. General correlations are obtained as
function of Reynolds numbers and also as a function of the
blockage ratio when the length of the duct is used as a
characteristic length. The experiments have done for a large
Reynolds numbers using four ducts.

NOMENCLATURE
A, [m?] duct total surface area, 3L H
Ag [m?] end plate cross section area
EIP [W] Electrical input power
h [Wm?K™"] heat transfer coefficient
H [m] duct length
k [Wm'K"] thermal conductivity
L [m] equilateral triangle cross section side length
[ [m] square side of the wind tunnel’s test section
1 [m] perimeter of the triangular cylinder
Nu %L hH,or  average Nusselt number
&k
hy, L/k
qe [W/m®] convection heat flux
qs [W/m?] heat lost by conduction through the Bakelite end
plates
Re. [VL/v] Reynolds number
T K] Temperature
Tis (K] inside surface temperature of the Bakelite end plate
Tos K] outside surface temperature of the Bakelite end plate

X [m] axial or longitudinal distance

Special characters

B [L/1] blockage ratio

b [m] Bakelite thickness

0 K] arithmetic mean temperature defined by Eq. (8)

v [m?S™] kinematics viscosity

Subscripts

B Bakelite

H characteristic length

X indices at the perimeter direction ranging from 1 to 3 at
any station x.

L characteristic length

m indices at the perimeter direction ranging from 1 to 9 at
the middle of the duct.

X indices in the axial direction ranging from 1 to 5

0 ambient condition.

EXPERIMENT SET-UP AND PROCEDURE

Figure 1 shows a layout diagram of the variable, low-speed,
blown type wind tunnel used in this experiment. The entrance
section consists of a bell-mouth inlet duct (1), diffuser (2),
settling length (3), contracting section (4) and the flow
straightener sections (5, 6) followed by the test section (7)
where the test triangular duct is placed. The test section is 1.26
m with a square cross-section of / = 0.456 m made from
Plexiglas. The test triangular cylinder is held horizontally,
normal to the air flow, 2.73 m from the entrance of the flow
straightener section (5, 6) as seen in Fig. 1. The flow velocity
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is adjusted using flow control holes around the bell-mouth inlet
duct of the fan. A pitot tube (8) is held in a vertical position,
1.22 m from the entrance of the flow straightener section and
1.51 m ahead of the test triangular cylinder. The maximum and
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Figure 1 Layout of the wind tunnel used in the experiment
showing the location of the triangular cylinder, see text for
details (all unit distances are in m).

minimum velocities measured by the pitot tube at the centerline
of the straightener section are 17.25 m/s and 10.05 m/s
respectively during this experiment. The velocity distribution
in the vertical direction is shown in Fig. 2 for the maximum and
minimum blower speeds. In this figure the velocity profiles are
normalized by the maximum speed at the centerline
corresponding to the maximum or minimum blower speeds and
the vertical distance is normalized by the total vertical height /
= 0.456 m of the straightener section. This figure also shows
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Figure 2 Distribution of the stream velocity in the vertical
direction of the wind tunnel at1.51 m ahead of the test
triangular cylinder.

that the velocity is almost uniform around the centerline of the
test section in the range where 0.2 <Y < 0.8. It should be
noted that the test triangular duct is held horizontally at Y = 0.5
in the test section. The test triangular ducts are positioned such
that the vertex of the triangle faces the flow. Four ducts are
used with equilateral cross section side length of 0.03, 0.05,
0.08, and 0.12 m corresponding to blockage ratios B of 0.066,
0.110, 0.175, and 0.263 respectively, with duct length being
0.38 m. The ducts were made from brass of thickness 0.0015 m
(D) (polished to reduce any possible radiation). An electrical



Interdisciplinary areas in heat, fluid flow and thermodynamics

heating element (H) (0.0066 m O.D.) was inserted into the
center of each duct as seen at Fig. 3. Bakelite end plates (B)
(thermal conductivity = 0.15 W/mK [18]) 0.0206 m thick were
attached at both ends of each test duct to reduce the rate of heat
loss from the duct ends by conduction (Fig. 3).

Thermocouples

Figure 3 The triangular cylinder (D) showing the axial
thermocouple locations, Bakelite end plates (B), heating
element (H), data acquisition system (DA) and the lab top used
in the experiment. The perimeter thermocouples are not shown,
see text for details.

The surface temperatures are obtained at five points 0.063 m
apart in the longitudinal direction of each duct at the three
equilateral surfaces as seen in Fig. 3. For the large triangular
cylinders of sides L = 0.12 m and 0.08 m; two more
thermocouples are evenly installed on the surface in the
perimeter direction at the middle of each surface (not shown in
Fig. 3). Twenty one calibrated Chromel- Alumel (type K) self
adhesive thermocouples (0.3 seconds time response with
flattened bead) were stuck on the duct surfaces for ducts having
L =0.12 m and 0.08 m whereas fifteen are used for the small
ducts having L = 0.03 m and 0.05 m. Two more thermocouples
were stuck on the outer surface of the Bakelite end plates; one
at each plate. To measure the heat lost by conduction, two

thermocouples (0.01” or 0.25 mm diameter; one at each plate)
were inserted through the Bakelite thickness and leveled with
its inside surface. The ambient air temperature was measured
by one more thermocouple supplied with the pitot tube (8) at
the center line of the air flow.

The duct was oriented horizontally such that the vertex of the
triangle facing the flow. Those thermocouples were connected
to thirty channels data acquisition system (DA), which in turn
were connected to a computer where the measured
temperatures were stored for further analysis as seen in Fig. 3.
The input electrical power to the heating element (H); is
controlled by a voltage regulator. The power consumed by the
duct is measured by a Wattmeter and assumed uniformly
distributed along the duct length. The heat flux per unit surface
area of the duct is calculated by dividing the consumed power
(after deducting the heat loss by axial conduction through the
Bakelite end plates) over the duct outer surface area.

The maximum input power to the duct was chosen and set such
that the maximum surface temperature does not exceed 160°C
(thermocouples limit). Then the blower is turned on at the
lower speed for almost one hour where the surface temperatures
reach steady state. At this specific speed, a digital manometer
is used to measure the dynamic pressure and the surface
temperatures are also stored for further analyses. This process
is repeated between eight or fifteen times for each duct at
different speeds of the blower up to the maximum speed of the
blower keeping the input power as a constant. The procedure
outlined above is used to generate forced convection heat
transfer data for triangular cylinders in cross flow of air for
different Reynolds number range of 18631.00 to 128630.60.

ANALYSES OF THE EXPERIMENT

The heat lost by radiation from the duct surface is
estimated at the larger duct to be 1.58 % at most of the heat
supplied. Therefore, the effect of radiation is neglected in the
calculations and the heat generated inside the duct wall is
assumed to be dissipated from the duct surface by forced
convection and by axial conduction through the Bakelite end
plates.
EIP = Electricalinput power=A_q, +Agqp @)

Where A, is the duct total surface area, Ap is the Bakelite
surface area normal to the heat transfer by conduction through
the end plates and q. is the fraction of the heat flux dissipates
from the duct surface by forced convection. The heat flux lost
by axial conduction through the Bakelite end plates (q, ) can be

calculated as:
(TiB _TOB)
5 6]
Measurements show that, the fraction of the axial conduction
heat lost through the Bakelite end plates is 1.8 % at most of the
total input power. In Eq. (5); T;g and T, are the measured
inside and outside surface temperatures of the Bakelite end
plates, respectively and kg and & present the Bakelite thermal
conductivity and thickness, respectively.

qp =kp

Local heat transfer coefficient

In this case the local heat transfer coefficient is estimated
around the perimeter of the triangular cylinder (L = 0.12 and
0.08 m) at the middle, where there are three thermocouples at
each side surface to catch the local changes of the heat transfer
coefficient which can be estimated as:

9e
=, m=12,..9 6
" Tm Tl ( )
And the corresponding local Nusselt number is:
h,L
(Nup ), == m=12,.9 (7

All physical properties are evaluated for each Reynolds number
at constant q. at the local mean temperature 6,, as:

0,,=0.5(T,,+T,), m=12,....9 (8)

Total overall averaged heat transfer coefficient
In this case the perimeter averaged surface temperature at
any station x in the longitudinal direction for each Reynolds
number (run) is determined as:
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3
TX :szj/3’ (9)
j=1

where j presents the thermocouples in the perimeter direction at
any station x along the surface of the duct. The arithmetic
mean surface temperature is calculated along the axial direction
for each run as:

0,=0.5(T, +T,), x=12,...5 (10)
Therefore for each Reynolds number there are five Ty
longitudinal temperature measurements. Consequently, once

the electrical input power to the duct is measured, (; from Eq.

(5) and q. from Eq. (4) then the axial (perimeter averaged) heat
transfer coefficient h, can be calculated from:

9 _
SN MR x=123,...,5 11
ST (11)

and then the overall average h is obtained as:
5
H=th /5 (12)
x=1

Therefore, at each Reynolds number Rep there is only one
overall averaged heat transfer coefficient. All perimeter
averaged physical properties are first obtained at 0, then the
overall averaged properties are obtained the same way
following Eq. (12). The non-dimensional overall averaged
Nusselt number is defined using either the duct length as a
characteristic length H = 0.38 m or one side of the equilateral
cross section triangle L as a characteristic length as:

hL

Nup=——, or Nup=—o 13
== == (13)

In both cases the non-dimensional Reynolds number using the
triangular side length as a characteristic length is used:

Re, =—— (14)
A%

Experimental uncertainty

In this section, the experimental uncertainty is to be
estimated in the calculated results on the basis of the
uncertainties in the primary measurements. The error in
measuring the temperature and in calculating the surface area is
+ 0.2 °C and + 0.003 m’, respectively. The accuracy in
measuring the voltage is taken from the manual of the
Wattmeter as 0.5 % of reading + 2 counts with a resolution of
0.1 V and the corresponding one for the current is 0.7 % of
reading + 5 counts + 1 mA with a resolution of 1 mA. The
error in measuring the dynamic pressure is £ 0.1 Pa. At each
run, forty scans of the temperature and the dynamic pressure
measurements are made by the digital manometer and the data
acquisition system, respectively for each channel and the
mathematical average of these scans is obtained for both
temperature and pressure.  Therefore, using the above
mentioned errors turns to maximum itemized uncertainties of
the calculated results shown in Table 1 using the method
recommended by Moffat [19].

RESULTS AND DISCUSSIONS
Experimental results for the variation of the local Nusselt

1360

Table 1 The maximum percentage uncertainties of various
quantities for the triangular cylinder in cross flow.

Uncertainties (%)

Quantity <or P
EIP 1.63

dg 12.67

q. 1.65

h 1.97

Nu. 3.86

Re, 4.56

number with the perimeter of the triangular cylinder (1) are
shown in Figure 4 for the triangular cylinders in cross flow of
air when the vertex faces the flow for the duct length L = 0.12
m for various Reynolds numbers. Solid circle symbols in the
figure illustrate the thermocouple locations on the triangular

700 T T v T . »
- kReL/= 1.25 x1oT : J |
600 \ [ /\ - WA
[ -l \
550 - 1. ,A 3 J P 4
\' LN | |

_, 500 o
=} 7,
< a0l o »
N
400 ol /\ J' )
A P -
350 F > é‘,/: o b
300 '\gy}) [ J aq ]
|
|
b c c
250 a 1 1 n
0 1 2 3

/L
Figure 4 Local Nusselt number distribution for air flow
normal to a triangular cylinder for the duct has L =0.12 m.

sides. Solid lines connecting these points on one surface are
followed by dashed lines up to the next surface’s points
following the path a, b, ¢ and back to a as in Fig. 4. As
expected, the results are strongly influenced by the nature of the
boundary layer development on the surface. The Nu, variations
show that, along the upper surface a b the profiles reach a
minimum almost at the middle of the upper inclined surface at
VL = 0.5 and as Re; increases (> 10°) this minimum is moved a
little further on the surface as illustrated in Fig. 4. At this
minimum, the separation occurs and Nuy, increases with 1/L due
to mixing associated with vortex formation in the wake up to
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the second stagnation point at the middle of the rear surface b ¢
at /L = 1.5. It is also noticed that, the heat transfer coefficients
lead to individual maximum at both the front stagnation point a
and at the rear one at I/L = 1.5. Furthermore, the value of the
coefficient on the rear face is larger than that on the front face
similar to the diamond cylinders in cross flow [17].
Furthermore, following the path from the forward stagnation
point a to the rear stagnation point across a b shows that it has
one minimum, however the other path across a c¢ has two
minimums. It also should be noticed that, as Re; increases, Nuy,
increases sharply due to boundary layer transition to turbulent.
Figure 5 shows similar variations for Nup for the triangular
cylinder L = 0.08 m for the vertex facing the flow. Figure 6

800 :
J
|
| {
| |
600 |- \ ' :
| |
|
5 7oax10t | , Y
=z | I N
7.52 x 104 i .
' T Qéb
400 - | 2% M 1
JiF o,
’,s”‘\\' ) b
.- S ::} ‘
\/'—" |
200 a_, N b, 1 N lC 1 ‘C
0 1 1 2 2 3 3

I'L
Figure S Local Nusselt number distribution for air flow
normal to a triangular cylinder for the duct has L = 0.08 m.

shows the overall variation of the average Nur verses the
Reynolds number for the four triangular cylindrical ducts used
for the case where the vertex facing the flow. This figure

shows that Nup increase as Re; increase in the transition
region, however with further development of the turbulent
boundary layer, Nug begins to decline as seen in the figure on
the right of the dashed lines for ducts with L = 0.05, 0.08 and
0.12 m. The coordinates of the critical Nusselt numbers and
Reynolds numbers where turbulent begins are shown in Table
2. However, from the standpoint of engineering calculations;
empirical correlations are obtained for the overall average
conditions as seen in Fig. 7. Solid line presents the correlation
for the vertex of the triangular cylindrical ducts facing the flow
as:

Nup =0.008 (Re, )"*,1.8x10* <Re; <1.28x10° (15)

with a correlation coefficient R = 98.9 % and with error bands
of + 15 % where almost all of the data fall within these bands.
Figure 8 shows the overall averaged Nusselt numbers using the
uniform duct length H = 0.38 m as a characteristic length vs.
the Reynolds numbers where the dada is correlated using the
blockage ratio f = L// as a parameter. It should be noted that,
since the uniform length scale H is used then, a geometric
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Figure 6 The overall averaged Nusselt numbers for triangular
cylinders in cross flow showing the transition and turbulent
regimes.
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Figure 7 The overall averaged Nusselt numbers for triangular
cylinders in cross flowshowing the empirical correlation (solid
line) for transition and turbulent regimes.

parameter (blockage ratio B) is necessary to characterize each
duct as seen in Fig. 8. In this figure, the solid lines present the
fitting correlation and the dashed lines present the maximum
and minimum error bands of = 15 % where all the data points
fall within these bands. The correlation for the ducts have
vertex facing the flow is given by:

Nuy, =0.266 Re 7 70686 16)

Figure 9 is constructed to compare our results of isoflux surface
with the close available correlations in the literatures such as

Eq. (1) for circular cylinder in cross flow of air by [1] and Eq.
(3) for diamond in cross flow of air reported by [17]. This
comparison is shown in Fig. 9 for the overall Nusselt number
Figure 9 is constructed to compare our results of isoflux surface
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Figure 8 The overall averaged Nusselt numbers for triangular
cylinders in cross flow showing the empirical correlation (solid
line) for transition regimes using 3 as a parameter.

with the close available correlations in the literatures such as
Eq. (1) for circular cylinder in cross flow of air by [1] and Eq.
(3) for diamond in cross flow of air reported by [17]. This
comparison is shown in Fig. 9 for the overall Nusselt number
for vertex facing the flow presented by Eq. (15) as a solid line
with the correlations for circular cylinder and diamond in cross
flow given by Egs. (1) and (3) respectively. It is clear that the
current correlation has a future which captures a transition and
turbulent of the flow in the rear part of the triangular cylinder at
higher Reynolds number however, the other both equations are
valid only up to Re; = 60,000. Therefore, as Re; increases the
deviation in Nug is expected to increase since the slope of the
current correlation is higher than the other equations. It can be
seen that using triangular cylinders in cross flow enhance the
heat transfer over that of circular or diamond cylinders
specially, at higher Reynolds number.

CONCLUSIONS

Experimental study has been made on forced convection
heat transfer from horizontal equilateral triangular cylinders in
cross flow of air. Local Nusselt numbers around the perimeter
of the ducts are observed to decrease at the beginning up to the
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Figure 9 Comparison of the overall averaged Nusselt numbers
of the current results with [1] for circular cylinder in cross flow
and with [17] for diamond cylinder in cross flow.

separation points and then increase in the transition regime up
to the turbulent limit where they decrease again. Critical points
to separate the transition and turbulent regimes are obtained and
tabulated for the larger ducts. Overall averaged Nusselt
numbers are correlated with the Reynolds numbers for vertex
facing the flow using the side length of the triangular cylinder
ducts (Egs. (15)). On the other hand, the overall averaged
Nusselt numbers are correlated with Reynolds number as well
as the blockage ratio when the length of the ducts is used as a
characteristic length (Egs. (16)). Comparison with circular and
diamond cylinders in cross flow of air show that using
triangular cylinder duct enhances the heat transfer at large
Reynolds number.
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Table 2. Critical values of the average Nusselt and Reynolds numbers where turbulent starts.

Re Nu. Nuu
L m < > < > < >
0.12 | 125295.70 | 108054.55 | 535.11 | 515.85 | 1694.53 | 1620.87
0.08 | 85571.30 | 81750.84 | 393.75 | 378.66 | 187030 | 1798.61
0.05 | 5405120 | v 23313 | 177180 | -
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