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Abstract

Experimental studies were performed to investigate the fluid flow and local heat transfer around a cube mounted on
a wall of a plane. The Reynolds number based on the cube height ranged from 4.2 x 10% to 3.3 x 10*. The turbulent
boundary layer thickness 6 was 1.5-1.83 times higher than the cube height d. Surface temperatures on the cube and the
base wall were measured directly with numerous thermocouples under the condition of constant heat flux. In the present
paper, local heat transfer characteristics on the cube and the base wall were clarified correlating to the flow charac-
teristics. In the range of the present Reynolds number, the overall Nusselt number of the cube can be expressed by
Nuy = 0.137Re%%®. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The objective of the present study is to accumulate
the basic data about the cooling design of electric
equipment. As simple models of the practical equip-
ment, two-dimensional blocks of actual size of electric
equipment were arranged in line on a flat plate. Igarashi
and Yamasaki [1] reported the fluid flow and local heat
transfer of a two-dimensional rectangular block in the
turbulent boundary layer on a plate. Igarashi and
Takasaki [2,3] presented the interaction characteristics
between the height of a block and the thickness of a
laminar boundary layer by using three two-dimensional
rectangular blocks arranged in line. Additionally, the
local and average heat transfer on every face of the
second block was investigated and discussed in connec-
tion with the characteristics of the flow around the
blocks. Igarashi and Takasaki [4] studied a two-dimen-
sional block in a laminar flat-plate boundary layer. In-
troducing a new reference length, the average Nusselt
numbers on each face are generally correlated to Rey-
nolds number and the width/height ratio of the rectan-
gular block. And Igarashi [5] reported that the
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enhancement of heat transfer around a rectangular
block on a flat plate was obtained by the transition from
laminar to turbulent flow by a tripping wire attached on
the flat-plate upstream of the block.

The most simple three-dimensional model is a cube
or a circular block with height/diameter < 1 or a square
block with height/side length < 1. Chyu and Natarajan
[6] studied the local heat/mass transfer distributions on
the surface of a wall-mounted cube by the naphthalene
sublimation technique. The ratio of turbulent boundary
layer thickness 0 and the cube height d is §/d = 0.2 to
0.25 and the Reynolds number ranged from 3.1 x 10* to
1.04 x 10°. Natarajan and Chyu [7] reported the effect of
angle of attack on the local heat/mass transfer of the
cube under the same conditions. However, the Reynolds
number range in the above investigations [6,7] was much
higher than that of practical electric equipment. Sato
et al. [8] investigated the flow and heat transfer around a
square block with a height/side length of 14/21 and an
attack angle of 45°. They measured the three-dimen-
sional flow by LDV and the surface temperatures on the
block with nine thermocouples per face. Park and Na-
kayama [9] studied the heat transfer of a square block
with height/side length = 7/31, mounted on the floor of a
parallel-plate channel. Recently, Meinders et al. [10]
reported the local heat transfer of a cube mounted on
the floor of a parallel-plate channel. The ratio of the
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Nomenclature

Cp pressure coeflicient = (p — py)/0.5p u3

d cube height

h local heat transfer coefficient ¢/(0,, — 0y)

h average heat transfer coefficient on each face

of a cube

Nu local Nusselt number = id /A

Nu average Nusselt number on each face of a
cube = hd /).

Nug Nusselt number on the floor far from a cube

Nuy, overall Nusselt number of a cube

Do static pressure at free-stream

P static pressure on a wall

q heat flux

Re Reynolds number = uod /v

i time-averaged velocity

Au root mean square value of fluctuating
velocity

w friction velocity = /7/p

uo free-stream velocity

x,y,z  streamwise, vertical and cross-stream
coordinates

0 boundary layer thickness

0o, 0y  free-stream temperature and wall tempera-
ture

A thermal conductivity of fluid

v, p kinematic viscosity and density of fluid

T shear stress

Subscripts

f, s, r, t front, side, rear, top faces

cube height d and the channel height D was d/D = 0.3.
The boundary layer was developing turbulence and the
Reynolds number based on the cube height ranged from
2.75 x 10° to 4.97 x 103. The surface temperature of an
internally heated cubical element was measured with
infrared thermography.

From a review of the foregoing literature dealing
with a three-dimensional prism [6-10], the turbulent
boundary layer thickness was usually lower than the
height of the prism, and little attention has been given to
the heat transfer of the base wall around the prism.
Hence, the authors investigate on the local heat transfer
distributions of a cube and the base wall under the
higher turbulent boundary layer thickness than the cube
height (6/d = 1.5 to 1.83). The Reynolds number based
on the cube height ranged from 4.2 x 10% to 3.3 x 10%,
because no results have been reported on the local heat
transfer of the cube in this Reynolds number range. The
surface temperatures were measured directly by numer-
ous thermocouples. Flow characteristics were also in-
vestigated by surface pressure measurements and flow
visualizations. The local heat transfer characteristics
were correlated to the flow characteristics.

2. Experimental apparatus and procedure

Fig. 1 shows a coordinate system with respect to the
wall-mounted cube. Experiments were conducted in a
low-speed wind tunnel with a working section 400 mm
high, 300 mm wide and 800 mm long. A cube, with
height d of 30 mm, was mounted on the floor of the wind
tunnel. The free-stream velocity u, ranged from 2.2 to
17.3 m/s, therefore the Reynolds number based on the
cube height ranged from Re =4.2 x 10° to 3.3 x 10*.
The turbulent intensity of the free-stream in this range

was about 0.5%. The turbulent boundary layer was
achieved by attaching a circular cylinder of 10 mm in
diameter on the floor at 500 mm upstream from the
cube. The boundary layer thickness 6 ranged from 45 to
55 mm at the position of the cube’s leading edge,
therefore the ratio 0/d ranged from 1.5 to 1.83. Fig. 2(a)
shows the mean velocity distributions in the turbulent
boundary layer for different free-stream velocities. The
friction velocity u* was deduced from the following re-
lationship [11]:

2 _To_ 74/ V\/*4
w? =2 = 002250 (5) . (1)

A solid line in Fig. 2(a) denotes the experimental uni-
versal velocity distribution on a flat-plate turbulent
boundary layer at zero pressure gradient [11] expressed
as:

Y _58510g (yi> +5.56. )
u* v

The velocity distributions at uy = 2.2 and 4.1 m/s agree
well with Eq. (2) although the velocities at uy = 8.3 and
16.6 m/s are somewhat higher within 7% than Eq. (2).
Fig. 2(b) shows the distributions of root mean square
values of fluctuating velocity in the turbulent boundary

Uq

Circular
cylinder

Fig. 1. Coordinate system and symbols.
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Fig. 2. Velocity distributions in the turbulent boundary layer for different free-stream velocities: (a) mean velocity; (b) fluctuating

velocity.

layer. A similar profile is shown for the different free-
stream velocities.

The visualization of the surface flow on the floor and
the cube was made using an oil-film method. The surface
pressures on the floor and the cube were measured by
inclined multi-tube manometers connected with pressure
taps of 0.6 mm in diameter, at 4 mm intervals on the
cube faces, and 2.5-10 mm intervals on the floor.

Figs. 3(a) and (b) show the test model for the local
heat transfer measurement. The cube and the floor were
fabricated from acrylic resin plates of 3 and 5 mm in
thickness, respectively. The faces of the cube and the
floor were covered with five stainless steel sheets of 0.02
mm in thickness and 30 mm in width. One sheet covered
three faces of the cube and floor, and the others covered
the floor. They were connected in series electrically and
heated by applying an alternating current under the
condition of constant heat flux. The temperature differ-
ence between the heated surface and the free-stream was
about 10°C. The radiant energy can be neglected in the
estimation of the heat transfer. Copper—constantan
thermocouples of 0.1 mm in diameter were attached
underneath the stainless steel sheets in one-fourth of the

(b)

entire surface area, at 3 mm intervals on the cube sur-
faces, and 4-8 mm intervals on the floor. In order to
obtain the temperatures over the entire area, measure-
ments were performed four times under the same ex-
perimental condition by rotating the cube every 90°
along the axis parallel to the vertical coordinate.

To estimate the heat loss by conduction from the
heater to the acrylic resin, the thermocouples were also
attached on interior surfaces of the cube, under surface
of the base wall and unheated faces of the cube. The heat
loss was calculated using a heat conduction analysis.
The effect of conduction along the thermocouple leads
on the temperature measurement was also estimated
using the method presented by Satyamurthy et al. [12].
The sum of the above losses on the cube was 19.8% for
up = 17.3 m/s, and 28.5% for uy = 2.2 m/s, compared
with the heat input from the heater. These were mainly
due to the conduction to the unheated faces. The heat
transfer coefficient was calculated taking the above los-
ses into account.

The experimental uncertainties were calculated using
standard uncertainty analysis methods proposed by
Kline [13]. The uncertainty of the temperature difference

acrylic resin

thermocouples

Fig. 3. Experimental model for local heat transfer measurement: (a) exterior view; (b) cross-sectional view.
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' thermocouples

balsa
acrylic resin

sub-heater
(stainless steel sheet)

Fig. 4. Experimental model for overall heat transfer measure-
ment.

between the wall and free-stream ranged from 1% to
2% depending on the wall temperature, and the uncer-
tainty of the input of surface heat flux was 1%. The
uncertainty of the heat losses was within 5% to the heat
input. This was derived from the dispersion generated by
various assumption of temperature distribution between
the measured points. The total uncertainty for the heat
transfer coefficient was within 5.5%.

In order to verify the measurement of the local heat
transfer obtained from the above constant heat flux
model, overall heat transfer of the cube was measured by
a constant temperature model and compared with that
obtained from the constant heat flux model. Fig. 4
shows the constant temperature model. A cube, with
height d of 30 mm, was fabricated from copper and
heated by a heater buried in it. The surface temperature

(a)

of the heated cube was constant within £0.05°C and was
higher by about 6°C than the free-stream temperature.
In order to prevent heat losses to the base wall and the
leads, a balsa wood sheet of 3 mm in thickness was
covered under the cube. Moreover, a stainless steel sheet
was set under the balsa sheet, as a sub-heater, and it was
heated to maintain zero temperature gradient between
the cube and the sub-heater. The uncertainty of the
measured temperature difference between the wall and
free-stream was 0.8%, and the uncertainty of heat input
was 0.2%. The uncertainty of the heat loss estimated by
the temperature difference between the cube and the sub-
heater was within 0.6%. The total uncertainty for the
overall heat transfer coefficient was within 1.1%.

3. Fluid flow around a cube
3.1. Surface oil-flow pattern

Figs. 5(a) and (b) show the typical surface oil-flow
patterns around the cube, top view and unfolding view,
respectively. The sketches of surface flow obtained by
the oil-flow patterns and smoke visualizations are shown
in Figs. 6(a) and (b). On the floor, a horseshoe pattern is
formed in front of and on both side regions of the cube.
The size of the horseshoe vortex region defined by the
flow separation line seen in the oil-flow pattern is d/3 in
the front and d/2 on both side regions. This fact is al-
most the same as that reported by Martinuzzi and
Tropea [14] under the condition of fully developed

(b) T side 1

Fig. 5. Surface oil-film pattern around a cube, uy = 16 m/s, Re = 3.1 x 10*: (a) top view; (b) cube.
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Fig. 6. Sketches of surface flow pattern, Re = 3.1 x 10*: (a) floor; (b) cube.

channel flow. On the front face of the cube, the front
stagnation point is z=0, y/d = 0.6 and the flow is
spread radially. In the bottom part of the front face, a
secondary vortex is seen. The shear layers separated
from both sides and the upper edges on the front face
reattach onto around the backward edges on both side
faces and the top face, respectively. Reverse flows ap-
pear on both side faces and the top face, and separate at
the upstream regions of x/d = 1/6. On the rear face, an
upward flow is formed at y/d > 0.15. The sketch of flow
along the center line of z = 0 is shown in Fig. 7.

3.2. Pressure distributions

Figs. 8(a) and (b) show the contours of the mean
pressure coefficient on the floor and the cube, re-
spectively. The uncertainty level of the pressure coeffi-
cient Cp associated with the measurement method was
+0.01. On the floor, there is a high pressure region in
front of the cube (x/d = —0.1, z = 0) due to flow reat-
tachment (see Fig. 7). Minimum values of Cp exist

reattachment
- y
A
separation
X LS X
M-
A
reattachment

Fig. 7. Sketch of flow along center line (z = 0), Re = 3.1 x 10*.

downstream of corners A and D (x/d = 0.2, z/d = £0.6)
due to the flow separation at these corners. The pressure
distribution on the floor is similar to that obtained by
Martinuzzi and Tropea [14]. The position of the maxi-
mum value of Cp on the front face of the cube coincides
with the stagnation point at z =0, y/d = 0.6. On both
side, top and rear faces, the values of Cp are all negative,
because these faces are in the separated flow region. The
value of Cp is maximum at each reattachment region on
both side faces and top face, and decreases along the
direction of reverse surface flow.

4. Heat transfer characteristics
4.1. Local heat transfer

Contours of the local Nusselt number around the
cube at Re = 3.3 x 10* are shown in Figs. 9(a) and (b).
On the floor, the Nusselt number in the horseshoe vortex
region is remarkably high, in that it is about three times
as high as that on the floor far from the cube (Nuy = 100).
On the front face of the cube, the Nusselt number dis-
tribution is almost flat along the vertical direction except
near the upper and bottom corners and it increases to-
ward both side edges. On both side faces and the top face,
the values of Nusselt number have maximums in the flow
reattaching regions near the backward edges, and de-
crease along the direction of reverse flow. The value of
Nusselt number on the rear face is considerably lower
than that of other faces. Figs. 10(a) and (b) show the case
of low Reynolds number Re = 4.2 x 10°. Although the
Nusselt number on the floor is high in the region of the
horseshoe vortex, the high Nusselt number region more
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Fig. 8. Pressure coefficient contours around a cube, Re = 3.1 x 10*: (a) floor; (b) cube.

side 2

160
180 | 220
200

front rear

\ 200 r-“o“/
60| 180

/\—180—15:///\
|@ '

140/ 180

1 60\
NN 20N\ _—140

\ZM

220 top
180 \
160 /

(b) side 1

Fig. 9. Local Nusselt number contours around a cube, Re = 3.3 x 10*: (a) floor; (b) cube.

than double of Nuy = 25 is seen only in front of the cube,
not extending to both side regions. At the higher Rey-
nolds number Re = 3.3 x 10*, the maximum Nusselt
number in the horseshoe vortex region is nearly double
than that at the center line of z = 0 on the front face of
the cube. On the other hand, at Re =4.2 x 10?, the
maximum Nusselt number in the horseshoe vortex region
is a little higher than the value at the center line of z = 0
on the front face.

The Nusselt number distributions on each face for
given heights (y/d) at Re = 3.3 x 10* are presented in
Fig. 11. The profiles of the individual faces have dis-
tinctive features, but the profiles for various heights
resemble each other. Each profile on the front face

overlaps in the range of 0.1 < y/d < 0.9. On both side
faces, the values of Nusselt number decrease from the
backward edges B and C to front edges A and D,
respectively, and have minimums at the separation
point of the reverse flow. Near the backward edges on
both side faces, the values of Nusselt number in the
upper part are higher than those in the bottom part.
On the front and rear faces, the values of Nusselt
number near the side edges are higher than those in
the central part. This is caused by a cut-off of the
thermal boundary layer at the edges of the faces. Fig.
12 shows the variation of local Nusselt number dis-
tributions with Reynolds number at the height of
y/d =0.5. The value of Nusselt number on the rear
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Fig. 10. Local Nusselt number contours around a cube, Re = 4.2 x 10%: (a) floor; (b) cube.

face is lower than that on other faces in the range of
the present Reynolds number. At the lower Reynolds
number, the value of Nusselt number on the front face
is high compared with that on other faces. At the
higher Reynolds number, the maximum Nusselt
numbers near the backward edges on both side faces
(B and C) become clear.

Fig. 13(a) shows the Nusselt number distribution at
y/d = 0.5 for Re = 3.3 x 10* compared with that of two-
dimensional square prism obtained by Igarashi [15,16].
On the front and both side faces, the value of Nusselt
number of the cube is higher than that of square prism.
This difference mainly depends on the heat transfer
enhancement by the horseshoe vortex formed in front of
and on both side regions of the cube. On the contrary,
the value on the rear face is lower than that of square
prism. Fig. 13(b) shows the comparison of the Nusselt
number distribution at y/d = 0.5 for Re=4.2 x 103

with that obtained by Meinders et al. [10]. On both side
faces, minimum values of the Nusselt number exist in
almost the same position as those of Meinders et al., and
they increase in both backward and forward directions.
Although the minimum values of the Nusselt number
obtained by Meinders et al. are much lower than the
present experiment. This difference may be caused by the
different flow condition, the flat-plate turbulent bound-
ary layer for the present experiment and the developing
turbulent flow in the parallel channel for Meinders et al.
The separation bubble on the side face for Meinders et
al. is thought to be more stationary, and the increased
air temperature in the separation bubble caused a de-
crease in the minimum heat transfer. Near edges of the
cube, the heat transfer obtained by Meinders et al.
shows extremely low values. But in the present exper-
iment, there is no extreme change in the Nusselt number
near the edges.

300 L L] L] L} L] L] L] L] L] T L)
[ — Re = 3.3 X 10*
y
z 4
200
sep\aration '; separafion
100 side1 rear side2 T
D A B C D

Fig. 11. Local Nusselt number distributions around a cube for various height of y/d at Re = 3.3 x 10*.
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Fig. 13. Comparison of local Nusselt number distributions with that of other researchers: (a) comparison with that of a two-di-
mensional square prism; (b) comparison with that of a wall-mounted cube by Meinders et al.

The streamwise Nusselt number distributions for a decreased distance of the cube due to the enhancement
given transverse location (z/d) at Re = 3.3 x 10* are of heat transfer by the horseshoe vortex. On the front
presented in Fig. 14. The Nusselt number is the averaged face of the cube, Nusselt number distributions in the
value between +z/d and —z/d. On the floor in front of vertical direction are almost flat. According to Meinders

the cube, the value of Nusselt number increases with et al. [10], vertical distribution of the heat transfer
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Fig. 14. Streamwise local Nusselt number distributions for various transverse location of z/d at Re = 3.3 x 10*.

coefficient on the front face is also almost flat in the
range of 0.2 < y/d < 0.8. On the other hand, according
to Chyu and Natarajan [6], vertical distribution of the
Sherwood number Si on the front face is almost flat
over 0.3 < y/d < 0.8, but the values of Sh at y/d > 0.8
and y/d < 0.1 are 50% higher and the value at
0.1 <y/d < 0.2 is 20% lower than that of the center
part. On the top face, the value of Nusselt number has a
maximum in the reattachment region of the shear layer
separated from the front edge G. Near the side edges
(z/d = £0.4), the value of Nusselt number is higher than
that in the central part (z = 0). The value of Nusselt
number decreases toward upstream and has a minimum
at the separation point of the reverse flow. On the rear
face, the Nusselt number decreases along the upward
flow. Fig. 15 shows the variation of the streamwise local
Nusselt number distributions with Reynolds number at
z=0. The maximum Nusselt number on the floor in
front of the cube increases remarkably with an increase
in Reynolds number. On the top face, the maximum
value in the reattachment region becomes clear with an
increase in Reynolds number. The minimum Nusselt
number region on the top face corresponding to the
separation point of the reverse flow moves backward
with a decrease in Reynolds number and is x/d = 1/4
from the edge G at Re = 4.2 x 10°.

4.2. Average heat transfer on each face

Fig. 16 shows the face-averaged Nusselt number with
the Reynolds number on the front, side, rear and top
faces of the cube. The value of Nusselt number on the
side face is the averaged value of both side faces. The
correlation of the Nusselt number on each face can be
expressed as

Front face :  Nuz = 0.71 Re®>, (3)
Side face :  Nug = 0.12Re"™, (4)
Rear face :  Nu; = 0.11 R, (5)
Top face:  Nu, = 0.071 Re™™. (6)

In the range of Re <2 x 10, the average Nusselt
number on individual faces becomes lower in the order
of the front, side, top and rear faces. The exponent of
Reynolds number on the front face is 0.52, which is
almost equal to 0.5 on a face in laminar flow. On the
other faces in the separated flow region, the exponent
rises to 0.67-0.74. These results are compared with those
of Chyu and Natarajan [6] and Meinders et al. [10]. The
Sherwood number obtained by Chyu and Natarajan is

3001 z=0 H . 4
Y, 3.3X10
E - . —=— 25x10*
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Fig. 15. Variation of streamwise local Nusselt number distributions with Reynolds number along center line (z=0),

Re =42 x 10° to 3.3 x 10%.
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Fig. 16. Average Nusselt number on each face of a wall-
mounted cube.

transformed into a Nusselt number using an analog
relationship between heat and mass transfer as follows:

Nu/Sh = (Pr /Sc)", (7)

where Sc is the Schmidt number. According to Chyu
and Natarajan [6], Schmidt number and the exponent n
are determined to be Sc=1.87 and n=1/3, re-
spectively. As shown in Fig. 16, the Nusselt number on
each face obtained in the present measurement agrees
with that for Chyu and Natarajan and for Meinders et al.
within +10%.

The overall Nusselt number of the cube is shown in
Fig. 17. The Nusselt number obtained by the constant
temperature model, as shown in Fig. 4, is also plotted to
verify the value obtained by the constant heat flux
model. Both Nusselt numbers agree well within £2%.
The correlation between the overall Nusselt number and
the Reynolds number can be expressed as

— —
Present exp. (5 /d = 1.5~1.83 ) el
2001 —=a&— constant heat flux model 2
3 —e— constant temperature model
=3
P4
100+ B
r Nup, = 0.138 Re®® 1
801
601
r 2 Chyu and Natarajan[G]
4071 (6/d=0.2~0.25)
L o - ——o-—- Meinders, et al.'"”
< (turbulent channel flow)
20 n " n 1 PR | n L n — n
0.2 0.4 06 0.8 1 2 4 6 8
Re [x10%]

Fig. 17. Overall Nusselt number of a wall-mounted cube.

Nuy, = 0.138 Re™%
(Re =4.2x10° to 3.3 x 10%).  (8)

Overall :

This correlation is almost the same as that by Chyu and
Natarajan [6] at Re = 3.3 x 10* and 10% higher than
that by Meinders et al. [10] at Re = 4.2 x 10°.

5. Conclusions

Experimental studies were performed on the fluid
flow and the local heat transfer around a wall-mounted
cube in the turbulent boundary layer. The Reynolds
number based on d ranged from 4.2 x 10° to 3.3 x 10*.
The main results are as follows.

1. On the base wall, the local heat transfer is remarkably
high in the region of the horseshoe vortex formed in
front of and on both side regions of the cube. In par-
ticular, the Nusselt number near the front face of the
cube has a maximum value, that is more than double
that on the base wall far from the cube.

2. On both side faces and top face of the cube, the local

heat transfer has a maximum in the flow reattaching
regions near the backward edges, and decreases along
the direction of reverse flow on these faces. It has a
minimum at the separation points of the reverse flow.
On the front face, the heat transfer is almost constant
along the vertical direction and it increases toward
both side edges. On the rear face, the heat transfer
is considerably low compared with the other faces.

3. The average Nusselt number on each face and the
overall Nusselt number of the cube can be expressed
as follows:

Front face : Nu; = 0.71Re™*,
Side face :  Nug = 0.12Re"™,
Rear face :  Nu; = 0.11Re™,
Top face :  Nay = 0.071 R ™,

Overall :  Nuy, = 0.138 Re™%,

On the front face, the exponent of Reynolds number is
0.52, that is almost equal to 0.5 on a face in laminar
flow. On the other faces in the separated flow region, the
exponent rises to 0.67-0.74.
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