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Abstract

An experimental investigation on the fluid flow and heat convection from the wake region of a circular disk was performed. T
experiments covered the range of Reynolds numbers from 1.4 × 103 to 5× 104. The local flow velocity was measured in a water chan
Two different methods were used for these measurements, a thermistor and a Pitot tube. These measurements were suppo
visualization using the hydrogen bubble generation technique. The convective heat transfer from the disk was measured in an
coming out of a wind tunnel. The heat transfer measurements covered a range of Reynolds number from 2.2 × 104 to 5.3 × 104. The local
heat transfer coefficients along the radius of the disk were measured at 5 positions for both the front and wake regions. An electric
disk was used for these measurements. The local heat transfer coefficient showed a radial distribution with a maximum at the edge
and a minimum at the center.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The applications of circular disks in mechanical, che
ical and aeronautical engineering are quite common.
experimental efforts of this investigation were focused
the fluid flow in the wake of the disk and the convective h
transfer from both sides of the disk, namely, the upstre
side facing the flow and the wake side.

The research on the wake of the disk dates back to 1
when Marshall and Stanton [2] observed a permanent vo
ring at Reynolds number ranging from 5 to 195. Taylor
derived the fundamental parameters of this ring, e.g. the
of the core and the cross section.

Carmody [4] reported velocity measurements obtaine
the wake and demonstrated that flow separation at the
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of the disk leads to the formation of a recirculation zo
that closes behind the disk at about two to three dia
ters downstream. The circulation zone results in an inten
fluid mixing which has a profound effect on the rates of he
mass and momentum transfer.

Calvert [5] measured the pressure distribution in the w
of an inclined disk. The pressure distribution was presen
as a function of distance from the disk. Vincent [6] utiliz
the circulation of the wake for the development of the el
trostatic dust precipitator.

Miyagi and Kamei [7] found out theoretically that th
critical Reynolds number at which a standing vortex first
pears behind the disk is zero and the flow separates from
edge of the disk.

The available literature on forced convective heat tran
to a disk facing a uniform and perpendicular flow includ
three papers, respectively by Sogin [8], Beg [9] and Spar
and Geiger [10]. In all these papers, the naphthalene s

mation technique, a mass transfer method, was employed to
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Nomenclature

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

a disk radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
D disk diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
h heat transfer coefficient at the upstream side of

disk . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

I electric current . . . . . . . . . . . . . . . . . . . . . . . . . . . A
k thermal conductivity of fluid . . . . . W·m−1·K−1

Nu average Nusselt number, 2ah/k

Nu∗ average Nusselt number,ah/k

Nu(r) local Nusselt number, 2ah(r)/k

Pr Prandtl number,µCp/k

Q heating rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
r radial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . m
R electric resistance . . . . . . . . . . . . . . . . . . . . . . . .�
Re Reynolds number at the upstream side of disk,

2aU/ν

Rew Reynolds number at the wake, 2aUw/ν

Re∗ Reynolds number,aU/ν

Ts,a temperature of disk surface and air
respectively . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C

U main upstream velocity . . . . . . . . . . . . . . . m·s−1

Uw main reverse velocity of the wake . . . . . . m·s−1

Vr radial component of the flow velocity in the
wake . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

Subscripts

o conditions at the stagnation point of the upstream
side of disk

w conditions at the wake
o,w conditions at the rear stagnation point
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determine the heat transfer parameters. As far as the au
are aware, there were no reported works on direct heat tr
fer measurements from a circular disk. However, the th
papers concentrated on the forced convection from the
stream side of the disk.

The prime motive behind the present research was to
prove knowledge of the fluid flow around the disk and
probe directly into the thermal field of the disk with th
intention of obtaining the relevant forced convective h

transfer variables from the wake side of the disk.

Fig. 1. The 0.3 m× 0.32 m× 10 m water chann
s
-
2. Experimental apparatus and procedure

2.1. Fluid flow measurements

The investigations were performed in an experime
test system, which was available in the College of Engin
ing. The system was a water channel of 0.3 m×0.3 m×10 m
dimensions as shown in Fig. 1. The tested disks were gla
3 mm thickness with two different diameters 0.0625 m a

0.075 m mounted broad side in the water channel. The disks
el used for conducting the flow experiments.
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Fig. 2. The thermistor used for fluid velocity measurements.
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were square-edged. The velocity of the water in the cha
ranged from 0.05 m·s−1 to 0.5 m·s−1.

The magnitude of the velocity was measured by a th
mistor (Kanbour [11]), which depends on the convect
heat transfer between the surrounding fluid and the ther
tor. The dissipation of heat does not depend on the direc
of the flow due to the complicated geometry of the therm
tor (see Fig. 2). Measurements were made by exertin
electrical potential through the sensing part of the thermi
and measuring the current passing through it. The ther
tor, which is used in the experiments conducted in the w
channel, was coated with a thin layer of nail paint to prev
current leakage to water. The electronic circuit of the th
mistor was made according to the British standards B.S.1
[12]. The device was calibrated in a special system to an
curacy of±1.98%. The calibration system and method
described in Appendix A.

The circular disks were mounted in the water chan
by usingL-shaped thin mechanical supports as shown
Fig. 1. The position and shape of these supports were c
fully chosen to minimize flow perturbations (Izzat [13]). T
measurements were taken at the same meridian plan
was found that the water local velocity in different rad
positions on the surface of the disk was symmetrically
same.

Flow visualization in the wake region performed usi
hydrogen bubble generation technique in the water chan
Small bubbles of the order of 0.10 mm dia. were genera
at a chosen location to mark streamlines in the flow.
electronic circuit designed for the present experiment
Fig. 3) was slightly different from that used by Schraub

al. [14]. The new circuit was characterized by a variable volt-
-

t

.

Fig. 3. The new electronic circuit utilized in the present flow experimen

age power supply. This provided suitable working conditio
of variable electrolyte concentrations and variable distan
between electrodes at a constant frequency to get succe
rows of bubbles separated by constant duration times.

A power supply (Philips, Holland) of 75 V and 14 A wa
used together with a thyristor for voltage cutoff. The trigg
voltage was supplied by means of (1 mHz–10 MHz) fu
tion generator (Philips, Holland) with±1% accuracy in the
megahertz range.

About 0.15 g·l−1 of Na2SO4 was added to the tap wa
ter to produce an electrolyte with sufficient number of io
Fine copper and nichrome wires of (0.01–0.05) mm dia
eter were used as the negative electrodes while the po
electrode was the metallic disk support. It was found t
these wires require aging under operating conditions f
few minutes before they produce bubbles uniformly.

A light source of 1000 W was fixed at 30 cm from t

channel wall with a slot of 1 cm× 30 cm which was cut
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through a wooden barrier to provide a collimated shee
light for bubble photography by a camera of (Zenit, Russ
made) (Izzat [13]).

The important factor, which limits the voltage requir
for good visualization, was the water velocity. It was fou
that the maximum operating voltage was 25 V for a wa
velocity range of (0.0216–0.0864) m·s−1.

2.2. Heat convection measurements

The heat transfer experiments were performed in the w
tunnel facility. Fig. 4 shows the details of the heated d
Seven electrical coils, the resistance of each was 23.�,

Fig. 4. (a) Hot plate fabricated from equally spaced wire mesh wrap
longitudinally and laterally around thin aluminum foil. (b) Multi-layer the

mally insulated circular disk used in heat transfer measurements.

Fig. 5. Experimental system used for heat trans
were prepared from 0.06 mm copper wires. To ensure ho
geneous heat flux from the surface of the disk, the follow
were implemented:

• The heat-generated copper wires were distributed
mesh of equal distances as shown in Fig. 4.

• Thin aluminum foils were wrapped around the cop
wires.

Another aluminum foil of 0.3 mm thickness was stuck
the heated one to ensure smooth surface. The heat tra
occurs from the copper wires to the first aluminum foils a
then to the second aluminum foil. The other surface of
disk was insulated with 3.5 mm air gap and 6 mm wo
layer. Special glue was used to keep these layers fixed
electrical potential of 6.5 V was applied from a D.C. pow
supply to the coils.

The surface temperature of the heated disk was meas
at five equally spaced radial positions of the 0.075 m
ameter disk using calibrated thermistors. The experim
were performed in the wind tunnel shown in Fig. 5 whe
the heated disk was placed at the exit of the tunnel to a
any flow blockage effects.

Before starting the experiments, the homogeneity of
heat flux was checked by measuring the surface temper
in stagnant air using calibrated thermistors. These meas
ments were done with the heated disk in a horizontal pos
in order to ensure homogeneous natural convection from
entire surface.

The heat transfer coefficients of the upstream side of
disk were measured by facing the heated surface to the
stream flow, while the other surface of the disk was in
lated. The same procedure was repeated for the mea
ments of these coefficients in the wake region by turning
disk by 180 deg. around its major axis so that the heated
face will face the flow of the wake.

The local heat transfer coefficient was calculated from
following equation

Q

h(r) = (1)
A(Ts(r) − Ta)
fer measurements in both front and wake regions.
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prese
Fig. 6. Schematic diagram of the streamlines in the wake region of the circular disk based on the velocity directions measurements. The point S rents the

separated flow, LS represents the distance between the rear centre of the disk and point S.
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The heating rate was obtained from the electric resista
(that is,Q = I2R). The average heat transfer coefficient w
obtained according to the following:

h = 2

a2

a∫
0

rh(r)dr (2)

It was found that the ambient air temperature was v
close to the insulated surface temperature of the disk, w
was measured at different positions. Thus, heat conduc
through the insulation of Fig. 4 was neglected.

The careful and accurate calibration of the thermis
made the accuracy of the temperature difference mea
ment ranging from±4% at�T = 13.7 K to ±1% at�T =
11.9 K.

The accuracy of the heat transfer coefficient measurem
was±2.0% at a confidence level of one standard deviat
It was calculated fromh = I2R/(πa2�T ) by the following
equation

δh

h
=

{
4

(
eI

I

)2

+
(

eR

R

)2

+ 4

(
ea

a

)2

+
(

e�T

�T

)2}1/2

(3)

whereeI , eR , ea ande�T are the uncertainties in the me
surements of current, resistance, disk radius and temper
difference respectively.

3. Results and discussion

3.1. Fluid flow results

The following results were taken in the wake region
the disk. Fig. 6 shows the flow pattern in the wake regi
The flow directions were measured with 3-hole Pitot tu
The flow pattern is illustrated in the hydrogen bubble p

tographs of the wake (Figs. 7 and 8). The flow is from right
-

t

e

Fig. 7. The flow field of the wake region of the disk. The disk and its handle
are situated to the right of the photograph. The flow is from right to left.
The 4 vertical lines are the wires where hydrogen bubbles were generated.
Re= 1400.

Fig. 8. The flow field in the wake region in the radial and axial directions.
The disk and its handle are situated to the right. The flow is from right to

left. Re= 5615.
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Fig. 9. The variation of the ratioVr/Uw with r/a at differentRenumbers
near the surface of the disk in the wake region.

to left. Note that the straight lines in the photographs are
nichrome wires that represent the cathode where the hy
gen bubbles are generated. The flow of water in the wak
the disk in Fig. 8 is atRe= 5613 where more vortices an
turbulence are noticed as compared to that of Fig. 7 wh
Re= 1400.

Fig. 9 shows the increase of the ratio of the radial com
nent of the velocity to the mainstream velocity of the wa
(Vr/Uw) with the radial distance from the center of the di
This increase causes a thinning of the momentum boun
layer towards the edge of the disk and a consequent incr
in the heat transfer coefficient as will be explained in
next section (Fig. 16). The theoretical results of Kendo
[1] confirmed the above conclusion as the thermal bound
layer vanishes near the edge of the disk. The measurem
of Vr/Uw at the wake were performed near the surface
the disk, at two and three diameters downstream from
surface as shown in Fig. 10. This indicates the existenc
a steady reverse flow from the separation ring at the edg
the disk to the rear stagnation point.

Fig. 11 shows the variation of the ratio of the main reve
velocity of the wake to the upstream velocity with Reyno
number. The length scale used inRenumber was the dis

diameter. These results are useful in modeling the drag and
e

s

Fig. 10. The dependence of the velocity ratioVr/Uw of the wake on the
radial distance of the disk at different positions.Re= 22554.

Fig. 11. Variation of the ratio of the main wake velocity to the main u
stream velocity versusRenumber.

heat convection in the wake. The present results are an
gous to those of Lee and Barrow [15], which were utiliz
by Kendoush [16,17] in predicting the drag and heat conv

tion from the wake of the sphere.
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Fig. 12. LocalNu number to the stagnation pointNu number versus disk
radial distance ratio in the wake region.

3.2. Heat transfer results

It was not possible to compare the present experime
results with the analytical solution of Kendoush [1] due
the different boundary conditions. The present experim
was based on constant heat flux conditions while the an
ses were based on isothermal disk surface conditions.

The local variation of the ratio of Nusselt number to t
Nusselt number at the stagnation point of the wake is sh
in Fig. 12. These results are analogous to the fluid ve
ity results (Fig. 9). This is in qualitative agreement with t
mass transfer results of Sparrow and Geiger [10]. They
found a similar profile for Sherwood number versusr/a but
their mass transfer measurements were with Schmidt n
ber of 2.55 while our data were withPr = 0.7. The results
of Fig. 12 indicate thatNu number is almost independent
the velocity of the flow. These results are analogous qu
tatively to those of Murray et al. [20] who investigated t
heat convection in the wake of a rectangular plate. The m
justification of the increase in the heat transfer near the e
of the disk is the thinning of the boundary layer there due
the high speed of the fluid as seen in Fig. 9.

The present work at the wake of the disk compleme
that of Sparrow and Geiger [10] who studied heat and m
transfer from the upstream region of the disk.

The following experimental correlations of heat conv
tion were obtained

Nu= 1.62Pr0.36Re0.5 (4)

for the averageNu at the upstream region and

Nuw = 0.47Pr0.3Re0.6
W (5)

for the averageNu at the wake region.
New correlations were obtained for the heat convectio

the stagnation points as follows

Nuo = 0.81Pr0.36Re0.5 (6)

at the upstream stagnation point and
Nuo,W = 0.34Pr0.3Re0.6
W (7)
Fig. 13. Stagnation pointNu number versusRenumber in the wake region
of the disk.

Fig. 14. The averageNu number versusRenumber in the wake region o
the disk.

at the rear stagnation point. The range of Reynolds num
that covers equations (4)–(7) is from 22 000 to 52 000.

Figs. 13 and 14 show the variation ofNu number at the
stagnation point of the wake and the averageNu with theRe
number respectively. These are new data as far as the au
are aware. The increase of the rate of heat convection c
be attributed to the increase in the speed of the reverse
from the edge of the disk to the rear stagnation point. Fig
shows the expected variation of the averageNunumber with
theRenumber in the wake region of the disk.

Fig. 15 shows a comparison of the convective heat tra
fer at the stagnation points of a sphere and a disk. Altho
most of the experimental data and theoretical solutions w
done at the forward stagnation point, the present results
were performed at the rear stagnation point fit in within
rest of the data comfortably. The theories of Kendoush [
Sibulkin [18] and Short [19] and the experimental data
the indicated authors were shown in Fig. 15. Note that

dimensionless numbers were based on the radius of the disk
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Fig. 15. Comparison of the present stagnation point heat transfer with
of the sphere of various authors.Pr = 0.7.

Fig. 16. Local variation ofNu number over the two broad surfaces of t
disk of 7.5 cm dia. and 1.25 cm thickness versus the dimensionless
coordinate.

and the sphere. Eq. (7) and the disk rear stagnation dat
shown together with the sphere stagnation data of var
investigators.

Fig. 16 shows a comparison between the localNunumber
from the upstream side and the wake of the disk. Gener
higher values ofNuare shown in the upstream than the wa
due to higher values of the flow velocity at the upstream s
of the disk than those of the wake.

4. Conclusions

An experimental study on the fluid flow and convecti
of heat from the wake of a disk leads to the following m

conclusions:
e

(1) The radial component of the flow and the radialNu in-
creases with the radius of the disk.

(2) The main reverse velocity of the wake, the stagna
point Nu and the averageNu increase withRe.

(3) Reynolds number has no consistent effect on the ra
distribution of heat convection rates.

Experimental correlations were obtained for the avera
local, front and rear stagnation points heat convection r
from the disk. In general, higher rates of heat convec
were recorded at the frontal surface of the disk than th
at the rear surface.

Appendix A. Calibration method of thermistors

A.1. Thermistor characteristics

Plots of the electrical resistance of the thermistor at
ferent temperatures were obtained by using a water bath
stirrer, a calibrated electronic thermometer and a digital A
meter.

A.2. Theory of measurement and calculations

The theory of fluid velocity measurement using the th
mistor is based on the convective heat transfer between
thermistor and the surrounding fluid. The average heat tr
fer coefficientht was obtained from the following equatio

ht = IV/A�T (A.1)

where
I is the electric current in the circuit, A,
V is the electric potential across the thermistor, V,
A is the themistor heat exchange area, m2,
�T is the temperature difference between the thermi

and the surrounding fluid, K.
Due to the complicated shape of the thermistor as sh

in Fig. 2, there is no empirical relationship betweenNunum-
ber andRenumber that fits this complicated shape, theref
we sought a relationship for this case of the following for

Nu= C RenPrm (A.2)

The constants (C, n and m) were obtained by adopting
special calibration system in which we let the thermisto
move at different velocities (as will be described below) a
the value of the current passing through the thermisto
each velocity was measured. The constants were determ
by using curve fitting technique. Reynolds number was
culated at each defined position and the velocity of the fl
was obtained as follows

U = νRe/De (A.3)

where
De= (De1 + De2)/2
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De1 is the equivalent diameter where the flow is perpen
ular to themistor’s frontal area (see Fig. 2).

De2 is the equivalent diameter where the flow is perp
dicular to the thermistor’s side area. It was found as follo

De2 = 4× flow area/wetted perimeter

or

De2 = 4De1((a + b)/2)

2(De1 + ((a + b)/2))

wherea = 1.5 mm andb = 2.5 mm as shown in Fig. 2.

A.3. The special calibration system

In order to estimate the constants of Eq. (A.2), a spe
calibration system was built. It consists of multi-speed c
riage that was mounted over the water channel. The lin
speed of the carriage was controlled by means of a rhe
which controls the voltage drop across the motor of the
riage. The velocity of the thermistor which was fixed to t
carriage was determined by dividing the linear distance t
eled by the carriage by the elapsed time interval that
measured by a stop watch.
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