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Abstract

Local heat transfer by forced convection from a circular cylinder in crossflow is investigated for Reynolds number
from 2x 103 to 9x 10* and Prandtl number from 7 to 176. The working fluids are water and mixtures of ethylene glycol
and water. The cylinder is uniformly heated by passing a direct electric current through a thin surface heater. The
influence of Reynolds number and Prandtl number on the distributions of local Nusselt number around a circular

cylinder in crossflow is described.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

While there have been many studies on local forced
convection heat transfer from a circular cylinder to air,
there have been few such studies using liquids. In this
paper an experimental study of the local heat transfer
coeflicient distribution around a circular cylinder to
liquids is described.

With air, Eckert and Soehngen [1], carried out
experimental studies on the local heat transfer from a
circular cylinder. Later Achenbach [2], Goldstein and
Karni [3] (using mass transfer) extended the investiga-
tion over a large range of Reynolds number. In addition,
the effects of surface roughness, free stream turbulence,
thermal boundary condition and tunnel blockage on the
local heat transfer from the cylinder were studied.
Comprehensive reviews of many studies were published
in [4,5].

* Corresponding author. Tel.: +1-612-625-5552; fax: +1-612-
625-3434.
E-mail address: rjg@me.umn.edu (R.J. Goldstein).

Few studies have been conducted on local heat
transfer from a cylinder to liquids. Generally liquid heat
transfer studies have provided only overall heat transfer
results.

Davis [6] measured the average heat transfer from
wires to water, paraffin, and transformer oil for
0.14 <Re < 170, 3 < Pr<15x10° and 5< AT <60
°C. The wires were electrically heated, and heat loss to
the fluids was measured. Perkins and Leppert [7] con-
ducted an experiment in water and ethylene glycol cov-
ering 40 < Re < 10°, 1 < Pr < 300 and 2.5 < AT < 60
°C. With a thermal boundary condition of uniform heat
flux, overall heat transfer coefficients were obtained.
Fand [8] measured the overall heat transfer coefficient
from a cylinder to water for a uniform wall temperature
boundary condition with 10* < Re < 10°, Pr~ 6 and
2<AT <6 °C.

Perkins and Leppert [9] measured the local heat
transfer from a cylinder to water for 2 x 103 < Re <
1.2x105, 1 <Pr<7, 10<AT <65 °C and 0.208 <
d/W < 0.415. The effect of fluid property variations with
temperature difference across the boundary layer were
correlated using the factor (u,/w,)"”>. Additionally,
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Nomenclature

Cyr specific heat evaluated at T, J/kg K

d diameter of the circular cylinder (25.4 mm in
this study)

H height of the liquid tunnel test section (180
mm in this study)

h local convective heat transfer coefficient,
W/m? K

h average heat transfer coefficient, W/m? K

1 electric current, A

ke thermal conductivity evaluated at 7y, W/m K

L length of heated section of test cylinder (165
mm in this study)

Ly axial distance for voltage drop measurement
(100 mm in this study)

Nu Nusselt number, Nu = % B

Nu average Nusselt number, Nu = %

Pr Prandtl number, Pr = %

Ged conduction heat flux based on surface area
of heater, W/m?

Gev convective heat flux based on surface area of
heater, W/m?

Ggen energy dissipation per unit surface area of
heater, W/m?

Re Reynolds number based on a diameter and
incoming velocity, Re = %

Ty bulk temperature, K

Ta dynamic temperature, Ty = zlg;

T; film temperature, 7y = 0.5(TOO'+ Ty), K

T; total temperature, K

Ty wall temperature, K

Ty free stream temperature, K

AT temperature difference (7, — T,.)

U approaching velocity, m/s

14 voltage drop across heater, V

Veg volume of ethylene glycol in liquid tunnel, m?

T volume of mixture in liquid tunnel (=2 m3 in
this study)

/4 width of the test section (180 mm in this study)

Greek symbols

0 angle around the cylinder, 0 = 0° at front
stagnation line

Ly dynamic viscosity evaluated at 7,, kg/ms

i dynamic viscosity evaluated at 7;, kg/ms

Uy dynamic viscosity evaluated at T,,, kg/ms

D¢ density evaluated at Ty, kg/m?

they found that the blockage of the tunnel has a signifi-
cant effect on the local heat transfer because of its
influence on the velocity distribution. Zukauskas [10]
published the results of local heat transfer from a circular
cylinder to air, water, and transformer oil. The effects of
fluid property variations in the boundary layer on heat
transfer were included using factor (Pry/Pry)">. Most of
his results presented were for the average heat transfer.

Vilimpoc et al. [11] did experiments within
0.0002 < Re < 64 and 5.5 < Pr<2.7x10* With a
small AT of 0.1 °C, the variations in fluid properties in
the boundary layer are negligible. Local heat transfer
around a cylinder was investigated using a holographic
technique. With a low Pr fluid, an experiment and
numerical predictions were performed by Ishiguro et al.
[12] using liquid-sodium with 220 < Re < 1.7 x 10%,
58x 1073 < Pr<7.3x 1073,

The local heat transfer around a circular cylinder to
liquid is not clearly understood due to limited available
results and significant differences in the experimental
conditions of the previous studies. The objective of this
study is to systematically determine the local heat
transfer coefficient around a circular cylinder in liquid
and provide base-line data that would aid in predicting
heat transfer around a circular cylinder to various fluids.
The Prandtl number dependence on local heat transfer
around a circular cylinder is investigated.

2. Experimental apparatus
2.1. Flow system

A schematic diagram of the recirculating liquid-flow
tunnel used in this experiment is shown in Fig. 1. Itis a
closed loop tunnel with a total fluid capacity of about
2 m3. The recirculating duct has a 400 mm diameter
including four turning elbows containing guide vanes.
The liquid pumped by an impeller flows through anti-
rotation blading and a diffuser to the recirculating duct.
Then the liquid flows through a bubble trap section and
a row of screens and enters a contraction section with an
area ratio of 4:1. The test section is a square duct with
180x 180 mm cross-section and 1060 mm length. It is
made of 25 mm thick Plexiglas. The bottom wall of the
test section has a support plate which is used to hold the
test cylinder. The downstream end of the test section is
connected to a diffuser which has an area ratio of 1:2.
The velocity in the test section is measured using a
3-hole impact probe connected to two Merriam Red-oil
manometers. The test section velocity can be varied from
1.5 to about 5 m/s by changing the shaft-speed of the
pump. The velocity distribution across the test section is
measured and found to be uniform. Free stream turbu-
lence intensity is less than 0.5%. The temperature of the
liquid in the tunnel is recorded during the experiment
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Fig. 1. Liquid tunnel.

and maintained constant (£0.5 °C) by manually
adjusting the water flow rate through a heat exchanger.

2.2. Test cylinder

The test cylinder with 25.4 mm diameter and 200 mm
length, Fig. 2, is vertically placed 15 cm from the exit of
the contraction. The blockage ratio (d/W) of the cylin-
der in the test section is 0.14. The test cylinder is made
mainly of Styrofoam (k ~ 0.026 W/mK) to minimize
heat flow by conduction. The external surface of the test
cylinder consists of an Inconel 600 foil wrapped around
an electrically insulated phenolic tube of 1 mm wall
thickness which tightly slides over the Styrofoam. The
foil of 25.4 pm thickness is attached on the phenolic tube
using 25.4 pum thick double-side adhesive and is heated
by supplying an electric current through copper con-

8 Thermocouple
Junctions.

Styrofoam

Thermocouple Wires

Inconel Heater —\

nectors at both ends of the cylinder. Silver-paint con-
nects the Inconel foil heater with the copper connectors.

Surface temperatures are measured with eight T-type
(copper-constantan) thermocouples installed under
the heating surface in grooves cut in the phenolic tube.
The junctions of these thermocouples are flush with the
phenolic tube surface as shown in Fig. 2. To measure the
local surface temperatures at a given 0, the test cylinder
is rotated in five degrees intervals using a protractor.
The free stream total temperature (7;) is obtained from a
thermocouple installed in the contraction section and its
measured profile is uniform across the section.

A direct current power supply, HP model 6032A with
maximum power of 1000 W, is used. Voltage drops (V)
across the heating element on the phenolic tube are
measured using tap wires, Fig. 2, attached to the Inco-
nel foil by small drops of silver-paint. The current is

Inconel sheet (0.025 mm thick)

Doubleside adhesive (0.025 mm thick)

Phenolic (25.4 mm OD)

Styrofoam (23.4 mm OD)
Rubber

N\

Copper

25.4 dia

\
N
-
+bC Silver paint ~_
L 145 .l

Dimension in mm 165
200
Section A-A

Fig. 2. Test cylinder.
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determined by measuring the voltage drop across stan-
dard resistors. Using a computer control program, the
electric current (/) was maintained constant.

3. Experimental technique

A constant heat flux boundary condition is employed
in this study. The local convective heat transfer coeffi-
cient is calculated as:

Gev
J— L 1
Tw_Taw ( )

v 18 the net convective heat flux from the outer surface
of the cylinder, T, is the local surface temperature, and
T.w 1s the local adiabatic temperature. Since the dynamic
temperature of liquid flow is small (0.0005 °C < Ty <
0.006 °C), the adiabatic wall temperature is closely equal
to the free stream total temperature (7;).

The net convective heat transfer rate per unit surface
area (g.y) from the test cylinder surface is determined as:

qCV = (.]gen - ch (2)

where ggn is a uniform heat generation rate per unit
surface area in the Inconel foil and ¢4 is a conduction
heat loss per unit surface area which is corrected for
each circumferential location on the cylinder surface.
The heat loss by conduction from the Inconel foil heater
to the inner core and the ends of the test cylinder is
determined using the numerical program CONDUCT
by Patankar [13]. In this experiment only the heat
transfer in the two-dimensional flow regime (i.e. away
from the top and bottom walls of the test section) is
considered. The maximum correction for conduction
heat loss is about 3% of g, near 0 = 85°.

The heat generation rate per unit surface area is
determined from:

V-1

where [ is the electric current calculated from the voltage
drop across standard resistors for high current of 40-50
A, and 7V is the voltage drop across the axial distance Lj,.

The experimental uncertainty evaluated based on the
95% confidence level was analyzed using the method
described in [14]. The uncertainty of the heat transfer
coefficient is 3.6%.

3.1. Working fluids

The experiments were conducted using water and six
mixtures of ethylene glycol and water. The mixture
concentrations (I7EG/ Vr) are 25.1%, 40.7%, 64.5%,
81.5%, 89.7% and 97.8%. The range of the Prandtl
number is from 7 to 176, and the range of the Reynolds
number is from 2 x 103 to 9 x 10*. Due to a significant
change on thermophysical properties of the liquids with
temperature, all thermophysical properties are evaluated
at the film temperature (7;) to account for the temper-
ature variations in the boundary layer. The densities of
mixtures of ethylene glycol and water at various con-
centrations are measured using precision hydrometers.
The viscosities of the liquids are measured using a
Brookfield viscometer model DV-E equipped with an
Ultra-Low adapter. The specific heat (c,) and the
thermal conductivity (k;) of the mixtures are obtained
from [15].

The experimental conditions for the test runs are
summarized in Table 1.

4. Experimental results

Flow visualization in water was conducted using an
alcohol-milk mixture injected through the cylinder into
the flow at 0 = 5+ 0.2°. Fig. 3 shows the flow pattern
around the cylinder at Re ~ 4.5 x 10* (U, = 1.75 m/s).
On the front part of the cylinder, the flow smoothly
moves downstream indicating a laminar boundary layer.
The dye line becomes thicker showing growth of the
boundary layer with 6. The boundary layer separates

Joey = ————— 3 .

dgen nd - Ly, (3) from the surface of the cylinder at about 90°. Down-

Table 1

Working fluids and ranges of the Reynolds number and the Prandtl number
Ethylene glycol Reynolds number Prandtl number U, (m/s) T (°O) AT (°C)
concentration
Water 45,000-90,000 6.5-7.5 1.7-3.6 21-23 1.2-2.5
25.1% 21,000-53,800 14-16 1.7-4.0 16.9-20.4 1.2-3.0
40.7% 15,200-38,100 21-24 1.7-3.9 19.5-23.2 1.1-2.7
64.5% 8,800-23,300 44-49 1.6-4.3 17.3-23.7 1.1-2.5
81.5% 4,000-10,500 87-91 1.5-4.1 14.5-19.8 1.1-4.3
89.7% 2,600-10,300 100146 1.5-3.8 18.2-19.6 1.1-6.1
97.8% 2,200-8,400 146-176 1.5-4.0 18.5-21.3 1.1-7.2
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Fig. 3. Flow visualization in water.

stream of separation, the dye line has a curved shape
formed by a reverse periodic vortex.

Heat transfer results are presented in the form of the
dimensionless Nusselt number which is calculated as:

h-d
Nu=-—— 4
u="7 @

Effects of the Reynolds number and the Prandtl number
on local heat transfer are described below.

4.1. Effects of the Reynolds number

The effects of the Reynolds number can be observed
in Figs. 4-8. Generally, the tests in each plot have nearly
the same Prandtl number. The experiments with low
Prandtl number mixtures have high Reynolds numbers
due to the lower viscosity of the working fluids. The
ranges of Reynolds number for seven working fluids
overlap each other. This study covers Reynolds numbers
from 2x10° to 9x 104

As expected, the heat transfer rate increases as the
Reynolds number increases. The distribution of the local
Nusselt number depends on the Reynolds number range.
Figs. 4-8 show the distributions of the local Nusselt
number in water, and in 25.4%, 64.5%, 89.7%and 97.8%
mixtures of ethylene glycol and water. With
Re > 5 x 10%, the distributions of the local Nusselt
number have similar trends for all Reynolds numbers.
At this Reynolds number, the distribution can be di-
vided into three regions. In the first region (0° < 6 < 85°)
the Nusselt number monotonically declines from the
front stagnation point and reaches a minimum at 85°
due to the growth of the thermal boundary layer which
increases the thermal resistance. The increase of the
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Fig. 4. Distribution of local Nusselt number at Pr = 7.

Nusselt number with 6 in the second region
(85° < 0<135°) is caused by the reattachment of the
free shear layer. The cylinder surface in this region is
covered by the reattached flow which brings fresh fluid
close to the surface of the cylinder. In the third region
(135° < 0 < 180°), the approximately linearly increase in
heat transfer in the downstream direction is caused by
reverse periodic vortices.

With Re < 5 x 103, the heat transfer is approximately
constant in the region of 90° < 0 < 180°. There is no
hump, as with Re > 5 x 10°, in the region of 90° <
0 < 135°. It is expected that the cylinder surface in this
region is covered by the reverse flow produced by the
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Fig. 6. Distribution of local Nusselt number at Pr ~ 45.

periodic vortices [16]. Schlichting [17] reported that only
in the range of 60 < Re < 5 x 10 is a regular Karman
steet observed. Zdravkovich [18] described that length of
the eddy formation region is long for low Reynolds
number. The strength of the periodic vortices is too
subtle to bring fresh fluid close to the heated surface, so
the heat transfer is almost constant. When the Reynolds
number is larger than 5x 103, the development of the
second and the third regions for 6 > 85° can be ob-
served. The length of eddy formation region significantly
decreases with the Reynolds number for Re > 5 x 103,
[18]. Length of transition from laminar to turbulent free
shear layer also decreases with Reynolds number and
reaches the separation point at Re ~ 4 x 10%. After the
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Fig. 8. Distribution of local Nusselt number at Pr = 170.

separation point a hump, in the region of
90° < 0 < 135° for Re > 4 x 10*, vanishes because all
regions in the free shear layer are turbulent.

The distributions of the normalized Nusselt number
[Nu/(Re"®)] around the cylinder for 40.7% and 81.5%
mixtures are shown in Figs. 9 and 10. In the front part
(0° < 0 < 85°) in Fig. 9 the distributions are similar and
the data collapse onto a single curve in the region from
0 =0° to 0 = 60°. Thus, the local Nusselt number in
that region is closely proportional to Re®> as one might
expect for a laminar boundary layer. Downstream of
0 = 60° in Fig. 9 data deviate somewhat from a single
curve. For Re = 9100 and 10,470 in Fig. 10, Nu/(Re") is
higher than that at lower Reynolds number due to the
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effect of alternating vortex flow behind the cylinder and
a decrease in length of the eddy formation region.

4.2. Effects of the Prandtl number

The distributions of the local Nusselt number with
different Prandtl number at roughly the same Reynolds
number are shown in Figs. 11-13. Generally, the local
Nusselt number increases as the Prandtl number in-
creases. As can be seen in Fig. 11, on the front part of
the cylinder (0° < 0 < 90°) the local Nusselt number is
strongly affected by the Prandtl number. The Nusselt
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Fig. 11. Distribution of local Nusselt number at Re ~ 4 x 10°.
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Fig. 12. Distribution of local Nusselt number at Re ~ 9 x 103,

number at the front stagnation point (6 = 0°) increases
about 30% as the Prandtl number increases from 91 to
166 at Re ~ 4 x 10°. However, on the rear part of the
cylinder (90° < 0 < 180°) the effect of the Prandtl
number on the local Nusselt number is comparatively
small. The local Nusselt number in that region is con-
stant in a narrow range from about 100 to 110 for the
Prandtl numbers plotted.

At Re =~ 9 x 10%, Fig. 12 shows that in the front part
of the cylinder the local Nusselt number is again
strongly affected by the Prandtl number. In the reat-
tachment region of 90° < 6 < 150°, the effect of the
Prandtl number can be observed and the local Nusselt
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number in this region increases as the Prandtl number
increases. However, in the region of 150° < 0 < 180° the
effect of the Prandtl number is small and the local
Nusselt number in this region is approximately same for
Pr=49,91, and 130.

The effects of the Prandtl number at Re ~ 2.1 x 10*
are shown in Fig. 13. The effects of the Prandtl number
on the local Nusselt number on the front and rear parts
of the cylinder are similar when the Reynolds numbers
are higher than 10*; the Nusselt number at every loca-
tion increases with increasing Prandtl number.

From the results shown in Figs. 11-13, it can be
concluded that the effects of the Prandtl number depend
on the flow characteristics around the circular cylinder.
With Re < 5 x 10%, the Prandtl number mainly affects
the local Nusselt number in the region where the laminar
boundary layer exists. The effect of the Prandtl number
in the region downstream of the separation point is
comparatively small. With 5 x 10’ < Re < 10%, the local
Nusselt number in both the laminar boundary layer re-
gion and the reattachment flow region is significantly
affected by the Prandtl number, but only a small effect
can be observed in the periodic wake region. When the
Reynolds number is greater than 10, the local Nusselt
number in every region on the cylinder is affected by the
Prandtl number.

4.3. Average heat transfer

The average Nusselt number around the circular
cylinder (0° < 6 < 180°) is shown in Fig. 14. The cor-
relations by Perkins and Leppert [9] and Whitaker [19]
are also shown in the figure. The present experimental
results agree well with the correlation by Whitaker [19]
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Fig. 14. Average Nusselt number around a circular cylinder.

for Re > 10*. However, for Re < 10* the experimental
results are lower than other predictions because the
contribution of heat transfer on the rear part of the
cylinder is lower than the front part of the cylinder for
this range of Reynolds number. The effect of the tunnel
blockage on the average Nusselt number for d/W = 0.14
is about 3% as reported in [9]. A correlation for pre-
dicting the overall Nusselt number is presented in [20].

5. Comparison with other results

The Nusselt number results are compared with those
from other studies in Fig. 15. Generally, on the front
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Fig. 15. Comparison with other results.
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part (0° < 6 < 60°) of the cylinder the present data agree
well with the analytical results of [21,22] and with
experimental heat transfer results of [2,5,23,24]. The
present results at Re = 9100 and 21,450 for 0° < 0 < 180°
have a fair agreement with the results of [23,24],
respectively. Downstream of 0 = 60° the results of [2]
under the uniform temperature boundary condition de-
cline faster than the present results. This may be due to
the different thermal boundary conditions. The effect of
the thermal boundary condition was also reported in
[25].

The results on the rear part (90° < 0 < 180°) of the
cylinder deviate due to various effects such as the Rey-
nolds number, the Prandtl number, the thermal
boundary condition and the blockage ratio.

6. Summary and conclusions

The present study provides information on local heat
transfer from a circular cylinder in crossflow to liquids
over the range of 2x10°<Re<9x10* and
7 < Pr < 176. Local heat transfer results were obtained
under the boundary condition of uniform heat flux.
Heat transfer around a cylinder is strongly affected by
the Reynolds number and the Prandtl number. The
distribution of local heat transfer changes with the range
of Reynolds number. On the front part (0° < 6 < 85°) of
the cylinder, local heat transfer increases with increasing
Prandtl number. However, on the rear part
(85° < 0 < 180°), local heat transfer depends on flow
characteristics near the surface. With Re < 5 x 10° the
effect of the Prandtl number on heat transfer down-
stream of the separation point is small. The Nusselt
number is approximately constant after the separation
point. With Re > 5 x 103, the local heat transfer in-
creases with the Prandtl number.
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