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Buoyancy Effects on Forced Convection from a Horizontal
Cylinder in a Crossflow

R. A. Ahmad*
Thiokol Corporation/Space Operations, Brigham City, Utah 84302

and

Z. H. Qureshit
Westinghouse Savannah River Company, Aiken, South Carolina 29803

An experimental investigation of buoyancy effects on forced convection heat transfer from a horizontal cylinder
dissipating a uniform heat flux was conducted. An open-loop wind tunnel was used to provide crossflow over
the cylinder. The heat flux for the 4.45-cm-diam, 38-cm-long cylinder was varied between 10—-250 W, and the
flow velocities were varied from 1.4 to 8 m/s. This resulted in Reynolds number and modified Grashof number
values in the ranges of 3.2 x 10° to 2.13 X 10% and 2.8 x 10° to 5.7 x 107, respectively. The local Nusselt
number is correlated as a function of the Reynolds and modified Grashof numbers. The average Nusselt numbers
from the present results in the forced and mixed convection regimes are also correlated. These correlations are
also compared with the available correlations in literature.

Nomenclature

cylinder outer surface area, m?

cylinder diameter, m

surface area of individual element on cylinder, m?
Grashof number based on outer diameter,
gB(T, — T.)D3*v?

modified Grashof number based on outer
diameter, gBq! D*/(k v?)

acceleration due to gravity, m/s?

local heat transfer coefficient, W/m? K
thermal conductivity of air, W/m K

Nusselt number based on outer diameter, hD/k
exponent in the buoyancy parameter

Prandtl number, via

heat transfer rate, W

heat flux (q/A), W/m?

total hot resistance of cylinder wires and wire
connections, £}

Rayleigh number based on outer diameter,
Grp, Pr

modified Rayleigh number based on outer
diameter, Gr*, Pr

Reynolds number based on outer diameter,
U.Dlv

temperature, K .

arithmetic mean temperature, (T, + 7..)/2, K
calculated or measured freestream turbulence
intensity, %

mean velocity, m/s

bridge voltage, V

thermal diffusivity of air, m%/s

coefficient of volumetric expansion of air,
=1/T,., K}
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emissivity of the cylinder outer surface

0 = angular coordinate, deg, shown in Fig. 2

0, = 270 — ¢, deg, Fig. 5

K = mixed convection parameter based on Grashof
number, Gry/(Rey)?

k* = mixed convection parameter based on modified
Grashof number, Gr%,/(Re,)!*

72 = dynamic viscosity of air, N-s/m*

v = kinematic viscosity of air, u/p, m?/s

p = density of air, kg/m?

o = Stefan-Boltzmann constant, 5.669 x 10-% W/m?
K4

Subscripts

c = convective, drop across cylinder

D = cylinder outer diameter

f = forced convection, k = 0, k* =0

i = individual element of cylinder

r = radiative

s = at surface

t = total

o = freestream conditions

Superscripts

- = average

! = flux

Introduction

HE objective of this study was to investigate buoyancy

effects on forced convection from a horizontal cylinder
dissipating a uniform heat flux to a crossflow stream of air.
This experimental study was undertaken to cover a range of
Reynolds (Re,) and modified Grashof numbers (Gr}) by
varying the flow velocities and surface heat flux values. The
term “free” or “natural” will be used interchangeably to rep-
resent pure buoyancy induced flow. The term “combined” or
“mixed” convection represents the conditions where both free
and forced convection mechanisms are present. This region
is commonly characterized by Grj/(Re,)", the mixed con-
vection parameter. The following information was specifically
sought: 1) variation of local Nusselt number around the cyl-
inder with the modified Grashof and Reynolds numbers;
2) variation of the average forced convection Nusselt number
with the Reynolds number; 3) variation of average mixed
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convection Nusselt number with the mixed convection param-
eter; and 4) determination of a parameter which defines
the boundary between the forced and mixed convection re-
gimes.

Most past research in the area of convective heat transfer
has focused on either pure forced or pure natural convection
regimes. At high Reynolds numbers, the heat transfer occurs
mainly by forced convection, but as the Reynolds number
decreases, the contribution of natural convection becomes
significant. In any convective heat transfer, temperature dif-
ferences occur in the boundary region near the heated surface.
These differences cause density gradients in the ambient me-
dium, and in the presence of a body force field, e.g., gravity,
natural convection effects result.

From a practical standpoint, the extent of these natural
convection effects, and when they may be neglected, as com-
pared to forced convection effects, must be determined. In
many situations these two effects are of comparable order,
such as in the use of hot-wire/film anemometry in low-velocity
fields, in natural convection in the presence of ambient fluid
circulations, in low-flow heat exchangers where strong tem-
perature gradients may exist, and in cooling of electronic
devices.

Analysis indicates the parameter which characterizes mixed
convection is a combination of Grashof number and Reynolds
number Grp/(Rey)". The limits Gr,/(Rep)” — 0 and Grj,/
(Rep)r — « correspond to forced and natural convection re-
gimes, respectively. The exponent ““n’” has the value between
2 and 3, depending on the geometry and the thermal boundary
conditions. Since the distinction between the pure natural and
the pure forced convection regimes is gradual, arbitrary cri-
teria may be established to identify the three transport re-
gimes, 1) natural, 2) mixed, and 3) forced convection.

Previous Work

Mixed convection processes may be considered in terms of
external flow over surfaces, in terms of free boundary flow
(e.g., plumes and buoyant jets), and in terms of internal flow
in tubes, channels, and enclosed flow regions. Only the lit-
erature on external flow over cylindrical geometries is dis-
cussed here.

Van Der Hegge Zijnen' made the first attempt at combining
the natural and forced convection effects vectorially. This ap-
proach is difficult to justify on physical grounds since Nusselt
numbers are not vectors. Based upon an experimental study
using air, Collis and Williams? recommended that natural con-
vection contribution is negligible when Re, > (Grp ). Spar-
row and Lee® and Joshi and Sukhatme* presented analytical
solutions for aiding mixed convection flows. Merkin® ex-
tended the study of Sparrow and Lee? for large Reynolds and
Grashof numbers for hot and cold cylinders using the bound-
ary-layer equations. Jain and Lohar® considered the flow of
a uniform stream over a horizontal circular cylinder in the
case of an aiding flow. Nakai and Okazaki” analyzed aiding,
opposing and crossflow mixed convection when either forced
or free convection is dominant. Badr® presented a numerical
solution of full Navier-Stokes equations representing mixed
convection heat transfer from an isothermal circular cylinder
in crossflow.

Numerous experimental studies on mixed convection from
a horizontal circular cylinder are reported in the literature.
Hatton et al.? investigated combined convection from a hor-
izontal cylinder for the Reynolds and Rayleigh number ranges
of 1072 = Re,, < 45 and 1072 = Ra, (=Grp, Pr) = 10. The
effect of freestream direction on the heat transfer process was
also investigated. Oosthuizen and Madan®® correlated their
test data on aiding mixed convection from an isothermal cyl-
inder as

Nup/Nup , = 1.0 + 0.18« — 0.011(«)? (1a)

CYLINDER IN A CROSSFLOW 575

where the forced convection Nusseit number is given by
Nup, = 0.464(Rep)*° + 0.0004Re;, (1b)

for 100 = Re,, = 3162, 3.75 x 10* = Grp = 3.00 x 10°, and
0 = [k = Grp/(Rep)?] = 9. They also found forced convection
to exist when x < 0.28. Based upon the same data, Jackson
and Yen'! suggested an improved correlation. Oosthuizen and
Madan’? in a later study suggested values for x below which
the buoyancy effects may be neglected under aiding, oppos-
ing, and crossflow conditions. They found that under aiding
and crossflow conditions, the buoyancy forces increased the
heat transfer rate beyond the forced convection rates. They
also found that for opposing flows, the buoyancy forces de-
crease the Nusselt number at low Reynolds numbers and then
rise above the forced flow values at high Reynolds numbers.
The initial decrease in mixed convection Nusselt number is
also reported in Refs. 8, 9, and 13 for low Reynolds number.
Other experimental studies include those in Refs. 14-19.
Morgan® provided an extensive review on convective heat
transfer from a horizontal cylinder and suggested several cor-
relations.

Baughn®! investigated the effect of the circumferential wall
heat conduction (which occurs as a result of the circumfer-
ential temperature variation) on wall heat flux boundary con-
dition, and concluded that it can be minimized by selection
of low thermal conductivity material, a thin wall, or a large
diameter. A large-diameter cylinder requires a large test sec-
tion (to minimize blockage effect) which requires a large wind
tunnel. The wind-tunnel dimensions must be compatible with
the available laboratory space. Seban®* and Giedt** used a
Nichrome ribbon attached to a plastic substrate. Petriec and
Simpson®* used a thin, stainless-steel foil rolled into a cylin-
drical shape and filled with epoxy resin. In the limit, the thin
electrical heating element on the surface can be reduced to a
coating applied to the surface. Hatton and Woolley> used a
plastic substrate with a copper coating in a flat duct. Simonich
and Moffat*® and Hippensteele et al.?” used a gold-coated
plastic sheet as the heating element in conjunction with liquid
crystals for thermal visualization of heat transfer. Baughn et
al.®-* developed a technique which involves using a thin gold
coating vacuum deposited on a pliable polyester sheet as the
electrical heating element. The sheet was glued to the inner
surface of a thin-walled, cast acrylic tube.

Experimental Apparatus and Procedure

The experimental apparatus in the present study consisted
of a low-speed open-loop wind tunnel (Fig. 1), a test cylinder,
and the associated instrumentation. Details of the wind tunnel
are given in Refs. 30 and 31. As shown in Fig. 1, the test
section has a 38 by 38 cm cross section, with a length of 38
cm. The test section was made of clear Plexiglas® for easy
viewing.

Downstream of the test section is a three-dimensional, man-
ually controlled traversing mechanism. Temperature and ve-
locity probes can be moved manually in all three dimensions
with a 0.127-mm resolution. To minimize the blockage effect,
the traversing mechanism is controlled from the outside. The
traversing mechanism section is followed by a smooth diver-
gent duct, the diffuser. A variable-speed, vane-axial fan was
used at the diffuser outlet to provide air velocities of 1.4-9.1
m/s. Although the wind tunnel can provide flow in any ar-
bitrary direction, it was used only in a horizontal position for
this study. The average velocity in the test section was mea-
sured by a pitot tube. An inclined manometer, with a minor-
scale division of 0.127 mm of water, was used to measure the
pressure differential. This yielded a velocity resolution of 0.16
m/s. The uncertainty associated with velocity measurements
was 11% for the minimum velocity (1.4 m/s) and 2% for the
maximum velocity (8 m/s). The wall boundary layer was found
to be less than 2.54-mm thick. A Danske Industry Syndicate
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Fig. 2 Details of the test cylinder.

A/S (DISA) hot-wire anemometer system in the constant tem-
perature mode was used to measure the mean velocity and
the freestream turbulence intensity in the test section. With
the screens present, the turbulence intensity was measured at
0.25% at 9.1 m/s. The test cylinder was fabricated from a
3.175-cm i.d., 4.445-cm o.d., and 38.10-cm-long hard fiber
tube (Fig. 2) of low-thermal conductivity material (0.29 W/
m-C). The test cylinder blocked 11.67% of the test section.
The heat flux for the test cylinder was varied between 10—
250 W, and the flow velocities were varied from 1.4 to 8 m/
s, giving a maximum heat flux of 5000 W/m?. Twenty-four V-
shaped grooves of 35.56 cm in length were machined around
the circumference to accommodate 24 Nichrome heaters. This
left 1.27 ¢m of unheated length on each end of the cylinder
to reduce end losses. Insulating end caps were added to reduce
further end losses. The grooves were filled with copper oxide
cement, which has good thermal and poor electrical con-
ductance. At the middle of the cylinder length, 24 thermo-
couples were buried in the copper oxide cement, approxi-
mately 0.254-mm below the surface. Four more thermocouples
were placed, 90-deg apart, at another axial location to check
the two-dimensionality of the test cylinder. They were found
to agree with the corresponding thermocouples located at the
middle of the cylinder length.

The 0.508-mm separation (hard fiber material) between two
adjacent grooves on the cylinder surface and the 5.08-mm
separation at the groove depth were determined to be suffi-
cient to minimize the circumferential heat conduction for non-
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isothermal boundary conditions. The cylinder surface was ma-
chined and polished. To minimize the radiation losses, which
are commonly present in air, a thin film of aluminum was
deposited on the cylinder surface by the vacuum metallization
process. Since each heater can be heated independently, any
thermal boundary condition may be achieved on the cylinder
surface. In this study, all the heaters were connected in series
to yield a uniform heat flux thermal boundary condition.

The thermocouple lead wires were connected to the ter-
minals of a selector switch. Temperatures were measured,
with 0.25°C resolution from the chromel-alumel thermocouple
signals recorded on a two-channel chart recorder.

The test cylinder was heated by a Hewlett Packard preci-
sion-regulated power supply to give a steady uniform heat
flux boundary condition on the cylinder surface. The heat flux
was computed by the voltage drop across the cylinder and the
total hot resistance of the heaters. In each run, a steady-state
temperature distribution over the entire circumference of the
cylinder was obtained for a given value of heat flux and av-
erage velocity. Thermophysical properties were evaluated at
the arithmetic mean of the average surface temperature of
the cylinder and that of the ambient air, except the coefficient
of the volumetric expansion (), which was taken at the am-
bient temperature.

The contribution of the radiative heat transfer from each
element was calculated as follows:

g, = oe[(T,,)* = (T.)*) d4; 2)

where the emissivity (¢) was estimated to be 0.10. The heat
loss by convection (g, ;) from an element was computed by
subtracting the radiation loss (g, ) from the total heat input
(electric power) to that element (g,)

qe; = G — G (3a)

Local values of the Nusselt number were calculated as follows:

D {[VI(Rewed/24) — g} (D
Nup, = h, 7 = T = T)dA, (k) (3b)

The average Nusselt number was obtained by numerically
integrating the 24 local values of local Nusselt numbers. It is
defined as

2
Nu,, = —1—J' Nuy,, ; de (3¢)
2 Jo ’

Experimental Results and Discussion

This section describes the experimental results of forced
and mixed flow obtained in this study. The following results
are discussed here: 1) local Nusselt number profiles, 2) av-
eraged Nusselt number, and 3) boundary between forced and
mixed flow regimes.

A total of 172 runs were made by varying the heat flux and
velocity. Figure 3 shows each experimental run with the cor-
responding independent and dimensionless Reynolds and
modified Grashof numbers. This figure provides a quick look
at the region where the experiments were conducted. The
dimensionless parameters in the present study were varied as
follows: 3.28 x 10° = Re, = 2.13 x 104, 2.80 X 10° =
Gr} =5.66 x 107, and 0.24 = k* = 4.8.

Local Nusselt Number Profiles

As presented in Fig. 3, a wide range of Reynolds and mod-
ified Grashof number conditions were achieved. In order to
systematically determine the buoyancy effects on forced con-
vection, the local Nusselt number profiles are presented here
at selected values of Reynolds numbers. For each selected
Reynolds number, several profiles presented for increasing
modified Grashof number.
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Fig. 3 Experimental runs corresponding to modified Grashof and
Reynolds numbers.

Figure 4a shows the local Nusselt number to be symmetrical
for Rep, = 0.5 x 10* and small buoyancy effects represented
with Gr§ = 0.5036 x 107. As the Grashof number increases,
the local Nusselt number increases at every angular location
and some distortion of the symmetry starts to appear.

Consider the curve showing the local Nusselt number for
the combination of Re, = 0.5 X 10* and Gr} = 0.5036 x
107 shown in Fig. 4a. Then in considering the upper half of
the cylinder, starting at the forward stagnation point (6 =
270 deg), Nu,(6) decreases with decreasing 6 due to laminar
boundary-layer development, and a minimum (Nu, = 19.13)
is reached at @ = 150 deg. At this point, separation occurs
and Nu,(6) increases slightly with decreasing 6 due to mixing
associated with vortex formation in the wake. The next three
curves (for higher values of Gr}) show more increase in the
value of Nu,(6) with decreasing 6 from the forward stagnation
point (due to more mixing), and the separation point moves
gradually clockwise to about 135 = 6 (deg) = 150 deg. At the
forward stagnation point (6 = 270 deg), the local Nusselt
number increased from 36.9 for Gr}, = 0.5036 X 107 to 53
for Grj = 2.4884 x 107, resulting in an increase of about
42%.

The effect of buoyancy on the local Nusselt number at the
forward (8 = 270 deg) and rear (# = 90 deg) stagnation points
and their relative magnitudes are investigated. Figures 4b-d
show a similar behavior to that shown in Fig. 4a, more no-
ticeable distortion of the forced convection Nusselt number
profile. In Fig. 4b, for Gr} = 4.6968 x 107, the local Nusselt
number at the angular location of 8 = 270 deg (89) is higher
than the local Nusselt number at the angular location of ¢ =
90 deg (78) by as much as 14%. In Figs. 4c and 4d, the
difference in the maximum local Nusselt at the angular lo-
cations of # = 270 deg and 8 = 90 deg is about 5 and 3%,
respectively.

Figures 4a—d show clearly that the local Nusselt number
has increased with the buoyancy effects at every angular lo-
cation on the cylinder surface. The forced convection Nusselt
number profiles have been distorted.

Figure 5 shows two comparisons between our results at Re,
= 3275 and 17,935 (with buoyancy effects) and the results of
other studies based on the local Nusselt number. All of these
studies used a uniform heat flux thermal boundary condition.

The first was made between our results at Re,, = 3275 and
Gr} = 1.5209 x 107 (Fig. 5a) and the results of Sarma and
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Sukhatme in forced convection with buoyancy effects at Re,,
= 3480 and Grj = 2.62 x 107. Using their definition of the
buoyancy parameter as Gr;/(Rep)?, the above values of Re,,
and Gr} result in values of this parameter of 0.025 (present
study) and 0.037 (Sarma and Sukhatme®), respectively. Clearly,
the results of Sarma and Sukhatme!® and the results of Petrie
and Simpson?* show higher values for the local Nusselt num-
ber than our results, especially at the forward side of the
cylinder. We attribute their larger values to the higher free-
stream - turbulence intensity (7u = 10 and 5.78%, respec-
tively) in their wind tunnels, whereas in our tunnel, it was
0.25%. At the forward stagnation point (6, = 0 deg), their
values of the local Nusselt numbers are larger than the present
value by 65.22 and 10.14%, respectively. Kestin® demon-
strated the local effect of freestream turbulence intensity on
the rate of heat transfer and, therefore, on the characteristics
of the associated laminar boundary layer [0 = 6, (deg) = 60].
The effect was unexpectedly large,>? reaching a value of 80%
at the forward stagnation point for a change of freestream
turbulence intensity from 0% (calculated by Frossling®*) to
less than 3% (measured). The local measurements of Nusselt
number conducted by Lowery and Vachon3* showed that in
the laminar boundary layer, small increases in freestream tur-
bulence intensity between 0.4-1.2% markedly increased the
local rate of heat transfer. Increases in heat transfer over the
theoretical zero freestream turbulence intensity value were
on the order of 20%. Increases in heat transfer over the zero
freestream turbulence intensity value (Tu = 0) up to ap-
proximately 60% were obtained at the highest values of free-
stream turbulence intensity of 14.19%. The data of Petrie and
Simpson? demonstrated the sensitivity of heat transfer to
freestream turbulence intensity in the wake region [90 < 6,
(deg) = 180]. In the Reynolds number range of 5000-35,000,
increases in freestream turbulence intensity of 10% result in
improvements on heat transfer up to 100%. They obtained
an expression for the local Nusselt number at the rear stag-
nation point (6; = 180 deg) as

Nup, = 0.0065(Rep)*® + [1 + 6.3 X 10%(Tu/Rep)o 7] !
(4a)

which reduces to
Nup = 0.0065(Rep)"% (4b)

when there is zero freestream turbulence intensity. Sikma-
novic et al.* found that the greatest increase of the local
Nusselt number occurs in the laminar boundary layer. They
also demonstrated that for Tu = 14%, the Nusselt number
shows two minima.
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The second comparison was made between our results at
Re, = 17,935 and Gr} = 5.6583 x 107 (Fig. 5b) and the
results of Baughn et al.?® at Re;, = 20,000 (Tu = 0.3%),
Sikmanovic et al.?® at Re, = 19,670 (Tu = 0.2%), Petrie and
Simpson?* at Rep, = 15,000 (Tu = 5.78%), Dyban and Epick3®
at Re, = 15,000 (Tu = 5%), and Baughn et al.’” at Re,, =
18,000 (Tu = unknown). The divergence of the results in the
laminar boundary layer is attributed to the freestream tur-
bulence intensity. In all these studies, it was desired to operate
a low-turbulence, low-blockage tunnel, and to make accurate
measurements. The divergence of the results beyond the lam-
inar boundary layer and in the rear of the cylinder may be
attributed to numerous factors: 1) different values of the Rey-
nolds number (15,000 = Re,, = 20,000 as shown in Fig. 5b);
2) tunnel geometries which include interplay of the type and
size of the test section, blockage, aspect ratio, and wall effects;
3) the freestream turbulence intensity has also an effect in
the wake region,?* 4) the uniform heat flux boundary con-
dition achieved by Baughn et al.?® was better than other stud-
ies shown in Fig. 5b, since their design minimized the circum-
ferential wall conduction; 5) the emissivity of the outer surface
increases as the surface degrades—this effect reduces the
convection term as shown in Eq. (3a); and 6) cylinder di-
ameter is likely to have some effect via the integral length
scale of turbulence, as demonstrated by Van Der Hegge
Zijnen.*® Achenbach?® claims that the occurrence of small
differences in the flow conditions when using two different
test cylinders in the same facility could not be ruled out.

Averaged Nusselt Number

The average Nusselt number in the forced convection re-
gime (x * = 0), based on the present results, is best correlated
(using the least-squares method) as

Nup ; = 0.0675(Rep)*2, 6.8 X 10° = Rep, = 2.13 X 1?;)

The condition for forced convection (x* = 0) was achieved
when the Nusselt number ratio was in the range 1.0 < Nu,/
Nuy, ; < 1.05. No data was shown for «* < 0.2.

Morgan? analyzed the results of 13 workers who gave the
freestream turbulence intensity in the wind tunnel they used.
In all these studies, a uniform wall-temperature boundary
condition? was used, with the exception of the study con-
ducted by Krall and Eckert’® (5 = Re, = 5000) where a
uniform heat flux boundary condition was used. At the Rey-
nolds number 2 X 10*, the measured Nusselt number varied
from 65 to 119, with a mean value of 100.8 and a standard
deviation of 12.3. In the present study, the measured Nusselt
number at Re, = 2 X 10* was 96.22, which is 3.93 less than
the mean value reported. After Morgan’s®® correction for
blockage and freestream turbulence intensity errors, the range
becomes 68—93, the mean 79.9, and the standard deviation
7.2. Based on these studies, Morgan proposed the following
correlation:

Nup ; = 0.148(Rep)063
for
5x10° = Rep, =5 x 10° (6)

Our correlation {Eq. (5)], together with the Morgan’s corre-
lation? are plotted in Fig. 6. The forced convection Nusselt
number obtained from the present study is higher than the
Nusselt number obtained by Morgan as Reynolds number
increases in the range shown. The difference is attributed to
different thermal boundary conditions. This is in agreement
with other numerical results in Refs. 13 and 40, that the uni-
form heat flux horizontal cylinder has a higher averaged Nus-
selt number than a cylinder under a uniform surface temper-
ature. This is also true for forced convection on a flat plate*
and natural convection on a vertical plate.*
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Fig. 6 Average Nusselt number in forced convection.

The results of uniform heat flux measurements conducted
by Baughn and Saniei,* Papell,* and O’Brien et al.* were
directly compared to those of uniform surface temperature.
The Nusselt number at the forward stagnation point*® was
found to be nearly identical for both thermal boundary con-
ditions. As the laminar boundary layer builds up on the front
of the cylinder, the Nusselt number for the uniform heat flux
is higher than that for the uniform surface temperature. Sim-
ilar behavior was observed by both Papell** and O’Brien et
al.* Papell* obtained local Nusselt number over the leading
surface of a cylinder in crossflow for 50,000 = Re, = 215,000.
The local Nusselt numbers for angular distance between 60—
80 deg at the front side of the cylinder are in disagreement
with other studies. The absolute values of the Nusselt number
were not of primary interest, but rather the accuracy of the
relative differences between the uniform heat flux and uni-
form surface temperature thermal boundary conditions.

Figure 7 shows the ratio of Nu,/Nu,, ; plotted against the
buoyancy parameter «*. The scatter of points is due to the
choice of the exponent # in the mixed convection parameter.
In other words, there is no unique value of the exponent n
in the parameter Gr}/(Rep)” that would fit all experimental
data. The scatter of points was also noted by Sharma and
Sukhatme.*

The experimental data from the present study for the mixed
convection heat transfer is correlated (using the least-squares
method) as

Nup/Nup = 1.009 + 0.0984x* — 0.0277(k *)?
+ 0.0032(k *)? (7a)
where Nuy, ;is given in Eq. (5), and where
0 = [x* = Gri/(Re,)¥] = 4.6 (7b)

In the limiting case (k* = 0), the proposed correlation [Eq.
(72)] overestimates the Nusselt number in forced convection
by less than 1%.

Boundary Between Forced and Mixed Convection Regimes

The selection of the exponent 1.8 in the definition of x*
{Eq. (7b)] was justified from the boundary points between
forced and mixed convection regimes, where the ratio of Nu,,/
Nup, , =1.05. At a maximum value of «* = 4.6, the maximum
increase in the Nusselt number due to the buoyancy effects
is as much as 20%. If forced convection is assumed to exist,
when Nu, is within 5% of Nuy, » and by setting the left side
of Eq. (7a) to 1.05 and solving the cubic equation for «*
yields a value for «* = 0.6. Thus, the forced convection
regime exists when «* < 0.60.

The transition point between mixed and free-convection
regimes was not achieved in these tests due to lower speed
limit on the fan motor which goes a minimum velocity of 1.4
m/s. In addition, the maximum heat flux supplied to the fiber
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Fig. 7 Correlation of Nusselt number in terms of the derived buoy-
ancy parameter.

cylinder (5000 W/m?) was the upper limit on heat flux that
the cylinder could endure before it will be mechanically dis-
torted.

Summary and Conclusions

Buoyancy effects on forced convection from a uniform heat
flux horizontal cylinder in a crossflow have been studied ex-
perimentally.

The following statements summarize the results of this ex-
periment and the conclusions that were reached:

1) Convective heat transfer results are highly dependent on
flow conditions. Flowfield quality and good use of the wind
tunnel is as important as the intricacy and accuracy needed
in the design of the test specimen.

2) The local Nusselt number around the cylinder in the
mixed convection regimes as a function of the Reynolds and
modified Grashof numbers is presented. The distortion of an
otherwise symmetrical Nusselt number due to buoyancy has
been shown.

3) The average Nusselt number in the mixed convection
regime was correlated in the present study in comparison with
the average forced convection Nusselt number (Nu,/Nuy, ;)
as a function of the buoyancy parameter («*), and compared
with other correlations found in literature.

4) The average Nusselt number around the cylinder in the
forced convection regimes is presented as a limiting case. This
condition was achieved when the ratio 1.0 = Nuy/Nu, , <
1.05.

5) In the forced convection regime it was found that a
uniform heat flux cylinder (present study) has a higher Nusselt
number than the same cylinder under a uniform surface tem-
perature boundary condition.

6) Heat transfer in the mixed convection regime increased
above the values that would exist in purely forced convection.
A maximum increase in the Nusselt number due to free con-
vection was found to be as much as 20%.

7) A predictive parameter and its value to define the bound-
ary between forced and mixed convection regimes have been
established. The forced convection regime was found to exist
for k* < 0.60 based on present results.
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