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Abstract--Local measurements have been made of the heat transfer from a horizontal circular cylinder 
to air in cross flow in forced convection and mixed convection. The studies have been conducted with 
the constant heat flux boundary condition at low Reynolds numbers ranging from 500 to 4700 and at 
modified Grashof numbers ranging from 0.8 x 10’ to 3.3 x 107. The effect of varying the free stream 

turbulence intensity from about 0.5 to 207, has also been studied. 

NOMENCLATURE 

diameter of the test cylinder; 
Grashof number, g/3(rs,_ - 7JD3/v2; 
modified Grashof number, 
g~(~~~)D4/2kv2~D~; 

local heat-transfer coefficient; 
average heat-transfer coefficient; 
thermal conductivity of air; 
length of the test cylinder; 
local Nusselt number, hD/k; 

average Nusselt number, h,, D/k; 

average convective heat flux, (ZQJnDL); 

amount of heat lost by convection from each 
local element; 
Reynolds number, pUD/p; 

ambient temperature; 
local surface temperature; 
average surface temperature; 
turbulence intensity, URMSJU; 
average velocity of flow; 
RMS value of longitudinal velocity 
fluctuations. 

Greek symbols 

PI coefficient of volumetric expansion; 

f*? dynamic viscosity of air; 
V, kinematic viscosity; 

P> density of air. 

List of abbreviations 

fsp, forward stagnation point; 
rsp, rear stagnation point. 

INTROD~~ION 

LOCAL heat transfer from a circular cylinder in cross 
flow in the range of Reynolds numbers from 500 to 
5ooO has not been adequately studied. It depends 
among other factors on the boundary condition at the 
surface, the amount of free convection present and the 
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turbulent level in the external stream. Only limited 
data exist for the local heat-transfer coefficients in 
pure forced convection under the constant heat flux 
condition in the low Reynolds number range [l]. The 
influence of body forces has been studied to some extent 
analytically and experimentally. However these studies 
have been confined to the parallel and counter flow 
situations [2,3] and in the case of a cross flow situ- 
ation, only measurements on the average heat-transfer 
coefficient are available [4,5]. Further, although there 
exists a vast amount of literature on the influence of 
free stream turbulence in forced convection, these 
studies generally pertain to the high Reynolds number 
range [6,7].There is comparatively little data available 
on the influence of free stream turbulence on heat 
transfer in the low Reynolds number range [S]. 

The purpose of this investigation, which has been 
conducted in the low Reynolds number range, is: (i) to 
provide local measurements of the heat-transfer coef- 
ficient in forced convection for the uniform heat flux 
boundary condition; (ii) to study the influence of free 
convection on forced convection heat transfer when the 
forced flow is perpendicular to that due to buoyancy, 
and (iii) to examine the effects of free stream turbulence 
on the local and average heat-transfer coefficient in 
forced convection and mixed convection. 

EXPERIMENTAL TECHNIQUE 

A test cylinder with which it is possible to measure 
the local heat-transfer coefficient over the entire cir- 
cumference under the constant heat flux condition has 
been fabricated. The cylinder (Fig. 1) consists of thirty 
identical brass pieces (each with its own thermocouple 
and heating arrangement) placed in grooves made in a 
“fiber” rod and turned to form a rigid, smooth and 
almost continuous brass surface 7.62cm in diameter 
and 15.1 cm long. A central hole in the “fiber” rod 
provides a path for bringing the heater leads and 
thermocouple wires out. The brass surface is polished, 
thereby minimizing the heat loss due to radiation. The 
“fiber” material separating any two brass pieces mini- 
mizes the circumferential heat conduction from one 
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FIG. 1. Details of the test cylinder (all dimensions in cm). 

piece to another which occurs as a result of the cir- 
cumferential temperature variation. 

Two guard heater assemblies (whose heat inputs can 

be adjusted circumferentially) are placed on either side 
of the main test portion to minimize the axial heat 
conduction. These guard heater assemblies are similar 
in construction to the main test portion but each con- 
tains only six elements. For further details reference 
may be made to Sarma [9]. 

The cylinder is mounted in a low speed wind tunnel 
with a test section 60 x 75cm (giving a blockage of 
lo%), in which uniform and constant velocities and 
reasonably low values of turbulence intensity ( <0.5y0) 
can be obtained. Different grids placed upstream of the 
test cylinder are used for obtaining higher values of 

turbulence intensity up to about 20”/& The mean 

velocity and turbulence intensity measurements are 
carried out with a DISA hot wire anemometer system. 

Following Kestin and Wood [lo], the turbulence in- 
tensity is measured two diameters upstream of the test 
cylinder. The length scale ofturbulence is not measured. 
It is, however, estimated to be about the size of the 

cylinder and is essentially constant throughout the 
investigation. 

In each test, a steady state temperature distribution 
over theentire circumference of the cylinder is obtained 
for a given value of heat flux, average velocity and 

turbulence intensity. The same heat flux is supplied to 
each of the thirty elements. In the steady state, it is 
ensured that the heat lost in the axial direction is 
negligible by individually adjusting the heat inputs to 
the six elements in each guard heater. The heat lost by 

convection is computed by subtracting the components 
due to radiation and the net circumferential heat con- 
duction from the total heat input to each element. The 
calculation of the radiation and heat conduction com- 
ponents requires a knowledge of the emissivity of the 
test surface and the thermal conductivity of the “fiber” 
material. These values are determined by conducting 
some preliminary calibration tests. Knowing the heat 
lost by convection (QJ and the local surface tempera- 
ture excess over the ambient temperature (T, - T,), the 
local heat-transfer coefficient (h) is determined. Because 
of the above mentioned corrections, the constant con- 
vective heat flux boundary condition is only reaIized 
to within about I: 10x,. The average heat-transfer 

coefficient (h,,) is obtained by taking the average of 
the thirty values of the local heat-transfer coefficient. 
Finally the non-dimensional numbers Re. i% and ,VU,, 

are determined by evaluating all properties at the 
mean film temperature, which is the arithmetic mean 

of the average surface temperature and the ambient 
temperature. 

The accuracies of determination of the various 
quantities are as follows: 

Power input to a local element * lr?;, 
Velocity of flow I: Su/b 
Temperature +0.2”C 

Turbulence intensity + 107.; 
Reynolds number + 5% 
Local Nusselt number _tS%. 

It may be noted that the uncertainty of kS% in 

the local Nusselt number determination is mainly due 
to the uncertainties in the determination of the 
radiation and circumferential heat-conduction correc- 

tion. The radiation correction usually amounts to 

about 257,; of the total heat input and is estimated to 
within &7;,. It could contribute an error of ?39; in 
the determination of the local Nusselt number. The 

corresponding numbers for the circumferential heat 
conduction are lSf;,, 5 15~~ and F4’:$. 

RESULTS AND DISCUSSION 

During the tests, the heat flux has been varied from 
140 to 5OOkcal/hm*, the average velocity from 10 to 
lOOcm/s, and the turbulence intensity from 0.5 to 20%. 
As a result, the value of (T,- ?J has varied from 
about 10 to 50°C and the independent dimensionless 
parameters have varied as follows: 

Reynolds number (Re) : 500-4700 
Modified Grashof number (Gr): 0.8 x 107-3.3 x 10’ 
Mixed convection parameter (Gr/Re2,5): 0.02-3.2. 

It wilt be noted that a modified Grashof number 
(Gr = g&,,,D4/2kvZ) is being used in preference to the 
usual Grashof number. This is because a boundary- 
layer analysis for the case of free convection under the 
constant heat flux condition [ll] indicates that the 
modified Grashof number is the governing parameter. 
Further, a boundary-Iayer analysis for the case of mixed 
convection with the constant heat flux condition [2] 
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I 1 o-Present data,Re=3480,Gr=2.62x107,~r~R~3~ 
0 Krall’s data 

-a-Present data Re=506, &=1.82x107,&/R&. 
3.17 

indicates that G/&z’.5 is the governing parameter 
instead of the usual parameter Gr/Re’ and that 
buoyancy effects start to become important when the 
value of this parameter is around unity. Unfortunately 
because of experimental limitations on the maximum 
permissible surface temperature (-90”(Z), it has not 
been possible to work with sufficiently large values of 
G or to vary the value of G’; much. It has varied 
only by a factor of four from 0.8 x 107 to 3.3 x 107.* 
Hence only a limited amount of data has been obtained 
with values of GT/Re2,5 greater than unity. Also the 
large variation obtained in the value of Gr/Re2,5 is 
essentially due to the variation of the Reynolds number. 

half 

The experimental data are considered in two parts. 
First the data in forced convection and mixed convec- 
tion at very low values of turbulence intensity are dis- 
cussed. This is called the basic data. The influence of free 
stream turbulence on this basic data is then presented, 

Basic data 
Figure 2 shows typical distributions of the local 

Nusselt number in (i) forced convection (Re = 3480, 
?% = 2.62 x lo’, ?%/Re2,5 = 0.037), and (ii) mixed con- 
vection (Re = 506, Gr = 1.82 x 107, Gr/Rt? = 3.17). 
In forced convection, the agreement between the 

Angle from the forward stagnation point, degrees 

Flo. 2. Typical distribution of local Nusselt number in (i) 
forced convection, Re = 3480 and (ii) mixed convection 

Rr = 506. 

function of the Reynolds number. On the same figure, 
Krall’s data (for the same range) along with the theor- 
etical prediction due to Squire [12] for the forward 
stagnation point is also reproduced. It can be seen 

Squire’s prediction 

Mixed convection j Forced convection 
r 

Reynolds number 

FIG. 3. Variation of forward and rear stagnation point values of Nusselt 
number with Reynolds number. 

present data and those due to Krall [I] for Re = 3570 
is good. The point of separation is symmetrical about 
the forward stagnation point and occurs at about 1 lo”. 
However at Re = 506 where heat transfer takes place 
by mixed convection, the distribution is quite asym- 
metrical resulting in two different points of separation, 
120” on the upper half and 86” on the lower half. 

Figure 3 shows the variation of the local Nusselt 
number at the forward and rear stagnation points as a 

-- 
*It is of interest to note that the values of the conventional 

Grashof number (calculated on the basis of the excess of the 
average surface temperature over the ambient temperature) 
are approximately one order of magnitude less and have 
ranged from 0.7 x lo6 to 1.8 x 106. 

that there is good agreement for values of Re > 1200 
(?%/Re2.5 N 0.6) where free convection effects are negli- 
gible. The data can be represented by the equation 

Nlrfsp = 0.91(Re)‘.‘. (1) 
The exponent 0.5 indicates the prevalence of a laminar 
boundary layer. As the Reynolds number is reduced 
below 1200, the stagnation point value approaches a 
constant value, thus indicating the predominant in- 
fluence of free convection. The amount of increase of 
the local Nusselt number at the forward stagnation 
point due to free convection effects is about SOY; at 
Re = 500. 

For the rear stagnation point, the present data show 
a variation of the Nusselt number similar to that at the 
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forward stagnation point. However, in the higher range in the forward region up to about 60’ from the forward 
of Reynolds numbers where free convection effects are stagnation point and in the wake region. There is a 
negligible the slope of the graph is more than the value definite indication that the value of the heat-transfer 
of 0.5. The Nussett number is more than doubled at coefhcient goes through a maximum at an angle of 
Re = 500 due to the presence of free convection effects about 50” from the fsp. The points of separation are 
and it is seen that the local influence of free convection also affected but occur symmetrically about the forward 
persists up to a Reynolds number of about 2000. A stagnation point. 
comparison with the data of Krall indicates lack of Figure 6 shows the effect of turbulence intensity on 

good agreement for which no adequate explanation the distribution of the local Nusselt number at 
can be given. Re = 500, Gr 1: 10’ and Gr/Re’.’ ‘v 3, which is in the 

The average Nusselt number for the entire range of combined convection range. It is seen that the turbu- 
Reynolds numbers studied is shown in Fig. 4. The ience intensity does not influence the values of the local 

IO2 

a-- 

6-- 

I I I I / I I f I I I’ 
-C- Present data Gr= IO6 
x Krall’s data 
* Sharma’s data Gr”-3x105 
l Sharma’r data Grr3x103 

4-- 

’ Hilpert’s correlation [I II 

B- 

&A 
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Reynolds number 

FIG. 4. Variation of average Nusselt number with Reynolds number 

average values agree well with those obtained by &all 
for Reynolds numbers greater than 1200, where free 
convection effects are negligible. At lower values of the 
Reynolds number. the present data start deviating 

systematically from the line representing forced con- 
vection and become inde~ndent of the Reynolds 
number. On the same figure. similar data from refer- 
ence [4] obtained for two Grashof numbers (based on 

the average surface temperature) of the order of 10” 
and lo5 are also shown. The average Nusselt number 
in the forced convection regime (1200 < Re < 4700) 
can be correlated by the following equation using the 
method of least squares, 

Nu. d” = 0.62Re”,50”. (2) 

The lower line in Fig. 4 represents the well known 
correlation due to Hilpert [13], which differs from the 
present data for the constant heat lIux case by about 
35”/,. This is to be expected since Hifpert’s data is for 
the constant temperature case. 

Injluence qf’turbulence intensity on basic data 

Figure 5 shows typical distributions of the local 
Nusselt number over the circumference with turbulence 
intensity as parameter in forced convection at 
Re = 4700. In general, the heat-transfer coefficient over 
the entire circumference is quite sensitive to change in 

t 

+Re=4770,Nogrid 
-*-Re=4450,Tu=5.5% 

t 

20 
-+Re=47lO,Tu=l4.2% 

I I I I 10 / I I I 
160 180 $20 80 40 0 40 80 120 160 

Angle from the forward staqnation point, degrees 

FIG. 5. Influence of turbulence intensity on local Nusselt 
number in forced convection (Re * 4700). 

Nusselt number much excepting for the lower part of 
the forward region. In this region, the local Nusselt 
number in fact decreases with increasing intensity. It 
is to be noted however that since the velocity is very 
low in this case, the Reynolds number based on the 
grid element size as the characteristic dimension is also 
low. Hence the turbulence spectrum is dominated by 

turbulence intensity, the maximum changes occurring the shedding frequencies. This is especially true for the 
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I- Re=506;No grid;~r=1.82x10’;~r/Re2~~3.17 I I 
--~-Re=485;T~=J.O%;~r=l.72xlO~;~r/Re~’~3.33 
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FIG. 6. Influence of turbulence intensity on local Nusselt 
number in mixed convection (Re = 500). 

lower values of turbulence intensity up to 5% where 
the ratio of the grid mesh size to the size of the grid 

element is rather large. 

The influence of varying the modified Grashof num- 
ber on the distribution of local Nusselt number while 
the Reynolds number and the turbulence intensity are 
kept constant is shown in Fig. 7. It can be seen that 

increased free convection results in a decrease in the 
Nusselt number in the forward region on each half 
of the cylinder, while the wake remains more or less 
unaffected. 

’ -crRe’=572;br=0.6~x107;~‘r/Re2.i11.08;iu=23.~a~ ’ 
-~~Re=545;dr=l.95x107;~r/Re*‘=2.87,T~=23.4% 

1 
40 
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1 

= x 10 

2 
I I I ( z I I I I 
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Angle from the forward stagnation POlnt, degrees 

FIG. 7. Influence of increased Grashof number on local 
Nusselt number for the same Re and Tu (Re z 500). 
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FIG. 8. Variation of local Nusselt number at fsp and rsp as 
a function of Reynolds number with turbulence intensity as 

parameter. 

Figure 8 indicates the influence of turbulence in- 
tensity on the local Nusselt number at the forward and 

rear stagnation points for different Reynolds numbers. 

In the forced convection region, the forward stagnation 
point value increases by about 20% for an increase of 
5% in the turbulence intensity. On the other hand, the 
rear stagnation point value increases by about 50”/,. 
However any further increase in the turbulence inten- 
sity does not have any significant effect. Below Reynolds 
numbers of 1200, the local Nusselt number is also 

influenced by buoyancy forces, resulting in an 
occasional decrease of the heat-transfer coefficient. 

Figure 9 shows the variation of the average Nusselt 

number with Reynolds number at different values of 
the turbulence intensity. It is seen that in the forced 

/ 
convection I Forced convection 2. 

o No gr!d 
Y. Tu =2.5% 
o Tu =5.0% 

. Tu:l2-20% 

IO’ J 1 1 1 1 1 , &=0.800x10’-3.33x10~ 

4 6 *,03 2 4 6 B ,04 
Reynolds number 

FIG. 9. Variation of average Nusselt number as a function 
of Reynolds number with turbulence intensity as parameter. 

convection region at values of Reynolds numbers 
greater than 1200, a value of turbulence intensity of 

about 5% results in an increase in the average Nusselt 
number by about 25%. However, no significant im- 
provement takes place with still higher values of tur- 

bulence intensity. Below this value of the Reynolds 
number, the average Nusselt number is also influenced 
by buoyancy effects and the behaviour is similar to 
that at the forward stagnation point. 

1.6 
I I 

1.5 - 

1.4 - 

1.3 - 
Q 

rt41 - 

oMajumdar’s data 1141 

oPresent data for fsp 

0.61 
I I I I I I I 

0 100 200 300 400 500 600 700 600 

Tu,Re 

FIG. 10. Influence of turbulence intensity on the forward 
stagnation point value. 
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Following earlier investigators [6], an attempt is 
made to study the influence of free stream turbulence 
on the forward stagnation point value in forced con- 
vection (1200 < Re < 4700) by plotting Nu/:(Re) 

against the parameter Tu Re (Fig. 10). The data points 
and correlation obtained by Majumdar [14] in the 
range 5000 c Re < 11000 are also shown for compari- 
son in the same figure. This is the only investigation 
somewhat near to the present one. It is seen however 
that Majumdar’s results do not agree well with those 
of the present investigation. This shows clearly that it 
is probably not adequate to use TE(. Re as a single 
similarity parameter to generalize data on the influence 
of free stream turbulence in this range of Reynolds 
numbers. 
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TRANSFERT THERMIQUE LOCAL POUR UN CYLINDRE HORIZONTAL 
ATTAQUE TRANSVERSALEMENT PAR L’AIR: INFLUENCE DE LA CONVECTION 

NATURELLE ET DE LA TURBULENCE INCIDENTE 

Resume-Des mesures de transfert tllermique ont ett effectuees pour un cylindre circulaire horizontal et 
pair en attaque transversale tant pour la convection for& que pour la convection mixte. Les etudes 
concernent la condition de densite de flux constante a des nombres de Reynolds variant de 500 a 4700 
et des nombres de Grashof modifies allant de 0,8 x 10’ a 33 x 10’. On a consider& aussi I’effet de la 

variation de l’intensite de turbulence incidente entre 0,5 et 20 pour cent. 

ORTLICHER WARMEUBERGANG AN EINEM MIT LUFT 
QUERANGESTROMTEN, HORIZONTALEN KREISZYLINDER: EINFLUSS DER 

FREIEN KONVEKTION UND DER FREISTRAHLTURBULENZ 

Zusammenfaasung-Es wurden drtliche Messungen des Warmetibergangs an einem mit Luft querange- 
stromten, horizontalen Kreiszylinder bei erzwungener und gemischter Konvektion ausgeftihrt. Die 
Untersuchungen wurden bei konstantem W~rmestrom, bei niedrigen Reynolds-~ahlen van 500 bis 4700 
und bei modifizicrten Grashof-Zahlen von 0,8.10’ bis 3,3 IO’ durchgef~hrt. Der EinfluB der Freistrahl- 

turbulenz wurde bei Intensiraten von 0.5 bis 20?<, ebenfalls untersucht. 

JIOKAJIbHbIH TEHJIOOBMEH OT FOPH30HTAJIbHOF0 
HHJIHHAPA B B03HYX B I-IOI-IEPEYHOM HOTOKE; BJIMIIHHE CBOSOAHOH 

KOHBEKHHM M TY PBYJIEHTHOCT M CBOBOfiHOFO HOTOKA 

hOTalJHSl - BbInOJlHeHbI JIOKEUlbHble K3MepeHWI Temoo6hmia OT I’OPH30HTanbHOI’O KpyrnOro 

L,Ef,IHHQ,a B BO3jQ’X B IIOne,,WtiOM IlOTOKi? I’IPR BbIH,%fleHHOt W CMeluaHHOti KOHBeRUNU. kkCneAo- 

BaHNIl WOBeQeHbI I&W IIOCTOXHHOM TeWIOBOM EOTOKe Ha rpaHHUe C HH3KEIMEi YWCJIaMfi PetiHOnbnca, 
~3Me~~~M~~~ OT 500 BO 4700, u MO~~~~pO~Hbl~ ‘IlfCJIaMW fpiiCfO’& B o6inacTu oT 

0,8 x 10’ no $3 X 107. PaccMaTpuBaeTm Tame BJnixHFie ~3~eHe~~K KHTeHC~BHOCT~ Typ6yJIeHT- 

HOCTH c~060~HOrO IlOTOKa np~6~~3UTenbHO OT ($5 iI0 20 %. 


