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Abstract-An experimental study of the effect of mainstream turbulence on heat transfer from a cylinder 
is presented. The cylinder is electrically heated and the effect of turbulence on the pressure distribution 
and local heat-transfer coefficient round the cylinder is reported; the latter data are compared with other 
published information. 

Measurements of the mean velocity and r.m.s. velocity fluctuations in the region of rt 40” from the rear 
of the cylinder were taken using a single wire anemometer and the reduced velocity profiles fitted to simple 
power relationships. The frequency spectrum at the rear of the cylinder is shown to be dominated by twice 
the vortex shedding frequency. 

The heat-transfer data, collected at the rear of the cylinder, aTe correlated in terms of a tur~lent energy 
Reynolds number and this turbulent energy is related to the rn~nst~~ turbulence level and the main- 
stream Reynolds number to produce an empirical correlation connecting the heat transfer at the rear of 
the cylinder to the mainstream Reynolds number and turbulence level. A simple one dimensional theoretical 
interpretation of these results is given. The results show that in the Reynolds number range 5tXXL35OOO 
increases in freestream turbulence intensity of 10 per cent result in improvements of heat transfer at the 

rear of the cylinder of up to 100 per cent. 

NOMENCLATURE 

A, n, constants in hot wire equation ; 
B, p, constants in equation (13) ; 

CP specific heat at constant pressure ; 

R cylinder diameter ; 

E, instantaneous total voltage across wire ; 

EOY voltage at zero flow ; 
AE, E-E,; 

27, 
instantaneous voltage; 
r.m.s. voltage : 

4, mean voltage ; 

h, heat-transfer coefficient ; 

k, ;;ia+ p+u”-_>here; 
L a length scale of turbulence ; 
me n, indices in Figs, 11 and 12 ; 

1497 

W Nussel t number ; 
Nu*, ratio of heat transfer with freestream 

turbulence to heat transfer without 
freestream turbulence ; 

Pf, Prandtl number ; 

4 WY heat flux ; 

Rem, 
UD 
_-??.._ freestream Reynolds number ; 

V 

AT, T,--T,; 

Tu p , --=-- turbulence intensity; 
u 

k mean velocity : 
instantaneous velocity fluctuation; 
r.m.s. velocity ~uctuation; 
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u& 

r.m.s. velocity fluctuations at rear 
stag. pt. with freestream turbulence 

r.m.s. velocity fluctuations at rear’ 
stag. pt. with no freestream turbulence 

Greek 
M, ~9, degrees of arc ; 

P, density ; 
V. kinematic viscosity ; 

7, shear stress. 

Subscripts 

G, edge of boundary layer ; 

co, main stream. 

1. INTRODUCTION 

THIS experimental investigation is a first step at 
understanding the interaction between free- 
stream turbulence and the wake motion behind 
a cylinder in crossflow, The relative ease with 
which heat-transfer measurement can be made 
provides a useful means of demonstrating the 
sensitivity of heat transfer, and thus the wake 
motion, to freestream turbulence. Little inform- 
ation is available however, concerning the actual 
fluid motion near the wall and a main part of 
this investigation is a study of this region using 
a hot wire anemometer, Although this analysis 
is restricted to using a single wire probe to 
examine an extremely complex Row, useful 
information is obtained concerning the local 
tlow near the wall and the likely interaction 
between wake and freestream motion. The flow 
past biutf bodies is of considerable practical 
interest but the prediction ‘of heat-transfer at 
the rear of such bodies has not yet been 
adequately achieved. This is largely due to the 
lack of understanding of the fluid motion. Even 
for the case of a single cylinder experimental data 
are conflicting for a single Reynolds number. 

There is an abundance of experimental data 
available in the literature [ 161 and only research 
directly relevant to this work will be reviewed. 

A comprehensive study on the effects of free- 
stream turbulence, both intensity and scale, on 
overall heat-transfer from cylinders in crosstlow 
has been completed by Zijnen [ 11. Data are 
available for a range of cylinder diameters in the 
Reynolds number range up to 25000. Two 
functions @ and Y were used to relate the 
overall heat transfer to the freestream motion 
by the empirical expression 

Nu*=I+@(jReTu) x y/ 
0 

k (11 

where I’u is the freestream turbulence intensity, 
L/D the ratio of the length scale of turbulence to 
cylinder diameter and Nu* the ratio of heat- 
transfer with turbulence to that with no free- 
stream turbulence. The ‘P function exhibits a 
maximum which is dependent on the length of 
turbulence. This was attributed to an interaction 
between the vortex shedding motion and the 
freestream but no measurements were made to 
determine either where the increase in heat 
transfer occurred on the cylinder or to study the 
tluid motion in the wake. Some experimental 
data are available for heat transfer in the separ- 
ated flow region and are reported by Richardson 
[2] and Sogin [3]. It appears that the overall 
heat transfer is dependent upon Re’ but no 
account has been taken of freestream turbulence 
effects. Dyban and Epick [4] have measured 
local heat transfer at different levels of freestream 
turbulence, and Hanson and Richardson [SJ 
have investigated the near wake region using a 
single wire probe but the data are not in a form 
which can be easily interpreted. 

In recent years several studies have been 
completed to measure the effects of sound and 
vibration on heat transfer. Although large 
increases are most likely to occur in natural 
convection it has been demonstrated that for 
forced convection across a cylinder there appears 
to be an interaction between the wake motion 
and the induced oscillations caused either by 
vibration of the cylinder or by the introduction 
of a sound field in the vicinity of the wake. Fand 
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and Cheng [6] introduced a sound field normal 
to the airstream and obtained improvements in 
heat transfer of order of 25 per cent, but sound 
pressure levels greater than 135 dB, which is 
beyond the threshold of pain, where required. 
They observed that for one applied sound fre- 
quency a maximum in heat transfer occurred 
over a range of Reynolds numbers. For example, 
with an applied frequency of 1100 Hz, a 
maximum occurs at a Reynolds number of 9000 
which is claimed to be caused by some kind of 
resonant interaction. Clearly this is not one 
between the vortex shedding frequency and 
the freestream as at this Reynolds number the 
vortex shedding frequency is approximately one 
tenth of that of the applied sound field and there 
is therefore no apparent connection. Bloor [7] 
however, who has completed a detailed study 
of wakes has detected other frequencies which 
are a function of the vortex shedding frequency. 
For this Reynolds number, the “transition 
frequency” as it is called coincides with that of 
the applied sound field. Kezios [8] has shown 
that by vibrating a cylinder normal to an airflow, 
increases in overall heat transfer of 20 per cent 
can be obtained It was observed that a maximum 
in heat transfer occurred when the frequency of 
vibration coincided with the vortex shedding 
frequency. 

It therefore appears then that results are 
available for the effect of turbulence, noise and 
vibration on the overall heat transfer from 
cylinders, but the detailed study of the effect of 
turbulence on the rear of the cylinder, the region 
of most interest, is limited. A lack of knowledge 
about the fluid motion, particularly the inter- 
action between freestream and wake oscillations, 
is a barrier to accurate prediction of heat transfer 
in the rear of cylinders. This is the main purpose 
of this paper. 

2. EXPERIMENTAL APPARATUS AND 
INSTRUMENTATION 

2.1 Heat transfer measurements 
The experimental determination of local heat 

transfer coefficients requires that measurements 

be made of the local heat flux and surface 
temperature. Many devices which have been 
used to effect these measurements on the outer 
surface of a cylinder have employed electrical 
heating on account of the ease with which heat 
flux may be measured and controlled. For the 
present problem a thin metallic film located at 
the outer surface of a cylinder was heated 
electrically thus producing conditions of constant 
heat flux; the variations in surface heat transfer 
thus appear as variations in surface temperature. 
Basically the instrument comprised of a sheet of 
stainless steel foil, of mean thickness 0.05 mm, 
rolled into a cylinder 19.1 mm dia., two cylindrical 
copper conductors and thirteen surface mounted 
thermocouples, the interior of the foil cylinder 
being filled with an epoxy resin. The construction 
of the cylinder is illustrated in Fig. 1. 

Under steady state conditions the directions 
of heat flux is essentially outwards from the 
probe; temperature gradients in the region of 
the inside surface can be expected to be weak. 
Errors due to non-uniform heat generation 
resulting from variations in thickness will also 
be of this order. The temperature drop across 
the foil was calculated from the equation given 
by McAdam [9] and errors due to circumferential 
temperature gradients were estimated using the 
method outlined by Giedt [lo]. 

The probe was held rigidly in the horizontal 
plane on the centre line of the duct and normal 
to the airstream. The electrical heating was 
supplied from an a.c. source and the power 
dissipated was obtained by measuring the 
voltage drop across the foil and the current 
passing through it. 

2.2 Velocity and pressure measurements 
All measurements were made in an open 

section wind tunnel which had a freestream 
turbulence intensity of less than 1 per cent for 
Reynolds Numbers between 5000 and 35000. 
The turbulence intensity was increased by 
placing grids manufactured from horizontal 
bars at a fixed distance upstream of the test 
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Copper conductor 

20 in. (508mm) 

FIG. I. The constant heat flux cylinder. 

cylinder. Using bar diameters between 3.18 mm 
and 19.1 mm, the intensity could be varied up 
to 10 per cent. A general layout of the test section 
in the wind tunnel is shown in Fig. 2. In addition 
two square pitched grids were used, but no 
difference on the heat transfer was detected 
between these and the corresponding horizontal 
bar system. 

The mean velocity in the freestream was 
measured by a Pitot-Static tube which was used 
in conjunction with a hot wire anemometer to 
obtain the freestream turbulence intensity. The 
wall static pressure was also measured by having 
a pressure tapping on the surface of a test 
cylinder which was rotated to record the wall 
pressure at 15” intervals around the cylinder. 

The primary task in this investigation was to 
relate the heat transfer to the main stream 
turbulence through the wake motion. Since 
most of the heat transfer occurs in the region 
very close to the wall measurements were 
restricted to this area. It was assumed that the 
axis of vortices being shed from the cylinder were 

parallel to the cylinder. While this may not be 
absolutely correct (see Hanson and Richardson 
[5]) it is an adequate simplification. A commer- 
cially available constant temperature anemo- 
meter was used for this work in conjunction 
with a single wire sensing element. It is assumed 
here that the direction of the fluctuating com- 
ponent is parallel to the mean flow. This must 
introduce some error, the magnitude of which 
will remain unresolved until hot wire techniques 
in this type of flow are perfected. However, it 
should be noted that the detailed wake measure- 
ments obtained here are largely used to interpret 
the heat transfer data and it is considered that 
the single wire anemometer is adequate for this 
purpose. 

No explicit corrections were made for aspect 
ratio, end losses and other non-linear effects of 
the probe; instead these effects were accounred 
for by means of a calibration for each wire used. 
This was done for two ranges of mean velocity : 
0.305-3.65 m/s, for the region near the cylinder 
wall and 3.05-27.4 m/s for the freestream 

,,,Test cylinder 

/ 
Location of grids 

FIG. 2. Test section. 
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measurements. The calibration equation was 
written in the form 

E,Z=E;+Aii (2) 

where the index n was approximately 0.7 for the 
former case and 0.5 for the latter. This is in 
agreement with the work done by Turner [ 111. 
When the mean velocity is large and the ratio 
(,,/?‘)/G 4 1 the turbulence intensity may be 
calculated from 

When the mean velocities are low and the 
fluctuating component is of the same order as 
the mean velocity these equations are invalid. 
The method adopted by Sadeh [12] allows for 
this and leads to the equations 

UC 
2E”” 
-+ (AE)“” 

where 

AE = & - E, . 

1501 

(4) 

3. EXPERIMENTALRESULTS 

3.1 Freestream turbulence 
The freestream turbulence was measured in 

the plane passing through the axis of the cylinder 
and normal to the flow with the cylinder 
removed from the test section. The variation of 
turbulence intensity across the duct was constant 
for each grid used for the tests. The data are 
plotted in a nondimensional form in Fig. 3. The 
range of freestream turbulence intensity did not 
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FIG. 3. Variation of freestream turbulence with grid size. 
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FIG. 4. Variation of static pressure coefficient around 
cylinder. 

exceed 10 per cent and therefore the assumptions 
implied in derivation of equation (3) are valid. 
No attempt was made to measure the scale of 
turbulence. It was observed, however, that the 
turbulence spectrum did not change significantly 
with the grid used, implying that at the cylinder 
position, although the intensity changed 
markedly with grid size, the scale remained 
sensibly constant. 

3.2 Wall static pressure measurements 
The variation of pressure coefficient Ap/+pii& 

with angular position 6’ in the cylinder is shown 
in Fig. 4. Clearly the freestream turbulence is 
only effective in the region from 40” to 140” 
although even in this region for turbulence levels 
below 2.63 per cent there is no measurable effect. 
The collapse of all data onto the solid line from 
0” to 40” and from 140” to 180” is not surprising, 
since the wall static pressure is a function of 
mean velocity and for the region where there is 
known to be a steady mean Row, fluctuations 
are likely to remain undetected with the type of 
measuring equipment used. In the region from 
40” to 140” where the main flow is now remote 
from the cylinder some kind of mean value will 
result from the ~u~tuating motion. It has been 
shown by Gerrard [13] that this region is 
sensitive to fluctuations; therefore the variation 

in mean pressure with Reynolds number is not 
surprising. In the wake region the wall pressure 
gradient is of order zero for about 40” either side 
of the rear stagnation point implying a constant 
mean velocity in this region which will be shown 
later to be in agreement with the hot wire data. 
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FIG. 5. Effect of free stream turbulence on local heat transfer. 
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FIG. 6. Distribution of local heat transfer: experimental 
data of other workers compared with current data. 

3.3’ Local heat tr~~sfep 
The maximum temperature of the heated 

cylinder was not allowed to exceed 7o”C, because 
above this value the epoxy resin became pliable 
and the thermocouples tended to detach them- 
selves from the foil. To keep the errors as small 
as possible, in the region of 2 per cent, the 
minimum temperature difference was always 
greater than 8°C. These two restrictions required 
the heat flux to be within 630-1260 W/m’. No 
variation in heat transfer coefficient was detected 
as a result of this. The local heat transfer 
distribution is plotted non-~mension~ly as 
Nusselt number vs. 0. Typical data are shown in 
Fig. 5. 

Althou~ the general trend is similar to that 
of other workers it is clearly seen in Fig. 6 that 
the variation in heat transfer is not as great as 
reported elsewhere. A direct comparison is 
difticult, since seldom is the turbulence intensity 
quoted. In addition, the cylinder diameter is 
likely to have an effect via the turbulence scale, 
since this has been demonstrated by Zijnen [I] 
to be of importance. Apart from the vertical 
shift of the curves, which could be attributed to 
turbulence intensity, the greatest discrepancy 
appears to be the shape of the distribution. Since 
the present data agree in shape with pressure 
and velocity measurements in the same region 
(see Figs. 4 and lo), a small gradient appears 
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the most ~tisfactor~. Recently, similar trends 
in the wake region have been observed by Dyban 
and Epick [4] as shown in Fig. 6. A comparison 
of heat transfer at the rear stagnation point 
with the Fand and Cheng data at low turbulence 
intensities produces results of the same order ot 
magnitude. 

The data clearly demonstrate the sensitivity 
of heat transfer to freestream turbulence both 
on the front portion of the cylinder and in the 
wake region. Only the latter is of interest in 
this paper. It has already been stated elsewhere 
that a different mechanism is responsible for 
improvements in heat transfer on the front 
portion of the cylinder (see [ 141). 

The effect of freestream turbulence on heat 
transfer at the rear stagnation point is shown in 
Fig. 7 where improvements up to to 80 per cent 
were obtained when the turbulence increased 
from 0675 per cent to 8-05 per cent. To provide 
a basis for comparison the Nusselt number at 
7ero freestream turbulence was obtained by 
extrapolation of the data and is indicated by the 
chain line in Fig. 7. For the purposes of com- 
parison with other reported data, the overall 
heat transfer in the region from 90” to 180”, 
that is the heat transfer beyond the separation 
point, is plotted in Fig. 8. Good agreement is 
obtained with the data of Richardson [23. 
Although no effect of turbulence is mentioned 
it is likely that intensity levels less than 5 per 
cent were involved. 

o-15in. (3.80 mm 1 

FIG. 8. Variation of overall heat transfer in the wake region. FIG. 9. Location of hot wire traverse. 
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FIG. 10. Variation of mean and fluctuating velocity at the 
edge of boundary layer in the wake region of the cylinder. 

3.4 Hot Uare measurements in the wake region 
The primary purpose of hot wire measure- 

ments was to establish at least a preliminary 
understand~g of the flow in the vicinity of the 
wall and how it effects the heat transfer. For this 
purpose a knowledge of the boundary layer 
thickness and variation of mean and fluctuating 
components at the edge of the boundary layer 
was desired. The edge of the boundary layer was 
located by recording radially from the wall the 
variation of mean and fluctuating velocities at 
several locations around the wall, indicated in 
Fig. 9. The layer was found to be approximately 
3.8 mm thick and this remained constant for the 
range of freestream velocities and turbulence 
intensities tested. No variation in thickness, 

mean and ~lu~tuat~g velocities was observed 
for at least 40” from the rear stagnation point, 
as can be seen in Fig, 10. For values of u greater 
than 40” the probe was very close to the sepa- 
rated shear layer and was therefore extremely 
sensitive to the radial location. The flow could 
now be considered to be swept into the free- 
stream at these positions and therefore the 
assumption of flow parallel to the wall was no 
longer valid. The velocity gradients around the 
wall d;;idx and d,/&fdx within the 40’ region 
were zero and are in agreement with the pressure 
and temperature gradients in this region. The 
mean velocity u varied between one fifth and one 
tenth of the freestream veiocity and the ratio 

( Jm- u was of the order of 0.3 in this region. 
The mean velocity profile at the rear stagna- 

tion point was found to be representative of the 
profiles found in the V-40” region and is re- 
ported here. The data are plotted in non- 
dimensional form in Fig. 11 where the subscript 
“G” refers to conditions at the edge of the 
boundary layer. The data appear to collapse 
fairly well onto the profile indicated in Fig. 11 
although the scatter of data increases rapidly 
close to the wall. Measurements were only made 
in the region y& > 0.2 due to the complexities 
of the hot wire measurements extremely close 
to walls. The relationship C/& = (y/Q has an 
index n of about l/5 as shown in Fig. 11. It is 
interesting to note that this profile lies between 
the laminar profile and the well known “1/7th 
Power Law” for turbulent flows. Due to the 
scatter of data no elfects of freestream turbulence 
on this profile could be detected. 

The variation of the r.m.s. velocity fluctuations 
within the boundary layer is recorded in Fig. 12. 
Although the scatter of data is much greater a 
power law relationship with an index m of one 
seventh appears to be a satisfactory description. 

In order to examine the mechanism of 
interaction between the freestream fluctuations 
and the wake motion it is necessary to look at 
the frequency spectrum of the r.m.s. fluctuation. 
Analyses of this kind rapidly accumulate data 
and therefore spectrum surveys were restricted 
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FIG. 11. Non-dimensional mean velocity profiles at rear 
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FIG. 13. Effect of freestream turbulence on the vortex 
shedding process in the wake region. 

to the edge of the boundary layer at the rear 
stagnation point. It is evident from Fig. 13 that 
the increase in r.m.s. fluctuation level is due to an 
amplification of the periodic component of the 
spectrum only small increases in the turbulent 
component being observed. The periodic 
component was observed to occur at twice 
the vortex shedding frequency which is a 
direct result of the measurements being made 
at the rear stagnation point which experiences 
the effect of vortices shed from both sides of the 
cylinder. This amplification is analogous to the 
simple mechanical vibration of spring/mass 
system with an oscillating force applied. The 
amplitude of motion of the mass is dependent 
upon the magnitude and frequency of the 
forcing function and hence depending upon 
the amount of damping in the system conven- 
tional resonance curves can be drawn. In this 
problem the freestream fluctuation represents 
the forcing function With the available data it is 
difficult to separate the effect of magnitude 
(turbulence intensity) and length scale of tur- 
bulence and therefore it is not known whether 

the maximum amplification has been achieved. 
However, it was observed although no details 
are recorded here, that most of the freestream 
turbulent energy occurred over a low frequency 
range which included the periodic frequency. 
It is therefore likely that an amplitude effect is 
being observed and this is also likely to be near 
the maximum attainable. 

4.1 General 
4. DISCUSSION 

It is now evident from Fig. 7 that the heat 
transfer from a cylinder in cross flow is extremely 
sensitive to freestream fluctuations, in the 
Reynolds number range 5000-35 000. It is also 
shown in Fig. 6 that a wide variation-in the heat 
transfer exists in the data reported by different 
investigators. This we attribute to the freestream 
turbulence elfect, which is not normally mea- 
sured or stated by these investigators. This effect 
has already been demonstrated by Zijnen [l] 
when measuring overall heat transfer. Another 
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factor in considering other data in the literature 
is that the form of surface heating employed is 
often not clearly described and this can affect 
the temperature gradient around the cylinder 
wall. 

The present series of tests have shown that all 
regions of the cylinder are sensitive to the free- 
stream fluctuations. The overall heat transfer 
is found to be in agreement with that quoted by 
Richardson as shown in Fig. 8 and the similarity 
between temperature, mean and fluctuating 
velocity gradients around the cylinder wall in 
the region of +40” from the rear stagnation 
point, as shown in Fig. 5 and 10, suggest that the 
present data are consistent. It therefore appears 
that for this range of Reynolds number, in- 
creases in freestream turbulence up to 10 per 
cent are likely to improve heat transfer in the 
wake region by approximately 100 per cent. 

The main difficulties encountered when mak- 
ing hot wire measurements in low mean velo- 
city, highly turbulent flows have already been 
discussed together with the reasons for using a 
single wire probe. Despite these difficulties and 
the errors which are likely to be introduced, the 
hot wire anemometer provides useful informa- 
tion regarding the flow around the wall. As 
shown in Fig. 10 both mean velocities and r.m.s. 
velocity fluctuations at the edge of the boundary 
layer were found to remain constant for ap- 
proximately 40” on either side ot’ the rear 
stagnation point and within experimental error, 
the boundary layer thickness remained constant 
at 3.81 mm. This information justified the 
restriction of further measurements to the rear 
stagnation point. As shown in Fig. 11 the mean 
velocity profiles obeyed a 1/5th power law 
relationship. Of more interest is the r.m.s. 
velocity shown in Fig. 12 which followed a 1/7th 
power law, although the experimental scatter 
is considerable. The lack of an observable 
maximum near the wall in this curve suggests 
that the turbulence generated near the wall is 
small in comparison with that generated by the 
vortices. This suggests that the laws governing 
the decav ot’ turbulence in this region will be 

primarily dependent on diffusion and dissipation. 
Examination in Fig. 13 of the frequency 

spectrum in the wake region shows a predo- 
minantly periodic motion for the range ot’ 
Reynolds numbers tested and this periodic 
component is amplitied by the freestream 
oscillations. This apparent resonance effect is 
likely to be the basis of the interaction between 
the wake and the freestream. This resonance 
effect decreases with increasing Reynolds num- 
ber and this is attributed to the increase in 
apparent viscosity as the turbulent component 
of the spectrum increases. This is in agreement 
with the work of Kestin [ 141 who claimed no 
improvements in heat transfer in the wake 
region at a Reynolds number of 200000. 

4.2 An empirical correlationfbr the wake region 
A useful relationship can be derived between 

the local heat transfer and the freestream 
Reynolds number Re and turbulence intensity 

FIG. 14. A relationship between experimental heat transfer 
and turbulence at rear stagnation point. 

Turn by considering the fluid motion in the wake. 
Since it is expected that the fluctuating motion 
rather than the mean motion is the most 
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important component in this region the turbu- Fig. 14 which suggests that the Nusselt number 
lent energy k is a useful parameter in any corre- MJ is dependent solely on the turbulent energy 
lation. It has the additional advantage of being measured by the fluctuating Reynolds number 
non-directional. Although only one component (,/ii~)D/v. As the turbulent energy decreases 
t;il has been measured this is regarded as to zero at low Reynolds number so will the 
sufficiently accurate at this stage of the investiga- Nusselt number approach the limit of that ob- 
tion. A good correlation is in fact obtained in tained by natural convection, negligibly small. 
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FIG. 16. A correlation between freestream turbulence and 
the wake fluctuations. 
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FIG. 17. Effect of freestream turbulence on fluctuations at 
rear stagnation point. 

It is therefore adequate to relate Nusselt number 
to turbulent energy by an expression of the 
form, 

~~ = 0.042 JZ)D 
( > 

“’ 
V 

The closeness of frt of this expression to the 
data is shown in Fig. 14. 

The turbulent energy in the wake can be 
related to the freestream motion by considering 
the effectiveness of the freestream turbulence 
shown in Fig. 15. It was found possible to corre- 
late these data by plotting the ratio ~8 ol’ the 
fluctuations at the rear stagnation point to the 
fluctuations obtained with no freestream tur- 
bulence against the ratio of the mainstream 
turbulence to the mainstream Reynolds number 

(Tu),J(Re),9 as shown in Fig. 16. A good fit 
to the data was obtained by the equation 

0,74 

u; = 1 + 6.3 x lo3 (6) 

The data for the limiting case of zero freestream 

turbulence was obtained by extrapolation in 
Fig. 17 and is described by the relationship 

--__ = 0.182(Re,)“‘8’. (7) 
Tu,=O 

By combining equations (5H7) the following 
expression for the Nusselt number at the rear 
stagnation point is obtained 

Nu = 0.0065 (Re,)“~89 

+ 1 + 6.3 x 10’ c (8) 

When there is zero freestream turbulence this 
expression reduces to the t’orm Nu K RezX9 
which is similar to that obtained by Richardson 

PI experimentally and Spalding [ 151 
theoretically. 

4.3 A simple theory for the wke region 
The relationship between heat transfer and 

turbulent energy in equation (5) can be justified 
by the following simple one dimensional theory. 
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Starting from the familiar Reynolds analogy 

dT 

(9) 

dy 
and integrating across the boundary layer, 

YG L 

AT = %vW) s $dy . (IO) 
CP 

0 

The integral on the right hand side can be divided 
into two parts, the laminar region 0 < y < y. 
and a turbulent region y, < y < yc, With 
In = + and n = $ the latter integral can be 
shown to amount to about 30 per cent of the 
total integral [16]. As a crude approximation 
we shall neglect it. Then 

AT= 9JWvo 
-. 

“pP v 
(11) 

There arc several expressions given in the 
literature which relate shear stress to turbulent 
energy. One, which is discussed in [ 151, is 

T di 
- = &fy -. 

P dv 
(12) 

By changing the constant c to a variable which 
is a function of the turbulent energy at the edge 
of the boundary layer kc a suitable relationship 
can be written 

CCBk8DP ( ) v . 
(13) 

These expressions may then be used to relate the 
thickness y, to condition at the edge of the 
boundary layer using the experimental relation- 
ship indicated in Fig. 12. Thus 

4’0 =. [$;;+?*]A. (14) 

By substituting this relationship into equation 
(11) the following expression is obtained 

From the experimental evidence, the boundary- 
layer thickness was constant; thus the second 
term is the only variable on the right-hand side. 
The velocity profiles of Fig. 12 suggest that 
m = f and the correlation of equation (5) 
shows that (p + l)/(m + 1) = 1.1. This implies 
that p = 026. A more elaborate two dimensional 
theory of the heat transfer at the rear stagnation 
point suggests that p = O-5 [16]. It is hoped to 
publish this theory more widely at a later date. 

The above is not a satisfactory theory in the 
sense of predicting equation (5) exactly, but it 
does show how the Nusselt number is deter- 

Dk$ 
mined by the Reynolds number \, , involv- 

( > 
ing the local turbulent energy ko. To obtain the 
index 1.1, however, the constant c in equation 
(12) must also be allowed to vary with this 
Reynolds number. 

5. CONCLUSIONS 

The results of this paper are based on experi- 
ments carried out on a single tube of diameter 
$ in. (19 mm) heated uniformly to produce 
temperature differences in the range 8-15°C. 
With this restriction the following conclusions 
can be drawn. 

The heat transfer in the wake region is 
strongly dependent upon the turbulent energy 
and is described by equation (8). In the 
Reynolds number range 5000-35 000, in- 
creases in freestream turbulence intensity of 
10 per cent result in improvements in heat 
transfer up to 100 per cent. 
The boundary layer thickness in the region 
+40” of the rear stagnation is of constant 
thickness for this range of Reynolds number. 
Within experimental error the mean velocity 
and r.m.s. velocity fluctuation profile at the 
rear stagnation point region obey a 115th and 
1/7th power law relationship, respectively. 
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4. The improvements in heat transfer in the 7. 
wake are the result of a resonant interaction 
between the wake motion and the freestream 

8. 

Uuctuations at twice the vortex shedding 
frequency. 9 

IO. 

I. 

2. 

3. 

4. 

5. 

6. 
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ETUDE EX~~RIMENTALE DE LA SENSIBILITY Dti TRANSFERT T~~RMIQUE A LA 
TURBULENCE EXTERNE DANS LES SILLAGES DE CYLINDRES PLACES 

FRONTALEMENT A ~~COULEMENT 

R&sum&-On presente une etude experimentale de l’effet de la turbulence du courant principal sur le trans- 
fert thermique a partir d’un cylindre. On chauffe Clectriquement te cylindre et on s’inttresse a l’effet de la 
turbulence sur la distribution de pression et sur le coefficient de transfert thermique local autour du cylindre; 
les derniers resultats sont compares avee une autre information publite. 

Des mesures de la vitesse moyenne et de la valeur efficace des fluctuations de vitesse dans la region 
_t40” sur la face arriere du cylindre ont CtC faites B l’aide d’un anemomttre a fil unique et des profils 
reduits de vitesse ont tte represent&s par des lois de puissance simples. Le spectre de frequence a I’arrike du 
cylindre est domine par la frtquence double de celle d’bchappement des tourbillons. 

l.,e.s r&hats de transfert thermique a I’arribre du cylindre sont unifies en fonction du nombre de Reynolds 
d’energie de turbulence et cette Bnergie de turbulence est rapport&e au niveau de turbulence du courant 
principal et au nombre de Reynolds du courant principal pour obtenir une relation empirique entre le 
transfert thermique & t’arritre du cylindre, ce dernier nombre de Reynolds et le niveau de turbulence. On 
donne une interpr~~tion theorique mon~imensionnelle simple des resultats. Ceux-ci montrent que dans 
le domaine du nombre de Reynolds compris entre 5 000 et 35 O@O des accroissements de 10% de l’intensitt 
de turbulence du courant libre provoquent des augmentations du transfert thermique a l’arriere du cylindre 

atteignant 100%. 

EXPERIMENTELLE UNTERSUCHUNG DER EMPFINDLICHKEIT DER 
FREISTROMTURBULENZ UND DES WARMEUBERGANGS IM SOG VON 

QUERANGESTROMTEN ZYLINDERN 

Zusanunenfaasuug-In einer experimentellen Untersuchung wird iiber die Wirkung der Hauptstrom- 
turbulenz auf den Warmetibergang von einem Zylinder berichtet. Der Zylinder wird elektrisch beheizt. 
Der Einfluss der Turbulenz auf die Druckverteilung und den lokalen Wirmeiibergangskoeffizienten urn 
den Zylinder wird untersucht. Diese Daten werden mit anderen Ver~ffentlichungen verglichen. 

Zur Messung der mittleren G~~h~ndi8keit und der Geschwindigk~t~hwankungen nach dem 
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mittleren Fehlerquadrat im Bereich k 40” von der Zylinderriickseite aus gemessen, dient ein Einzeldraht- 
Anemometer. Fiir die reduzierten Geschwindigkeitsprofle gilt eine einfache Potenzbeziehung. Es wird 
gezeigt, dass das Frequenzspektrum an der Zylinderrfickseite haupts%chlich von der doppelten Wirbel- 
ablijsungsfrequenz bestimmt wird. 

Die Wgrmeiibergangsdaten werden auf die Zylinderrilckseite bezogen und mit Hilfe einer Reynoldszahl 
der Turbulenzenergie miteinander verkniipft. Diese Turbulenzenergie wird auf die Turbulenzebene des 
Hauptstroms bezogen. Die Reynoldszahl der Hauptstramung diem dazu, eine empirische Beziehung 
aufzustellen, die den WLrmeiibergang an der Zylinderriickseite mit der Reynoldszahl der Hauptstrijmung 
und der Turbulenzebene verbindet. Fiir diese Ergebnisse wird eine einfache eindimensionale theoretische 
Darstellung gegeben. Die Ergebnisse zeigen, dass in einem Bercich der Reynolds-Zahlen von 5000-35000 
ein Zuwachs der Stirke der Freistromturbulenz von IO%, ffir den WLmeiibergang an der Zylinder- 

riickseite eine Erhiihung bis zu 100% bedeutet. 

3KCIIEPHMEHTAJIbHOE HCCJIEJ(OBAHRE BJIBHICMFi TYPBYJIEHTHOCTB 
HABEI’AIOWEI’O HOTOKA HA TEIIJIOOBMEH B CJIEAAX LJIUIkIHfiF’OB 

IIPkl IIOIIEPE=IHOM OBTEKAHklM 

AaaoTaqaJI-B CTaTbe OnHCbIBaeTCFI 3KCnepUMeHTaJIbHOe IJCCJIeROBaHEle BJIMHHHJITY~~YJT~H- 

THOCTH Ha6eralorqero noTOKa Ha TenJIOO6MeH qnnIw)qpa, Harpenaeixoro 3JIeKTpWIeCKMM 

T~K~M. Coo6r.qaeTcfi 0 BJII~~IHAR TypByneHTHocTI1 Ha pacnpeaenenae BasneHMR no nepnMeTpy 
A Ha JIOKaJIbHbIfi KO3f#I@I~HeHT TenJIOO6MeHa; aaeTCH CpaBHeHHe nOJIJ'qeHHbIX pe3yJIbTaTOB 

C ~aHHbIMM,Ony6JlIIKOBaHHbIMH JJpJ'rllMkI aBTOpaMH. 

m3MepeHIUJ CpeAHefI CKOpOCTll PI CpeRHeKBaRpaTRYHbIX @IyKTJ'aI@ CKOpOCTA B CneAe 

38 IJUJIHHJ(pOM npOH3BORIUIACb C nOMOII(bI0 aHeMOMeTpa C ORHOHBTOYHbIM flaTWKOM; 

BbIBeaeHbI npocTbIe cTeneHHbIe 3amwxMocTn AnFI npo@nei cKop0c~11. noKa3aH0, YTO B 

CneKTpe YaCTOT B CJIeAe 38 UHJIMHRpOM AOMCrHIlpJ'eT J'ABOeHHaR YaCTOTa CpbIBa BHXpeii. 

flaHHbIe no TenJIOO6MeHy B KOp~0B0it o6nacTA I(llnllHApa o6oBIqaloTcn c noMoqbIo =Iwxa 

PeZtHOJIbACa AJIn Typ6JVIeHTHOti 3HepIWli' npllBORHTCR OTHOIIIeHCIe 3TOfi Typ6yJIeHTHOii 

3HeprIln K CTeneHII TJ'p6jVIeHTHOCTA Ha6eraloIqero nOTOKa YI =IHCJIy PetiHOJIbACa OCHOBHOrO 

nOTOKa AJIfI TOrO, 9T06bI nOJIJ'WTb 3MnWpWIeCKyI0 3aBWBMOCTb, CBR3bIBaIOIqJI0 nepeHoc 

TenJIaBCJIe~e3a~HJIUHJ(pOM CWJCJIOM PetiHOJIbACaOCHOBHOrO nOTOKaHCTeneHbIO Typ6yne- 
HTHOCTA. &(aeTCR npOCTaR ORHOMepHaH TpaKTOBKa 3TMX pe3JVIbTaTOB. 

Pe3yJIbTaTbI nOKa3bIBaMT, 9To B nAana3oHe swcen PeiiHonbAca Ha6eraIorqero noToKa OT 

5000 80 35000 nOBbImeHIle BHTeHCHBHOCTM TYp6JVIeHTHOCTII B CBO6OAHOM nOTOKe Ha 10% 

npMBOAIlT K yBeJIWIeHI4IO HHTeHCMBHOCTH TenJIOO6MeHa B KOpMOBOti 30He I\WI&IHApa Ha 

BeJIWIlrHy n0 100%. 


