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Abstract-An investigation has been carried out to study the dynamics of the transfer of heat from a 
circular cylinder in a turbulent air stream with emphasis on the wake region. 

The results, obtained over a Reynolds number range from 3000 to 9000, clearly indicaie that the wake 
is comprised of two distinct regions; the secondary and the main vortex regions. The former extends 
between 85 and 130-150” from the front stagnation point, while the latter covers the remaining area of 

the wake. These two regions are shown to react differently to variations in the free-stream conditions. 

NOMENCLATURE 

cylinder diameter; 
frequency; 
power spectral density function, equation (6); 
RMS of the fluctuation in the heat-transfer 
coe&ien t ; 
time-averaged heat-transfer coefficient; 
thermal conductivity; 
integral scale of turbulence; 
lag number; 
Nusselt number [IT@]; 
Reynolds number [ li&/p] ; 
probability density function, equation (3); 
autocorrelation function, equation (4); 
autocorrelation coefficient, equation (5); 
intensity of turbulence [lOOu’/B]; 
RMS of the velocity fluctuation; 
time-averaged free stream velocity; 

fsp, front stagnation point; 
PDF, probability density function; 
RMS, root mean square; 

rsp, rear stagnation point. 

GENERALLY it has been accepted that the overall heat- 
transfer rate from a circular cylinder may be correlated 
by separating the boundary-layer and wake contribu- 
tions to the overall transfer. The correlations proposed 
by Douglas and Churchill [l] and Richardson [2] are 
typical examples. These are as follows. 

Douglas and Churchill [i] 

NN~‘ = 0.46 N;;’ + O@O 128 NRp 

Richardson [2 J 

bridge voltage; 
distance in the direction of flow. 

Greek letters 

where 

The first term on the r.h.s. of both correlations 

f?%? intensity of the fluctuation in the heat-transfer represents the boundary-layer contribution, while the 
rate [lOOh’/R]; second term represents the wake contribution to the 

0, angle from the front stagnation point; overall transfer. It is observed that, in contrast to the 

& dynamic viscosity; boundary-layer region, there is a large difference be- 

PV density; tween the Reynolds number exponents used for the 

z, time. wake contribution term. Moreover, Richardson’s ex- 
ponent of 0.67 is based on measurements at the rear 

List of abbreviations stagnation point. It implies that the heat-transfer rate 

CHF, constant heat flux; 
over the wake region has a similar Reynolds number 

CTA, constant temperature anemometer; 
dependence. Such an assumption is at variance with 

CWT, constant wall temperature; 
the results of Churchill and Brier [3] who reported an 
increase in the Reynolds exponent from 025 at 90” 

*Present address: Chemical Engineering Department, from the front stagnation point, to about 0.9 at the 
University of Sherbrooke, Sherbrooke, Quebec, Canada. rear stagnation point. 
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Flow visualization [4,5] as well as hot wire probing 
[6,7] supplies further evidence of the fact that the flow 
over the wake region has different characteristics 
around the separation point from the rear stagnation 

point. For example, it is reported by Bloor [7] that at 
Reynolds numbers less than 104, a laminar shear layer 

is formed as the boundary layer separates from the 
surface of the cylinder. Beyond one radius from the 

separation point, the free shear layer degenerates into 
turbulence which results in a turbulent flow over the 
rear stagnation point. Such a difference in the flow 
conditions over the surface of the cylinder will un- 

doubtedly affect the local heat-transfer rates. 
The present investigation is aimed specifically at 

studying the details of the transport process over the 
wake region. Since the wake flow pattern is unsteady 
at Reynolds numbers above 50. it is important to deter- 

mine the dynamic as well as the time-averaged heat- 

transfer rate characteristics. This was achieved using 
standard thin film techniques. 

The local heat-transfer rate was measured using a 

thin platinum film sensor deposited on a small surface 
area of the cylinder and heated by a constant tem- 
perature anemometer unit. The linearized bridge volt- 

age, which is proportional to the instantaneous rate of 
heat dissipation from the sensor, was used to calculate 

the local time-average heat-transfer coefficient and the 
intensity of heat transfer rate fluctuations. The latter 
parameter is defined as the ratio of the RMS of the 

fluctuations in the heat-transfer rate to its mean value. 

In order to provide the necessary temperature history 
of the thermal boundary layer and to reduce heat con- 

duction to the backing material, the main body of the 
cylinder was separately heated. The constant heat flux 

and the constant wall temperature cases have been 

investigated. 

HEAT-TRANSFER RATE MEASUREMENTS UNDER 
CONSTANT HEAT FLUX CONDITIONS 

The cylinder used for the local and overall heat- 

transfer rate measurements under CHF (constant heat 
flux) conditions is shown in Fig. 1. It was made of a 

Vycor tube (1+37cm O.D. and 175cm long) with four 
thin platinum film sensors deposited on its surface. 

The local sensor (0.1 I cm wide and 1.39 cm long) was 
oriented parallel to the axis of the cylinder. Its azi- 

muthal span was about 7 
The overall sensor was 7.5 cm long and covered the 

remaining central region of the cylinder, but it was 

electrically insulated from the local sensor. At each 
end of this sensor. a thin layer of soft solder was 

applied around the cylinder forming a narrow ring of 
very small resistance compared to the film resistance. 

This ensured a uniform current density in the film. 
The electrical contacts from this film were taken from 
each of the solder rings by copper wires through the 

wall of the cylinder. 
The other two sensors. which were of a similar con- 

struction as the overall sensor. were located on each 
end of the cylinder. These were used as guard heaters 

to eliminate axial heat conduction from the central 
region of the cylinder. 

In order to check the local temperature distribution 
around the cylinder, three other film sensors (O.l.?cm 
wide and 0.76cm long) were deposited on the inside 
surface of the cylinder. These were oriented parallel to 
the axis of the cylinder with one of them underneath 

the local sensor and one on each side of it. 
Due to the presence of temperature gradients around 

the cylinder. special precautions were taken to minimize 

internal heat transfer within the cylinder. The cylinder 
used had a wall which is 0.13 cm thick. It was con- 
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sidered to be the minimum thickness for reasonable 

mechanical strength. The cylinder was evacuated to 
within O.Olmm mercury, and an internal radiation 

shield was installed. This was a highly-polished, 
chromeplated, thin wall brass tube (1’14cm O.D.) 
located centrally inside the test cylinder. 

After the construction of the cylinder, all the sensors 

were calibrated to within t_O,2”C. The frequency re- 
sponse of the local sensor was measured by the indirect 
method of Nielsen and Rasmussen [8]. Its - 3dB point 

was around 100 Hz. At higher frequencies, the attenu- 
ation gradually increased until it reached the charac- 
teristic drop of - lOdB/decade around 1 KHz. 

Such a frequency response might seem rather low 
for significant dynamic measurements. However, over 
the Reynolds number range investigated, the funda- 

mental shedding frequency ranged between 30 and 
110 Hz, and thus was little attenuated. Over the higher 
frequency end of the spectrum, the measured fluctu- 
ations in the heat-transfer rate will obviously be attenu- 
ated. The effect, being common to all measurements, 
will not affect their relative values. 

Experiments were carried out in the test section 

(20 x 20cm) of a low speed, closed loop, wind tunnel. 
The cylinder was mounted over two brackets which 
allowed it to be rotated about its axis. The angle be- 
tween the local sensor and the front stagnation point 

was measured using a vernier protractor. The intensity 
and scale of turbulence at the position of the cylinder, 
could be varied over the ranges from 1 to 6 per cent 

and from 0.2 to 0.8 cm respectively. This was achieved 
using turbulence-generating grids at the entrance of the 

test section and by changing the distance between the 

grid and the centerline of the cylinder. Details of the 

construction and calibration of the wind tunnel can be 

found elsewhere [9]. 

Data acquisition 
A block diagram of the circuit used is shown in Fig. 2. 
The local sensor was heated using the high sensitivity 

bridge of a TSI 1OlOA CTA (constant temperature 
anemometer) unit. The overall sensor and one of the 
guard heaters were operated using the high power 

bridges of two CTA units, while the second guard heater 
was operated by a manually controlled bridge. The 

temperature (operating resistance) of the local sensor 
was adjusted such that the heat flux per unit area of 
the local sensor was equal to that dissipated by the 
overall sensor. 

Measurements were made of the operating resistance 

of all sensors, the temperature of the resistance ther- 
mometers on the inside surface of the cylinder and 

the pertinent anemometer bridge voltages. The a.c. 
component of the signal from the local sensor was re- 

corded by a Hewlett Packard 3914B FM magnetic tape 
recorder for later dynamic analysis. 

The time-averaged local and overall heat-transfer 

coefficients were calculated from the sensor current, its 

operating resistance and its average surface tempera- 
ture. The corresponding Nusselt number was obtained 

with the air property values evaluated at the mean 
film temperature. 

The intensity of the local heat-transfer rate fluctu- 

ations, q, was calculated from the ratio of the RMS 
(root mean square) of the linearized bridge voltage to 
its d.c. component. 
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FIG. 2. Block diagram of the circuit used for the local and overall heat-transfer rate 
measurements under CHF conditions. 
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The bridge voltage fluctuations, stored on magnetic 
tape, were subjected to a number of statistical data 
analysis. The analogue signal was first converted into 

a digital record of 60000 data points obtained at a 
sampling rate of 2000 samples per second. After de- 
trending and normalizing the data, the following stat- 

istical functions were calculated on an IBM 360-44 
computer. 

(a) hdxzbility density function. It is defined as the 

probability that the signal will assume a value within 

some definite range at any instant 

Prob(r < u(t) < LI+-Au) 
P(u) = lim ~ 

AV ALa-0 
(3) 

(b) Autocorrelation function. It is defined as 

QJjAr) = & ‘y$’ v[iA7] u[(i +jW]Ar (4) 

where j is the lag number j = 0, 1,. , M. 
When normalized we obtain the autocorrelation 

coefficient 

RPO’AT) = @&). 
” 

(c) Power spectral density function. It was obtained 
by calculating the Fourier transform of the auto- 

correlation coefficient 

M-l 

03RP(O) + c RP(jAt)cos(2~cfiAt) 
j=l 

+05RP(MAr)cos(2xfMAr) . 1 (6) 

Evaluation of the experimental technique 
The accuracy of the data obtained depends on 

three major factors. 

the 

(a) Characteristics of the constant temperature anem- 
ometer bridge. When considering the accuracy of the 
time-averaged heat-transfer rate measurements, the 
most important feature of the performance of the CTA 
bridge is the accuracy by which the bridge is maintained 
balanced. In other words, how accurately is the sensor 
maintained at a constant temperature? Since the bridge 
showed a distinct unbalance voltage for a resistance 
change of the order of 0.0152, the resistance of the 
sensor will be constant within such limits. This would 
correspond to an uncertainty in the temperature 
measurements of 0.25”C. 

(b) Accuracy of the “read out” instruments. The 
instruments used were of good quality and their per- 
formance was repeatedly checked during the course of 
the experiments. Their accuracy will, therefore, be 

assumed to be within their specifications limits. Based 
on such accuracy limits, the local time-averaged heat- 
tranrfer rate measurements will have a maximum 
error of about 25 per cent. The parameter which con- 
tributes most to such an error is the area of the local 
sensor. Although the dimensions of the local sensor 

were measured to within 0.001 in. the particularly 
small size of the sensor limited the area measurement 
to within 2.3 per cent. 

(c) Asszrmption.s made in the culculntion procedure. 
The following assumptions were made. 

1. L’nifbrn~ heat generation around the cylinder This 
implies a uniform film thickness of the overall sensor 

around the cylinder and negligible changes in its 
resistivity. 

The uniform film thickness assumption is justifiable 
on the basis of the many precautions taken during the 
sensor preparation. However, due to the relatively high 

temperature coefficient of resistance of the sensor 
material, the local heat generation per unit area of the 
overall sensor will vary around the cylinder. For the 
sensor used. the variation will be less than 7 per cent 

of the average heat flux for a 30 C temperature differ- 
ence over the surface of the cylinder. Such a change 

in the local heat flux is almost two orders of magnitude 
smaller than that observed under CWT conditions. Its 
effect on the local heat-transfer rate measurements will, 

therefore. be negligible 
2. Negligible heat wnduction through the bucking 

material- Internal heat transfer within the cylinder was 

reduced by evacuating the inner space of the cylinder 
and the installation of an internal radiation shield. 

Conduction along the periphery of the cylinder was 
reduced using a thin wall cylinder. 

3. Negligible heur trun$iv by rudiution-~ Due to the 
highly polished surface of the cylinder and the small 

temperaturedifference between the cylinder and its sur- 
rounding (about 50 C) radiation contribution to the 
overall transfer was negligible. 

4. Negliyiblr wind tunnel blockage- Wind tunnel 
blockage was about 9.2 per cent. Its effect on the heat 
transfer rate at the rear stagnation point was estimated 
to be less than 2 per cent. 

RESULI’S AND DISCUSSIOI\I 

Overall heat truwfer 
Figure 3 shows that, in agreement with earlier 

literature data, the overall heat-transfer rate increases 
with the increase in the Reynolds number and the free 
stream level of turbulence. The effect of free-stream 
turbulence is slightly more pronounced at higher 
Reynolds numbers than at lower values. The effect of 
the integral scale of turbulence was negligible over the 
range of the present investigation (0.1 < L,rld < 0.4). 
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at the rsp than over the boundary-layer region. How- 

ever, it is interesting to note that there is a difference 

between the Reynolds number exponents for the trans- 

fer at 120 and 180”. 
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FIG. 3. Variation of the overall Nusselt number with the 
Reynolds number. 

Local time-averaged heat transfer 
Local heat-transfer rates over the surface of the 

cylinder were measured at three nominal Reynolds 
numbers and different free-stream conditions. Typical 
distributions are shown in Fig. 4. The complete tabu- 

lated data can be found in [9]. 

It is observed that the local Nusselt number dis- 
tributions has a minimum around 110” from the front 
stagnation point. Although the apparant flattening of 
the distributions could be partially caused by heat con- 
duction along the wall of the cylinder, the location of 

the minimum heat-transfer rate is characteristic of the 
transfer under CHF conditions. It has been reported 
earlier by Matsui et al. [12], Dyban and Epick [13]. 
Mujumdar [14], and Perkins and Leppert [15], over 

the same Reynolds number range. 
The upper part of Fig. 4 shows that the intensity of 

the fluctuations in the heat-transfer rate is an order of 
magnitude higher over the wake region than over the 
boundary-layer region. Around the separation point, 
85”, there is consistently a local,maximum in the value 

of n. As will be shown later, spectrum analysis of the 
signal indicates that the separation point continuously 
oscillates over this region, at the shedding frequency. 
Within the wake region, the intensity of heat-transfer 
rate fluctuations increases steadily with angle until it 
reaches a maximum at the rear stagnation point. 

Figure 5 shows the variation of the local Nusselt 
number with the Reynolds number over different 
regions around the cylinder. As expected the Reynolds 
number has a more pronounced effect on the transfer 
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FIG. 4. Local heat-transfer rate distribution under CHF 
conditions, NRr = 5400. 
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Effect ojjree-stream turbulence 
The present investigation showed that variations of 

the free-stream intensity of turbulence influenced the 
local heat-transfer rate in different ways depending on 

the flow field over the surface of the cylinder. The effect 

will be evaluated for each region separately. 
(a) Boundary-layer region (0’ < 0 <: 85”). As shown in 

Fig. 4, increasing the free-stream intensity of turbulence 

increases the local heat-transfer rate over the boundary- 
layer region. The effect is more pronounced at the fsp 

than around the separation point. It is interesting to 
note from Figs. 6 and 7 that the increase in heat transfer 
is accompanied with a corresponding increase in the 
intensity of the heat-transfer rate fluctuations. Ob- 

viously this supports the view that the effect is the 
result of the penetration of boundary layer by free- 
stream vortices which increases the “apparent level of 

turbulence” within the laminar boundary layer. 

100 

t 

SYMBOL NOMINAL 

NRe 

q - 3100 

(01 ANGLE = FSP 

go- o- 5400 d 
Q - 9500 

_*_b_------ 
____---&-- 

80- n 
_____---- 

70 - 
_,_o-o_+--- 

o_____o_-_----o-- 0 

60- 

a 50~ 

: 40 
-u----- 

_‘l___--r_. 
I I 

J 70 (c) IaNGLE I ,*oO 
a a 
g 60 _&_______ A----- 

___-a--- 
-J B 50 _o______-_---o-= 0 

40 _o-o_Q - B -- 

30 q ___ 
q ----- -5- - -_ 

EVI / I I 1 / 

-i 

v 
lNTkITYZOF T”3RB”LEL ,Tu5 % 

6 

FIG. 6. Effect of free-stream turbulence on the local heat- 
transfer rate under CHF conditions. 

(b) Wake region (85” < 0 < 180”). While it has long 
been acceptable to speak of the transfer around a 
circular cylinder or a sphere in terms of the boundary 
layer and wake transfer, it seems, in the light of the 
present investigation, unjustifiable to put all the transfer 
beyond the separation point into one category. As will 
be shown later, the wake region actually consists of 

two distinct flow regions, namely, the secondary and 
the main vortex regions. The former extends between 

85 and 130-150” from the fsp, while the latter covers 
the remaining area of the wake. It is astonishing that, 

although the presence of such regions has been earlier 
recognized from flow visualization experiments [4,5], 
they have not been treated as regions of possibly differ- 
ent heat-transfer characteristics. 

Secondary vortex region (85’ < 0 < 130P150’) 
This region is bounded by the separation point on 

one side and the main vortex on the other. It is com- 

posed of small secondary vortices which, after a certain 
residence time, are either entrained by the free shear 
layer or coalesce with the main vortex behind the 

cylinder. Their residence time does not seem to be 
directly related to the shedding frequency. However, 

the boundaries of this region oscillate over the surface 
of the cylinder at the shedding frequency. 

As shown in Figs. 6 and 7, the local heat-transfer 

rate over this region is not affected by variations of 
the free-stream intensity of turbulence. 

Muin uortex region (130-l 50 < 0 < 180’) 
The main vortex region of the cylinder is the surface 

which is in contact with the main vortex during the 

different stages of its growth. According to Gerrard 

[16], the main vortex, as it emerges from one of the 
secondary vortex regions, will be small and weak. As 
its circulation increases, it gradually grows in size until 
a point is reached when the vortex becomes large 

enough to entrain fluid of opposite circulation from 
the other shear layer. This will put an end to its growing 
stage and the vortex will be convected downstream as 
it separates from the cylinder. Such a process repeats 
itself periodically with its frequency given by the 

Strouhal number which is constant over the Reynolds 
number range from lo3 to lo5 [5], and is independent 

of the free-stream level of turbulence [ 171. 
Figure 6 shows that increasing the free-stream in- 

tensity of turbulence, causes a corresponding increase 

in the local time-averaged heat-transfer rate at the rsp. 
The effect is slightly more pronounced at higher 
Reynolds numbers. 

One important feature of the transfer over the main 
vortex region, is the high intensity of the heat-transfer 
rate fluctuations. Increasing the Reynolds number, or 
the free-stream level of turbulence, reduces the intensity 
of these fluctuations rather drastically. Figure 7 reveals 
an interesting reversal of the effect of free-stream 
turbulence on the intensity of heat-transfer rate fluc- 
tuations between the boundary layer and the wake 
regions of the cylinder. It is observed that, while q 
increases with theincrease in the intensity of turbulence 
at the fsp, it shows little sensitivity to 7’u% around 120”, 
and decreases with an increase in TL&~ at the rsp. 
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FIG. 7. Effect of free-stream turbulence on the intensity of local heat-transfer rate fluctuations under CHF conditions. 

Dynamic aspects of the heat transfer 
Typical oscillograms of the linearized bridge voltage 

fluctuations are shown in Fig. 8. 

around circular cylinders. Similar low frequency oscil- 
lations were also observed in the wake region of a 
circular cylinder by Hanson and Richardson [6]. 

It is observed that between 80” and 90” from the fsp, Around 100 to 120” from the fsp, the signal becomes 

there is a pronounced periodicity at the shedding fre- more random and is characterized by having pro- 

quency which clearly indicates that the separation point nounced spikes. These could correspond to the sweep 

is continuously oscillating over this area. A low fre- of a vortex over the local sensor with its path close 

quency oscillation which is an order of magnitude enough to the wall of the cylinder. 

lower than the shedding frequency is also apparent. Between 150 and 180” from the fsp, the signal 

This is probably caused by three-dimensionality effects becomes progressively more random in nature with no 
which were observed earlier by Gerrard [18] in flows detectable signs of periodicity. 
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FIG. 8. Oscillograms ofthe bridge voltage fluctuations under CHF conditions, 
TME base = 0.1 s/div.; he = 5400; Tu% = 2.14; lower trace in the presence 

of a splitter plate at X/D = 1.5. 
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The PDF (probability density function) of the fluc- at the shedding frequency, it does not seem unusual 
tuating heat-transfer rate was determined for different 
angles within the wake region at three nominal 

to recognize that the “back flow separation point” 

Reynolds numbers and different free-stream turbulence 
oscillates also at the shedding frequency. It may be 
noted that the heat-transfer rate fluctuations at these 

conditions. Typical distributions obtained are shown two locations are affected in a similar fashion by vari- 
in Fig. 9. A Guassian curve is also plotted in each of ations in the Reynolds number and the free-stream 
these for comparison. intensity of turbulence. 
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FIG. 9. Probability density function of the heat-transfer rate fluctuations under 
CHF conditions; NRe = 5420; Tu% = 2.14. 

It is observed that the PDF is essentially normal 
around the separation point. Between 100 and 120”, 
it becomes skewed, but shifts back to normality with 
theincreasein the angle beyond 120”. Such a noticeable 

change in the PDF within the wake region supports 
the fact that the wake cannot be treated as one big 

“messy” region, but should be looked upon as possibly 
two distinct regions. 

The above features of the PDF within the wake 

region were observed consistently under all Reynolds 
numbers and free-stream turbulence conditions investi- 
gated. The respective distribution at any angle was 
found to be independent of the free-stream conditions. 

Further evidence to the existance of two regions 
within the wake is demonstrated by the results of auto- 
correlation analysis shown in Fig. 10. The appearance 
of a distinct periodic component at 150’, while having 
relatively no periodicity on each side, seems to indicate 
that the boundary between the secondary and the main 
vortex regions is oscillating between 120 and 150” at the 
shedding frequency. In fact, it seems possible to visu- 
alize the boundary between these two regions as a 
point where the strong back flow over the rear surface 
of the cylinder separates. In other words, it could be 
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considered as the “back flow separation point”. Know- FIG. 10. Autocorrelograms of the fluctuating heat-transfer 
ing that the boundary-layer separation point oscillates under CHF conditions, NRr = 9420; ‘IL% = 5.43. 
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The above features of the autocorrelograms were 
consistent at different Reynolds numbers but were 
rather sensitive to variation in the free-stream intensity 
of turbulence. The effect, however, is best revealed by 
examining the power spectral density function which 
supplies the same information as the autocorrelation 
function but in the frequency domain. 

FREQUENCY (Hz) 

FIG. 11. Fluctuating heat-transfer spectra under CHF 
conditions, angle = 150”; 7iio/, = 5.71. 

Figure 11 shows typical power spectra of the heat- 
transfer rate fluctuations at 150” from the fsp and 
different Reynolds numbers. These show distinct peaks 
at the shedding frequency which increases with the 
Reynolds number in such a way that the Strouhal 
number remains fairly constant at 0.21 over the 
Reynolds number range from 3200 to 9500. It is noticed 
that the high frequency content of all the spectra in- 
creases with the increase of the Reynolds number. How- 
ever, in every spectrum, the rate of decay of power 
with frequency remains unchanged at frequencies above 
the shedding frequency. 

It is interesting to note that the present power 
spectral data reveals a far more pronounced periodic,ity 
at the shedding frequency than that observed by 
Peterka and Richardson [19] under constant wall tem- 
perature conditions. The latter observed only a very 
faint periodicity while their spectra were generally “very 
broad and flat topped”. This brings out the question 
whether the observed features of the local heat transfer 

under CHF conditions would be innuendo by vari- 
ations in the temperature history around the cylinder. 
It is with this question that the next section of this 
paper will be mainly concerned. 

Figure 12 shows that increasing the free-stream level 
of turbulence, while having no effect on the shedding 
frequency, increases the corresponding height of the 
peak at the shedding frequency. The effect is best ob- 
served at 150” where the shedding frequency is most 
pronounced. At 180” a peak at the second harmonic 
is observed in the absence of the fundamental shedding 
frequency. In a way, this is to be expected since the 
rsp will be alternatively affected by the shedding from 
both sides of the cylinder. 

A similar observation regarding the effect of free- 
stream turbulence on the fluctuations at the shedding 
frequency was reported by Liu et al. [20] in their 
measurements of the spectra of the “streaming poten- 
tial fluctuations”, and by Surry [21] in his spectral 
data of surface pressure ~uctuations around a circular 
cylinder in a cross flow. Strangely enough, Liu et al, 
[20] also noticed a decrease of the Strouhal number 
below 0.21 with the increase of the free-stream intensity 
of turbulence. The effect seems to be related to the con- 
siderably large (L,/d) ratio in Liu’s experimental setup 
compared to that-of the present investigation. 

ANGLE = 150* 
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FIG. 12. Fluctuating heat-transfer spectra under CHF 
conditions, IV,, = 9520. 
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Effect of splitter plute 
The splitter plate used in the present investigation 

was of the same length as the cylinder and 10 cm wide. 
It was located parallel to the axis of the cylinder with 
its leading edge at one and two radii from the surface 

of the cylinder. Experiments were carried out at three 
nominal Reynolds numbers under similar free-stream 

turbulence conditions. 

60 

15 2.14 SP, 
X/d = 1.5 

ANGLE FROM THE FSP 

FIG. 13. Effect of the splitter plate on the local heat-transfer 
rate distribution under CHF conditions, NR‘, = 5400. 

Figure 13 shows that, in agreement with the results 
of Mujumdar [ 143, the presence ofa splitter plate causes 
a general decrease in the local heat-transfer rate over 
the whole surface of the cylinder. The effect is more 

pronounced over the wake region and is stronger, the 
closer its leading edge is to the cylinder. It is also 
noticed that the splitter plate causes a marked increase 
of the intensity of heat-transfer rate fluctuations over 

the secondary and main vortex regions. 
Typical oscillagrams of the linearized bridge voltage 

fluctuations over the wake region of the cylinder in the 
presence of the splitter plate are also shown in Fig. 8. 
It may be noted that the splitter plate completely 
suppresses all periodic components in the signal. 

HEAT-TRANSFER RATE MEASUREMENTS UNDER 
CONSTANT WALL TEMPERATURE CONDITIONS 

Although there is an abundance of litterature on 
heat-transfer rate measurements from cylinders under 

constant heat flux and constant wall temperature con- 
ditions, very little effort has been devoted to evaluate 
the difference between them. This is mainly because of 

the inherent difficulties in comparing the results of 
different investigators. Wind tunnel blockage, and 
poorly defined free-stream turbulence conditions are 

typical examples. 
In the present investigation, a specific effort has 

been made to evaluate the effect of the wall tempera- 
ture history on the local transfer over the wake region. 

Dynamic heat-transfer rate measurements were made 
under constant wall temperature conditions in the same 
wind tunnel, and using a cylinder of equal diameter 

to that used for the constant heat flux experiments. 

FIG. 14. Constant wall temperature test cylinder. 
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A similar observation was reported by Brown, Pitts 

and Leppert [22] when comparing their overall transfer 

data from a single sphere to a fluid stream under 

CHF and CWT conditions. They showed that, at 

Reynolds numbers below 80 000 the constant heat flux 
data was about 10 per cent higher than the correspond- 
ing constant wall temperature data. At Reynolds 

numbers above 80000, the difference was about 15 
per cent. 

The cylinder used for the local heat-transfer rate 

measurements under CWT (constant wall temperature) 
conditions is shown in Fig. 14. It was made of a heavy 
wall, chrome-plated, copper tube (187 cm O.D., 0.96 cm 
I.D. and 20cm long). It was heated by internal oil 
circulation from a constant temperature bath. The 
average temperature of the cylinder was determined 

using five ironconstantan thermocouples embedded 
in its wall. The local sensor was prepared by depositing 
a thin film of platinum on a small quartz slab (0.13 cm 
wide, 1.27cm long and O.OScm thick). The slab was 
located in a groove in the wall of the cylinder, parallel 

to its axis. Its azimuthal span was about 9”. Special 

care was taken to ensure that the edges of the slab were 
flush with the surface of the cylinder to within 
0.0025 cm. One electrical contact from the sensor was 

made by a thin teflon-coated copper wire soft soldered 
to the platinum film and passing through the wall of 
the cylinder. The other contact, was made through the 

main body of the cylinder. 

Figure 3 also shows the effect of the intensity of 

turbulence on the overall Nusselt number under CWT 
conditions. The results are in agreement with the CHF 
data, with the effect of the free-stream intensity of 

turbulence being more pronounced at high Reynolds 

numbers. Moreover, there seems to be no systematic 
influence of the integral scale of turbulence on the 

overall heat-transfer rate over the range covered by 
the present investigation (0.1 < L,/D < 0.4). 

After the construction of the cylinder, the local sensor 
and all the thermocouples were calibrated to within 

f0.25”C and f005”C respectively. Due to the large 
size of the sensor used in this cylinder, its frequency 
response was relatively low. Its - 3dB point was around 
30Hz. However, the attenuation was less than -6dB 
at 108 Hz which is the highest shedding frequency over 
the range of the present investigation. 

Local time-averaged heat transfer 
Local heat-transfer rate measurements under CWT 

conditions were obtained at three nominal Reynolds 
numbers and different free-stream turbulence condi- 
tions. Typical distributions are given in Fig. 15. The 

complete tabulated data can be found in [9]. 
The distinct difference between the local heat-transfer 

rate distribution under CHF and CWT conditions is 

The test cylinder was located in the wind tunnel by 
a similar arrangement as that used for the CHF 
cylinder described earlier. The local sensor was heated 
using the high sensitivity bridge of a TSI 1OlOA CTA 
unit. Its operating resistance was set such that the 

sensor temperature was equal to the average surface 
temperature of the cylinder. The circuit used was 
similar, although much simpler, than that used in the 
CHF experiment. The data analysis procedure was 
essentially the same. 
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RESULTS AND DISCUSSION 

Overall heat transfer 
Results of the overall heat-transfer rate measure- 

ments under constant wall temperature conditions are 
shown in Fig. 3 together with the corresponding 
constant heat flux data for comparison. It is observed 
that the two sets of data show essentially similar trends. 
However, the overall heat-transfer rate under CWT 
conditions was generally lo-20 per cent lower than 
that under CHF conditions. The difference is larger 
than the respective experimental error in the individual 
measurements and is undoubtedly caused by the differ- 
ences between the temperature distributions, especially 
over the secondarv vortex region. 
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FIG. 15. Local heat-transfer rate distribution under CWT 
. 

conditions, Nne = 5300. 
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most remarkable. It is observed that, in agreement 
with the data of Galloway and Sage [lo], the present 

measurements show a characteristic maximum in the 
local heat-transfer rate around 110”. The location of 
the minima at 90 and 130” coincide remarkably with 
the boundaries of the secondary vortex region as 
deduced earlier from the CHF data. The effect of the 
wall temperature history on the intensity of heat- 
transfer rate fluctuations over the secondary vortex 
region is even more pronounced than that on the time 

averaged heat-transfer rates. It is noticed that the value 
ofq around 130-140” from the fsp is substantially lower 

under CWT than under CHF conditions. 
In contrast to the secondary vortex region, the local 

heat-transfer rate distribution over the main vortex 
region showed little difference between the CWT and 
the CHF measurements, 

Figure 16 shows that the local Nusselt number at 
the front and rear stagnation points have similar 
Reynolds number dependence under CWT conditions 
to that observed under CHF conditions. However, 

the transfer over the secondary vortex region under 

CWT conditions gives rise to a Reynolds number 

exponent of about (2/3) which is higher than that 

obtained under CHF conditions. 
From the above it may be noted that the heat- 

transfer rate over the rsp is autonomous and indepen- 
dent of the temperature history around the cylinder. 
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FIG. 16. Variation of the local Nusselt 
number with the Reynolds number under 

CWT conditions. 

However, it can hardly be over-emphasized that one 
must distinguish between the transfer characteristics 
over the main vortex region and those over the 
secondary vortex region. The latter is very sensitive 
to variations in the temperature history around the 
cylinder. 

Dynamic aspects oj the heat tran& 

In agreement with the CHF data, the signals over 
the secondary vortex region showed distinct spikes, 

while around the rsp they were more random in nature. 
However, there was no detectable signs of periodicity 
in any of the signals over the whole wake region. 

Figure 17 shows typical PDF of the fluctuating 
heat-transfer rate over the wake region. These con- 
firmed the observations made earlier under CHF 

conditions, and indicates that the temperature history 

around the cylinder has no effect on the fluctuating 
heat transfer characteristics in the amplitude domain. 
The latter is solely a function of the location within 
the wake region. 

Typical autocorreiograms of the local heat-transfer 
rate fluctuations at different angles within the wake 
region are shown in Fig. 18. It is observed that at 

150’ there is a faint periodicity at the shedding fre- 
quency. However, at all other angles within the wake 
region, the only detectable periodicity is that of a 
60 Hz instrument noise which was also observed even 
in the presence of a splitter plate. 

Figure 19 shows typical power spectra of the fuctu- 

ating heat-transfer rate at 150 from the fsp under 
different free-stream turbulence conditions. It may be 
noted that, in agreement with earlier measurements, 

increasing the free-stream level of turbulence had no 
effect on the frequency of vortex shedding, but am- 
plified the fluctuations at that frequency. 

It should be pointed out that the observed lack of 
periodicity at the shedding frequency over the wake 
region seems to be characteristic of the transfer under 
CWT conditions. This does not imply any change in 
the flow pattern around the cylinder, but rather. a 
fluctuation in the temperature field which is out of 
phase with the velocity fluctuations, and is high in 
comparison to the local temperature difference between 
the surface of the cylinder and the air in its immediate 

vicinity. 

CONCLUSIOIVS 

From the above it is clear that any realistic corre- 
lation of the heat-transfer rate over the wake region 
is best to separate contributions of the secondary and 
the main vortex regions as follows: 

(NNu)wake = aN&+hNR”, (7) 

where the first term on the r.h.s. represents the con- 
tribution of the secondary vortex region, while the 
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FIG. 19. Fluctuating heat-transfer spectra under CWT 
conditions, I!JR~ = 9500; angle = 150”. 
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second term the main vortex region. Obviously, differ- 
ent values of (I and n will be needed to correlate data 
obtained under constant heat fux and constant wall 
temperature conditions. As to the coefficient h it will 
mostly be a function of the free-stream turbulence 
conditions. The value of the Reynolds number ex- 
ponent, m, couid be taken as 0.67 based on the analysis 

by Richardson [2J for the tsp. 
The following conciusions can also be made from the 

present investigation. 
I. The separation point of the boundary-layer oscil- 

lates at the shedding frequency between 80 and 90” 

from the fsp. 

2. The enhancement effect of free-stream turbulence 
on the local time-averaged heat transfer rate over the 
boundary-layer region is the result of boundary-layer 
penetration by free-stream vortices which increase the 

“apparent level of turbulence” in the laminar boundary 
layer. 

3. The overall heat-transfer rate under constant heat 

flux conditions is about lo-20 pee cent higher than that 
under constant wall temperature conditions. 
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DYNAMIQUE DU TRANSFERT DE CHALEUR PAR LES CYLINDRES 
DANS UN ECOULEMENT TURBULENT D’AIR 

RCsum4 .--On a &die la dynamique du transfert de chaleur par un cylindre circulaire dam un courant 
d’air turbulent en considerant plus particuii~rement la region de sillage. 

Les resultats. obtenus pour un domaine de nombre de Reynolds compris entre 3000 et 9000. 
indiquent clairement que le sillage comprend deux regions distinctes: les regions principale et secondaire 
tourbillonnaires. La premiere s’etend entre 85,’ et 130~150” a partir du point d’arrit amont, tandis que 
la seconde couvre la surface restante du sillage. Ces deux regions reagissent differemment aux variations 

dans l’ecoulement potentiel. 

DIE DYNA~IK DES W~RME~BERGANGS VON ZYLINDERN IN 
TURBULENTER LUFTSTR~~UNG 

Zusammenfassung.- Es wurde die Dynamik des Warmetibergangs von Kreiszylindern in turbulenter 
Luftstromung untersucht, wobei die Vorgange im Totwasserbereich spezielle Beachtung fanden. 

Die im Bereich von 3000 < Rr < 9OOOgewonnenen Ergebnisse zeigen deutlich, da8 der ‘Totwasserbereich 
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aus einer Hauptwir~lzone und einer Sekund~rwir~lzone besteht. Die Sekund~rwirbelzone liegt im 
Bereich zwischen Umfangswinkeln von 85” bis 130”-150” vom Staupunkt, die Hauptwirbelzone nimmt 
den restiichen Totwasserbereich ein. Es wird gezeigt, da5 beide Zonen unterschiedlicb auf Versnderungen 

der Anstriimbedingungen reagieren. 

TE~nOO~MEH ~~n~H~POB B TYP~YnE~HO~ IIOTOKE BO3nYXA 

AHHOT~UHU- ~poBenetiosiccnenoBaHuenepemcaTewao~ Kpyro~oro uunmnpa~Typ6y~eHTHoh4 
nOTOKe BO3AyXa,IIpU'ieM,OCHOBHOeBHHMaHUeyJleJIeHO o6nacra CJIWla. 

Pe3yJIbTaTbI,IIOJty~eHHbIeBAHa~a3OHe'IHCeJl PekHOJIbACaOT 3000 ilO 9000, RCHOIIOKa3bIBaIOT, 
~TOCJIe~COCTOkiTEi3~ByXYeTKOBbIpa~eHHbIXBHXpeBblX o6nacTet4: BTOpH'iHOi%AOCHOBHO~.~epBaR 
06JlaCTbJIe%HTMexny 85" II 130-150” OTIleIepeJlHekKpHTAYeCKOZfTO'iKB,aBTOpaR 3aHIIMaeTOCTaJIb- 
Hy3O WCTb cnefia,nOKa3aHO, YTO 3711JtBe o6nacrw pa?JIEi'IHO peiWipytoT HaH3MeHeHEiII yCJI0BHi-i B 

CBO60nHOM IIOTOKe. 
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