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Abstract: 

 Wind tunnel experiment were performed to determine the variation of local and average heat 

transfer coefficient in the region of wall cylinder interaction for a wall-attached cylinder in 

cross flow. Local heat transfer coefficient were measured with a mass transfer sensing 

element, from which average coefficient were found. The sensing element waspositioned at 

various axial stations along the cylinder. The experiment spanned the Reynold number from 

10930 to 42650 and was supplemented by velocity profile measurement and flow 

visualization. 

Experimental result confirm the previous results(3), that the wall cylinder interaction were 

confined to length  of the cylinder extending about one diameter from the wall. The 

measurements show that the heat transfer rates at different positions of the wall affected 

region is determined by two factors; the decrement of velocity at the near wall position (i.e. 

the position within the boundary layer) and the extent of vortices encountered in the flow at 

the affected region. Nearer positions of the wall gives lower heat transfer rates, moving 

outwards far from (within the affected region) the wall the rate of transfer is increased. It is 

found that this behavior is Reynold number dependent, Low Reynold numbers gives low 

values of heat transfer rates compared to unaffected region rates, higher range of Reynold 

numbers enhance the transfer, that make the rates higher compared to the unaffected region 

values. The mean heat transfer coefficient at the lowest measured Reynold number was 

decreased in the range of 18.5%, while the enhancement was in the range of 4.5-5.6 %. 
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Nomenclature: 

C            : constant 

Cp          : specified heat  

CW, C∞: concentration of diffusing substance at the wall and free stream                                          

respectively 

D           : diffusing coefficient  

d   : cylinder diameter  

h  : heat transfer coefficient 

K          : thermal conductivity of air  

Km       : convective mass transfer coefficient  

m, n     : constants  

Nu         : Nusselt number   

PV (T)    : vapor presser of butyl alcohol at temperature T 

q            : heat transfer rate  

R            : molar gas constant for butyl alcohol  

Re          : Reynold number  

S             : rate of change of sensor voltage with time  

Sh           : Sherwood number  

Sc           : Schmidt number  

t    : time  

U             : velocity at distance x from wall  

U∞ : free stream velocity  

x,y        : distance measured in the axial and normal direction respectively  

Greek symbols: 

α: thermal diffusivity = K/ ρCp 

ρ : density  
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Introduction: 

The cylinder in crossflow is one of the most frequently encountered heat transfer 

configurations and as a consequences, it has been the subject of extreme experimental study 

as witnessed in references[1&2]. In general, either one or both ends of such cylinders are 

attached perpendicular to a wall. At the wall-cylinder interface and extending along the 

cylinder for a distance of one diameter as deduced in reference [3], the fluid flow passing over 

the cylinder interacts with the wall-adjacent boundary layer. The heat transfer ramification of 

these interactions has long been a matter of speculation especially in connection with 

applications such as pin fins and tube banks. In view of the importance of the problem, it is 

remarkable that only a few undetailed published literatures are available for the cylinder heat 

transfer coefficient for the region adjacent to the wall-cylinder attachment.  

The authors in reference [3] mentioned that the only related results contained in an 

unpublished report by Karni, that investigation was limited to a single Reynold number of 

19000. Reference [4] presents a study on heat transfer at and to the free end (tip) of a signal 

cylinder in cross flow. 

This work is represents a detailed study of an extension to the data presented by E.M. 

Sparrow, I.J. Stail and P. Traub in reference [3]. The presentexperiment was performed with a 

single cylinder in cross flow. One of the ends was attached perpendicular to the wall of wind 

tunnel while the other end was free. The length of the cylinder was such that there was no 

interaction between respective ends. The work encompassed two separate but interrelated 

foci. In the main body of experiments local heat transfer coefficients were measured from 

which the average coefficients is deduced and form which a detailed study on the flow pattern 

around the cylinder is carried out for a consequences of axial station starting at the wall 

cylinder interface nd progressing along the cylinder in the direction away from the wall . 

Baseline measurement were also made at a location far from both ends of the cylinder these 

experiment spanned the Reynold numbers range from about 10930 to 42650. 

The second focus of the research was concerned with the fluid flow characteristics. It 

consisted of two parts. In the first part velocity profiles were measured at the site of the 

cylinder (with the cylinder removed) in order to establish the thickness of the velocity 

boundary layer in the flow approaching the cylinder. In the second part flow visualization 

were made using the oil-lampblack technique. These visualizations provided insight into the 

patterns of fluid flow both on the cylinder and on the wall adjacent to the attachment of the 

cylinder.  

Experimental apparatus: 

The experimental apparatus is shown diagrammatically in figure (1). To obtain local heat 

transfer coefficients with high accuracy, It is advantageous to employ a mass transfer 

technique in which the model may be made from a material that evaporates such naphthalene. 

Hence if the section is accurately weighed before insertion in the test stream and then after a 
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period of time weighed again, accurate rate of mass transfer can be determined. From the 

mathematical relationship this value may be converted to a convective heat transfer 

coefficient. In addition to greater measurements precision, The special advantage of the mass 

transfer technique for the present problem are the virtual absence of extraneous losses (such 

as conduction in the corresponding heat transfer problem) and the easy attainment of a 

standard boundary condition (analogous to uniform wall temperature). The technique used in 

this work was that on the Hilton convective heat transfer experimental and research unit 

H990, which was developed by the national nuclear corporation (UK). The technique uses the 

evaporation of a liquid from a surface and utilizes on optical method for measurement of rate 

of transfer. This makes the technique quicker and simpler to use than sublimation. 

 
Figure 1:Experimental Apparatus. 

Wind tunnel: 

A vertically mounted glass reinforced plastic duct having a cross section of 65 x 150 mm 

section with bell mouth intake at its upper end while the front cover of opaque plastic with a 

central opining of 200 mm length to receive standard test plate. Integral manometer (range 

from 0 to 70 mm H20) allows measurements of duct air velocity by determination of intake 

depression. Type K thermocouple mounted in lower end of duct records duct air temperature. 

The air duct is directly mounted on the frame and fan intake. Pan exit has integral flow 

control and diffuser for loss reduction and for attachment of flexible exhaust duct.  

The cylinder and sensor: 

A 22 mm diameter PVC cylinder mounted on a flange designed to fit in the standard plate. 

With the plate and cylinder in the wind tunnel, the cylinder is situated centrally in the air 

stream. In the center of its active length is a 5 mm diameter optical window that allows the 

infra-red lamp on the sensor to illuminate the absorbent paper when this is stuck to the 

cylinder. The reflected light from the paper passes back through the window and is detected 

by the integral photo transistor. The sensor assembly is retained in the cylinder by grub screw 
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opposite the window. A second grub ensures location of the plug which in turn locates the 

sensor optics directly under the window. To measure the surface temperature of the absorbent 

paper a thermocouple is bounded to brass shim adjacent to the optical window. The 

thermocouple lead is brought out through the plug body and then through the cylinder body. 

This thermocouple is then connected to the data logger / processor. Figure (2) is a sectioned 

view for the assembly of the cylinder and sensor. The sensor head consist of an infra-red light 

emitting diode (LED) and detector mounted at inclined angles to increase the efficiency of 

light reflection from the paper surface. The lamp and detector are mounted in a machined 

PVC block and are cast in resin. The connections are made via a multi-core shielded cable to 

a 5 way DIN plug designed to fit in the socket on the date logger. The data logger and the 

processor consists of a rack mounted, 6502 based microprocessor controlled data logger, 

dedicated software and keyboards and a video monitor. The firs card fitted in the rack is the 

processor card, the software for operationof the unit is based on this card in the eprom. The 

second card is the monochrome video controller.These interpret the output from the processor 

card and display both text and graphic images on the videomonitor. The mass transfer and 

analogue to digital converter card is situated in the third slot of the rack. This card contains 

the electronic driving the mass transfer light emitter and detector. It also receives analogue 

signals from the mass transfer cylinder thermocouple and contains a multi analogue to digital 

converter to transfer this data in digital form to the processor card. 

 
Figure 2: Assembly of mass transfer cylinder. 

The calibration of the mass transfer sensor and the electronics is done using the correlation 

investigated by Geidt [5] for the forward stagnation point of cylinder in cross flow i.e. 
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Figure 3: A cylinder in cross flow. 

 
Figure 4: Sensor Arrangement. 

Nu= 1.01 Red
0.5

. This correlation is valid only for the forward stagnation point, For this reason 

calibration of the cylinder is cared out using a strip of paper 13 mm wide along the stagnation 

of the variation in heat transfer coefficients around the cylinder, a piece of the absorbent paper 

60mm x 65mm is cut, the longer dimension is wrapped around the circumference and a strip 

approximately 4 mm wide will remain uncovered at the rear stagnation line on the cylinder. 

Detailed examinations of sensor behavior one can be prove that [11], 

ℎ𝑑

𝑘𝑠
=

1.01 𝑅𝑒𝑑
0.5 

𝐶 𝑅𝑒𝑑
0.5 

 , ℎ =
 1.01𝑘 𝑆

𝐶 𝑑
    … . (1) 

Hence  (
1.01𝑘

𝐶 𝑑
)  is the calibration constant for the sensor. 

Once the calibration factors has been obtained, the senor mass transfer signal and hence S can 

be obtained. Equation (1) may be used to determine the local convective heat transfer 

coefficient at the sensor position.  

 

Flow visualization: 

 

The lampblack technique was employed to enable visualization of the pattern of fluid flow 

adjacent to the attached end of the cylinder and adjacent to the wind tunnel wall in the vicinity 

of the cylinder. The general procedure for using this technique is to brush a mixture of oil and 

lampblack powder on a surface and then to expose the surface to the airflow whose 

characteristic are to be studied. Under the action of stresses exerted by the fluid, the mixture 

will move along the surface. Producing pattern indicative to the paths of the fluid particles 

will pass adjacent to the surface. However, in regions of low velocity (e.g. stagnation or 
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reattachment zones), The stresses are small, So that the mixture remains virtually stationary, 

With the result that such regions show themselves as black streak-free zones on the surface.  

The visualization runs were preformed separately from the mass transfer data runs for the 

runs. The surface was covered by smooth white contact paper to give the highest possible 

contrast for the black streak line induced by the flow. Numerous trial mixture was employed 

before one was founded which provided high resolution of the flow pattern while resisting the 

tendency to sag when supplied to the surface of cylinder. 

In order to obtain the most definitive possible patterns, the final visualization runs were made 

at the maximum velocity of the wind tunnel, which corresponds to a cylinder Reynold number 

of 42650. Once the patterns were formed, the contact paper was removed from the surface and 

laid flat. The sharpest pattern wasphotographed. Inspection of the figure indicates the there I a 

region of wall-cylinder interaction which extends a distance of about one diameter from the 

attached end near the wall, beyond that, the flow is unaffected by the presence of the wall, as 

witnessed by the uniformity of the pattern at the middle section while the wall interaction 

region is identical for both sides of the cylinder.  

In the wall-unaffected region, there is a vertical stagnation line where the impinging flow 

strike the cylinder head on. The stagnation region is characterized by low velocities, so that 

the oil lampblack mixture dose not moves. 

In order region of wall cylinder interaction, the stagnation line gives way to vertically 

downward flow which is also superposed on the circumferential flow which streams around 

the cylinder ref. [3] papered figure (5) to rationalize this downward flow on the basis of his 

experiments and from information provided by the smoke photographs for a related flow field 

(6). Shown there in a side view are two hypothesized vortices, whose respective cores are 

labeled I and II. The large vortex rotates clock wise and indicates a downward flow. Vortex II 

is much smaller than vortex I and rotates counter-clockwise. From the visually observed rapid 

development of the oil-lampblack pattern in the neighborhood of vortex II, it can be 

summarized that this vortex rotates much more rapidly than vortex I.  

 

 
Figure 5: Wall adjacent pattern flow. 

 

Velocity profiles: 

Profiles of the stream wise velocity adjacent to the wind tunnel wall were measured to 

determine the extent of the boundary layer for the range of Reynold numbers considered. The 

measurement were made at the site of the cylinder but with the cylinder removed. A total pitot 

tube with a sensitive inclined manometer with accurate traversing mechanism is used for this 
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purpose. The impact-static pressure different yielded the velocity at each position of 

measurement. 

Figure (6) shows the results of this measurement in the form of a dimensionless velocity (
𝑈

𝑈∞
) 

versus dimensionless distance (
𝑋

𝑑
). 

 

 
Figure 6: Velocity boundary layer. 

For refine purposes, the vertical dashed lines in figure (8) shows the interfaces between the 

five positions of the sensing element. Profiles for three Reynold numbers are plotted, 

respectively 10930,32110 and 42650 and smooth curves have been faired through the data to 

provide continuity.  

All three profiles are of similar shape. They rise steeply from the origin, then bend over and 

flatten out as the velocityratio approaches unity. One of the significant differences between 

the profiles is the sharpness with which each profile bends over after it rises from the origin. 

The bending tends to be more gradual as the Reynold number decreases. It may be noted that 

the boundary layer thickness for the three Reynold number is in the range of approximately of 

one cylinder diameter (i.e.
𝑋

𝑑
=1).  

It is worth noting that the X for amentioned boundary layer thickness for the highest Reynold 

number is equal to the wall affected region identified from the flow visualization. 

 

Mass transfer experiment and results: 

 

The mass transfer tests are carried out to get the local heat transfer coefficient around the 

cylinder (the mass transfer result is converted directly in the menu to heat transfer coefficient 

using the analogy. In each test the paper warped around the cylinder is wetted with alcohol, 

and after waiting for a soaking period (about 2 minute) until the output signal displayed is 

maximum, The cylinder is inserted in the wind tunnel with the desired angle and the 

following the procedure for operating the unit, the drying curve is displayed in the screen 
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(sensor signal output (volts) with time) together with surface temperature variation during 

drying process. Figure (7) shows typical drying curve. The linear portion of drying curve is 

fixed with vertical lines the slope of the linear portion is divided by the (max-min) difference 

from which the local heat transfer coefficient is calculated and displayed on the screen 

together with other relevant data for the test. This procedure is repeated for each angle, 

starting from an angle of 0 with an increment of 20
o,
 the test is ended with an angle of 180

o,
 

hence the heat transfer coefficient for the other half of the cylinder can be found due to 

symmetry. The wind tunnel velocity is varied using the lever operated damper mounted on the 

fan exhaust. The experiments spanned tunnel air velocity from 7.9 to 29.3 m/s which is 

correspond to a Reynold number range extending from about 10930 to 42650. For each tunnel 

velocity the mass/heat transfer measurement is carried out for different positions of sensing 

element mentioned.  

 
Figure 7: Drying curve. 

The average heat transfer coefficient for each axial position is deduced from the local heat 

transfer coefficients measured for variable angular positions using the formula. 

ℎ𝑥 =
 ℎ 𝑑𝜃

𝜃
    … . (2) 

 

Results: 

The first order of business is the presentation of the Nussle number results for the wall-

unaffected region and their comparison with heat transfer information from the literature. 

These data were collected with the sensing element positioned at mid position (
𝑋

𝑑
≅ 1.5), 

andthe corresponding Nussle numbers (based on average heat transfer coefficient) are plotted 

as a function of the Reynold number in figure(8).  
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Figure 8: Variation of Nud at different position. 

Also shown are two lines respectively representing the correlations of Zukauskas [2] and 

Whitaker [7] for heat transfer from a cylinder in cross flow given as follows in Equations 

(3&4),respectively, 

 

𝑁𝑢 = 0.26 𝑅𝑒0.6𝑃𝑟0.37     … . (3) 

𝑁𝑢 =  0.4 𝑅𝑒0.5 + 0.06 𝑅𝑒0.6 𝑃𝑟0.4     … . (4) 

 

All available correlations for a cylinder in cross flow because the above correlation formula 

covers a wide range of prandtl number.  

Figure (8a), shows that the present data fall above the two correlating lines, such deviation 

can be explained due to the presence of high turbulence level in the free stream. Figure (8) b, 

c and d, corresponds to(
𝑋

𝑑
≅ 0.5, 0.75, 1). 

 

At the wall affected region respectively reveals that the low Reynold numbers is conjugated 

with lower Nusselt numbers, higher Reynold numbers gives an inverse behavior trend. The 

variation in the extent of difference relative to the wall unaffected region is variable with 

position (
𝑋

𝑑
). This trend can be explained referring to the effect of vortex I in figure (7). 

This vortex is with high rotational speed giving higher heat transfer rates. Low rates at low 

Reynold number is due to smaller effect of this vortex and due to the lower velocity within 

the hydrodynamic boundary layer at the wall interaction region figure (6). 
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Figure(1) e,f, represent data measured for (
𝑋

𝑑
≅ 0.25 and 0.1), respectively , these two figures 

reveals that the positions nearer to the wall gives lower heat transfer rates when compared to 

the wall-unaffected region . In the wall-affected region the velocities are lower than those at 

positions farther from the wall, as documented at figure (6). 

The experimental measurements of local heat transfer coefficient around the cylinder 

witnessed the discussed results for the effect of vortices on the flow at the wall adjacent 

region. Figure (9) gives measurements of local heat transfer coefficient for a Reynold number 

of 39910 at different positions of the sensing element (due to symmetry only half of the 

cylinder result is shown). The figure reveals that unaffected region measurement (
𝑋

𝑑
=1.5) is 

similar to the standard result in literature.             For laminar flow region (10), were the point 

of separation is fixed within the limit of 80-90
o
 angle measured from stagnation point. 

Figure (9) shows that the separation point is transferred backward to 110-120
o
 with highest h 

is at (
𝑋

𝑑
=0.5). 

 

 
Figure 9: Local (h) around cylinder, Re=39915. 

 
Figure 10: Variation of (h) with angle 
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Figure (10) gives local measurement at two Raynold numbers at their different positions. The 

figure reveals that higher Raynold number gives higher values of heat transfer coefficient 

with same behavior discussed on figure (9) concerning point of separation at wall-affected 

region.  

Figure (11) a, b, c, d, e and f shows that the variation of the heat transfer coefficient with 

position in the wall affected region (hex) at different values of Raynold numbers given as a 

percentage different with the measured heat transfer coefficient at the wall unaffected region 

(h∞) .  

 

 
Figure 11: a, b, c, d, and e and f variation of local heat transfer coefficient (hx). 

 
Figure 12: Variation of heat transfer coefficient with Reynold no. 

The average heat transfer rate for the whole affected region is calculated by integrating the 

areas under the curve in figure (11) and plotted with Reynold numbers as abscissa in figure 

(12);this figure reveals that the higher Reynold numbers enhance the heat transfer coefficient 

at the wall affected region. The respective decrease in transfer coefficient to the lower 

Reynold numbers is in the range of 18.5% while the respective enhancement is in the range of 

4.5-6.5% for the higher Reynold number within the test range.  
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Conclusion Remark: 

1- The affected region at the adjacent wall of a cylinder in cross flow extends a distance 

equal to about one cylinder diameter.  

2- The heat transfer rate at different positions of the wall affected region is determined by 

the interaction of two factors, first is decrement of velocity at the neat wall position 

(i.e. the position within the boundary layer), the second is the extent of vortices 

encountered in the flow at the affected region.  

3- Generally the nearest position to the wall affected region is encounter with the lower 

heat transfer rates , the transfer rates is enhanced as moving outward . 

4- The effect of Reynold number is to enhance the heat transfer rates as the Reynold 

number increase , such that the heat transfer rates at high Reynold numbers ( within 

the measured range ) is higher than the unaffected wall rates .  

5- The boundary layer remain laminar in behavior with point of separation in the range of 

angle of (80-90
o
) measured from stagnation point at the wall unaffected region while it 

tendency to behave as a turbulent one at the wall interaction region with point of 

separation moves backward to an angle of about 120
o
 . 

 

Reference: 

[1] V.T.Morgan, theoverall convection heat transfer from smooth circular   cylinder, in 

advances in heat transfer, Vol.11, pp.199-264, academic press,New York (1975). 

[2] A, A, Zukauskas, heat transfer from tubes in cross flow, in advances in heat transfer, 

Vol.8, pp.93-100, academic press,New York (1972). 

[3] E.M. Sparrow , T.J. Stahl and P. Traubel , heat transfer adjacent to the attached end of a 

cylinder in cross flow , Int. J. heat and mass transfer , Vol.27,No.2,pp.233-242 (1984). 

[4] E.M. Sparrow, F.Samie, measured heat transfer coefficient at and adjacent to the tip of 

wall-attached cylinder in cross flow application to fins,Trans of the ASME, Vol.103, pp. 

778-784, November (1981). 

[5] W.H. Geidt, investigation of point unit heat transfer coefficient around a cylinder normal 

to airstream, trans. of the ASME, pp.375-381, May (1949). 

[6] B. Thwaker, Incompressible aerodynamic, clarendom press, oxford, (1960) 

[7] S.Whaites,Elementary heat transfer analysis, pergoman press, oxford (1976). 

[8] T.S. Samara and S.P. Sukhatem, local heat transfer from a horizontal cylinder to air in 

cross flow, influence of free conviction and free stream turbulence, Int. J heat and mass 

transfer, vol.20,pp.51-56,(1977). 

[9] G.J. Vanfossen , Jrand R.J Simoneau , A study of the relationship between free-stream 

turblance and stagnation region heat transfer , trans of ASME , Vol.109,February , pp.10-

15,(1987). 

[10] Alan J. Chapman, heat transfer MMacmillan publishing company, 4
th

 edition, (1984). 

[11] Operating manual of H990 mass-transfer unit P.A. Hilton.  


