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Abstract—Effect of blockage ratio on heat transfer from non-

circular tube is studied experimentally. For doing this experiment a 

suction type low speed wind tunnel with test section dimension of 

14×14×40 and velocity in rage of 7-20 m/s was designed. The 

blockage ratios varied between 1.5 to 7 and Reynolds number based 

on equivalent diameter varies in range of 7.5×103 to 17.5×103. The 

results show that by increasing blockage ratio from 1.5 to 7, drag 

coefficient of the cam shaped tube decreased about 55 percent. By 

increasing Reynolds number, Nusselt number of the cam shaped tube 

increases about 40 to 48 percent in all ranges of blockage ratios.  

 

Keywords—Wind tunnel, non-circular tube, blockage ratio, 

experimental heat transfer, cross-flow.  

I. INTRODUCTION 

LOW around bluff bodies mounted near solid surfaces in 

cross-flow has many applications such as pipelines in 

seabed, cross-flow heat exchanger, and electric heating 

elements. Circular cylinders due to its ease of preparation are 

used in most of the industrial equipment. Zukauskas and 

Ziugzda [1], Zdravkovich [2] published book about flow and 

heat transfer from cylinder. 

In industrial heat exchangers and in most experimental rigs, 

the tubes are placed in channels. The effect of channel walls is 

expressed by the blockage factor, which is the ratio of the 

cylinder diameter to the channel height, D/H. An increase of 

the blockage factor involves basic changes of the pressure 

distribution with consequential changes in the velocity 

distribution outside the boundary layer and in the velocity 

gradient. Zukauskas [1] analyzed the study of Akilba’yev et al. 

[3] about the effect of blockage ratio on the flow and heat 

transfer of a cylinder in a restricted channel. Mohamed et al. 

[4] experimentally investigated forced convection heat transfer 

from the outer surface of triangular cylinder in cross flow of 

air. The blockage ratios varied in ranges of 0.066 to 0.263. 

Their results showed that using triangular cylinder instead of 

circular and square cylinders at high Reynolds number 

enhances the heat transfer. Chakrabarty and Brahma [5] 

carried out experimental investigation in fluid flow and heat 

transfer at Reynolds number Re = 49×10
3
 and blockage ratios 

from 0.1 to 0.4 with aspect ratio varied in range of 1.5 to 
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0.333, to study the effect of wall proximity around rectangular 

cylinder. They found that the value of average Nusselt number 

decreases as the prism moves in the direction of the upper wall 

of wind tunnel. Singha and Sinhamahapatra [6] studied 

numerically flow around a circular cylinder placed centrally 

inside a channel with Reynolds number and blockage ratio 

varying in range of 45 to 250 and 2 to 8, respectively. Their 

results showed that the mean drag coefficient and Strouhal 

number decreases with increasing channel height. 

Nouri-Borujerdi and Lavasani [7]-[11] experimentally 

studied flow and heat transfer from cam-shaped tube in cross-

flow of air. Their results indicate that single cam-shaped tube 

performed better than circular tube. Lavasani and Bayat [12]-

[14] numerically studied flow and heat transfer characteristics 

from two cam-shaped tubes in side-by-side and tandem 

arrangement. Mirabdolah Lavasani et al. [15] experimentally 

studied convective heat transfer from cam-shaped tube bank 

with in-line arrangement and Bayat et al. [16] experimentally 

studied thermal-hydraulic performance of cam-shaped tube 

bank in staggered arrangement. Their results show that 

thermal-hydraulic performance of cam-shaped tube bank in 

both in-line and staggered arrangement is about 5-6 times 

greater than circular tube bank. 

II. DESIGN PARAMETER OF LOW SPEED WIND TUNNEL 

A. Settling Duct and Nozzle 

The settling duct is located at the entrance of the wind 

tunnel and contains the honeycomb. It used to moderate 

longitudinal variations in the flow. In this study settling duct 

has a square cross section with 56 cm width by 56 cm height 

and 28 cm length. Honeycombs are located in the settling duct 

and are used to reduce no uniformities in the flow. For 

optimum benefit, honeycombs should be 0.6-1.2 mm cell 

diameters and the length of the honeycombs should be 6-8 

times the hydraulic diameter of the honeycomb holes [17]. In 

this work a plastic honeycomb with square cross section and 

length of 8 cm and cell diameters of 1 cm has been designed. 

Contractions sections (Nozzle) are located between the 

settling chamber and the test sections and serve to both 

increase mean velocities at the test section inlet and moderate 

inconsistencies in the uniformity of the flow. Small tunnels 

typically have contraction ratios between 8 and 12 and 

appropriate length for nozzles varies between 1.2D to 2D [16]. 

In this work contraction ratios is 12:1 and the length of the 

nozzle is 68 cm.  
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B. Test Section 

The test section should be designed to match the upstream 

contraction section and downstream diffuser section. A 

straight test section of 16 cm width by 16 cm height and 40 cm 

length has been fabricated.  

C. Diffuser and Fan 

To smoothly decelerate the airflow a diffuser should be 

located downstream of the test section. Diffusers are chambers 

that slowly expand along their length, allowing fluid pressure 

to increase and decreasing fluid velocity. Diffusers are located 

downstream of the test section and are used to recover 

pressure from kinetic motion of the fluid thereby reduced the 

power required to drive the tunnel. Wide angle diffuser design 

should provide completely attached flow so the divergence 

angle should be restricted to 3 degrees [17]. In this work the 

diffuser angel is 3 degree. 

An adjustable fan is needed to suck down the airflow in the 

wind tunnel. An adjustable Speed Drive, 750 W, 3-phase 

variable frequency inverter / controller to regulate the fan shaft 

RPM is needed. The fan generates the 5-14.1 m/s for test 

section.  

D. Flow Simulation inside Wind Tunnel 

In this study before making the wind tunnel simulations is 

done by using finite volume method. The computational grid 

is shown in Fig. 1. The second order upwind scheme was 

chosen for interpolation of the flow variables. The SIMPLE 

algorithm has been adapted for the pressure velocity coupling. 

In all simulation, a convergence criterion of 1×10
-6

 was used 

for all variables. Velocity Contours inside wind tunnel and test 

section is shown in Fig. 1. The velocity contours in wind tunnel 

and test section is represented in Fig. 2. 

III. EXPERIMENTAL SETUP 

Fig. 3 shows the cross section profile of the cam shaped 

tube that comprised of four parts, two circles which two arcs 

segments are tangent to them. The tube has identical diameters 

are equal to d=8 mm and D=16 mm where distance between 

their centers is l=15.75 mm. Characteristic length for this tube 

is the diameter of an equivalent circular cylinder, 

Deq=P/π=22.44 mm, whose circumferential length is equal to 

that of the cam-shaped cylinder. 

As it is shown in Fig. 3 the test tube is mounted horizontally 

perpendicular to the flow direction in test section of open loop 

wind tunnel. For creating different blockage ratios, two plates 

with thickness of 2 mm were mounted in test section where 

the distance between plates, H, changes in order to have 

several H/Deq values. 

 

 

Fig. 1 Computational Grid  

 

(a) 

 

 

(b) 

Fig. 2 Velocity Contours: (a) Wind Tunnel (b) Test section 
 

 

Fig. 3 Schematic of cam-shaped tube between parallel walls 
 

A pitot static tube is used to measure the free stream 

velocity in front of the test section. The air velocity varies 

from 5.9 to 14.1 m/s by controlling a variable speed motor. 

The pressure drag coefficient CD is determined 

experimentally from pressure distribution over the cam 

shaped-tube surface, including the large and small circles as 

well as two tangent arcs between them as follows: 
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θ is different for each of the holes. This angle denotes the 

angle between the normal vector on the tube surface and free 

stream. S denotes the surface distance from leading edge of 

the cylinder and ∆Si represents a length on the tube perimeter 

belong to each hole. The pressure distribution on the cam 

shaped is expressed in dimensionless form by the pressure 

coefficient, Cp,i. 
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where Pi is the static pressure measured by a differential 

pressure meter at the location of the holes drilled on the tube 

surface. P∞, U∞ and ρair are the pressure, velocity and density 
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of the free stream, respectively. Drag coefficient of circular 

tube was measured and its results are compared White [18], in 

order to assure that current setup is working properly for 

measuring drag coefficient of cam shaped tube. 

The rate of heat transfer from the tube to the air is obtained 

by measuring mass flow rate and temperature of water at inlet 

and outlet of tube: 
 

( ),w w p w wi woQ m C T T= −ɺ ɺ                           (3) 

 

where w w wm Vρ= ɺɺ which ,p wC , wρ  and wVɺ   are specific heat, 

density and volume flow rate of water, respectively. 

The mean Nusselt number is determined as follows: 

 

( )
eq w

eq

s

hD Q
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k Lk T Tπ ∞
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−
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                          (4) 

 

where temperature of tube surface is defined by 

( ) 2s wi woT T T= + . 

IV. RESULT AND DISCUSSION 

A single circular tube with diameter of 2.73 cm and length 

of 30 cm is tested before testing the cam shaped-tube, to verify 

the data-taking process and to check the related equipment 

setup. Figs. 4 and 5 compare the present results with the 

results of White [18] and Zukauskas [1], respectively. The 

difference between drag coefficients of present work with 

White [18] is about 3 percent and the difference between 

Nusselt numbers of present work with Zhukauskas is about 2 

to 5 percent. Therefore, it can be concluded that the present 

experimental set up can be used for measuring pressure drag 

and heat transfer of a cam shaped tube. 
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Fig. 4 Drag coefficient of circular tube in cross-flow 
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Fig. 5 Heat transfer circular tube in cross-flow 
 

The drag coefficient was obtained by integrating pressure 

distribution around the circumference of the cam shaped tube 

in the direction of air flow. The variation of drag coefficient 

for blockage ratios 1.5 and 7 is presented in Fig. 6. Result 

shows that as the value of blockage ratio increases, the drag 

coefficients continuously decreases for all ranges of Reynolds 

numbers. As the blockage ratio increases from 1.5 to 7 the 

mean value of CD decreases from 1.054 to 0.456. 

The variation of the averaged Nusselt number of the cam 

shaped tube with blockage ratio and Reynolds number is 

shown in Fig. 7. It can be concluded from this figure that as 

the value of blockage ratio decreases, Nusselt number 

continuously increases for all ranges of Reynolds numbers. 

For H/Deq = 1.5 and 7 by increasing Reynolds number from 

7000 to 17500 Nusselt number for cam shaped tube increases 

about 40 and 48 percent, respectively. Moreover, results show 

that by decreasing blockage ratio from 7 to 1.5, heat transfer 

increases about 8 to 23 percent for Reynolds number of 7000 

to 17500. 
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Fig. 6 Drag coefficient of cam-shaped tube 
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Fig. 7 Heat transfer from cam-shaped tube 
 

Comparison of Nu/CD of cam shaped tube with circular tube 

is presented in Fig. 8. Due to aerodynamic shape of cam 

shaped tubes, its drag coefficient is much lower than circular 

tube. Therefore, for all rang of blockage ratios and Reynolds 

number Nu/CD of cam shaped tube is about 52 to 115 percent 

greater than circular tube with equivalent diameter. 
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Fig. 8 Comparison of Nu/CD of cam shaped tube with circular tube 

V. CONCLUSION 

In this study flow and heat transfer from a cam shaped tube 

between two parallel walls were investigated experimentally. 

The blockage ratios varied between  

1.5≤H/Deq≤7 and Reynolds number based on equivalent 

diameter varies in the range of 7500≤ Reeq≤17500. The 

dependency of the Pressure coefficient, pressure drag and 

Nusselt number for cam shaped tube on the blockage ratio is 

quite clear from the results. By increasing blockage ratio from 

1.5 to 7, drag coefficient decreases about 57% and by 

decreasing blockage ratio from 7 to 1.5 Nusselt number 

increases up to 23%. 
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