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Abstract— This paper presents a numerical simulation of the 

flow structure, flow topology, and heat transfer of an isothermal 

cylinder with variable corner radius ratio (r/R) = 0, 0.1, 0.25, 0.5, 

0.75, and 1.0, for two different flow regimes. One is steady and 

the other is pulsating flow. Here, r is the corner radius and R is 

the cylinder half-width. The air stream flow has a low Reynolds 

number Re of 100 and Prandtl number Pr = 0.7. The 

dimensionless amplitude of the velocity oscillations (A*) is 40% 

relative to the free-stream velocity, and the dimensionless 

frequency is 7. The governing equations were solved using the 

ANSYS-FLUENT 19.2 package. The Pressure implicit with the 

splitting of the operator algorithm PISO is used for the pressure-

velocity coupling. The results from the models agree with those in 

the literature. The effect of r/R on the flow structure around the 

cylinder is investigated for steady and pulsating flow regimes. 

Increasing r/R leads to the appearance of two major flow patterns 

around the cylinder. Pattern A appears at r/R < 0.1, which has 

leading-corner separation and two secondary bubbles appear on 

the sides of the cylinder. Pattern B appears at r/R ˃ 0.1, which 

has trailing-corner separation. The time-mean drag coefficient 

(  D) for the pulsating flow is higher than that of the steady flow 

overall r/R. For the pulsating flow,   D increases by about 5.37% 

overall r/R. The surface- and time-averaged Nusselt number 

increases with increasing r/R for both flow regimes. 

 

Keywords— Flow structure, heat transfer, vortex shedding, 

steady and pulsating flow, wake structure, CFD. 

 

I. INTRODUCTION 

 he convection heat transfer and fluid flow over 

cylinders with various shapes have garnered significant 

attention in applications such as heating, ventilation, 

air conditioning, heat exchangers, and the enhancement 

of cooling systems for electronic chips [1]–[3]. Saha et al. [4] 
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conducted a numerical investigation to explore the spatial 

evolution of vortices and the transition to three-dimensionality 

in the wake of a square cylinder. They found that the transition 

to three-dimensionality occurs at a Reynolds number (Re) 

between 150 and 175. Two types of secondary vorticity modes 

were observed: Mode-A appeared at Re = 175 - 240, and 

Mode-B appeared at Re ≥ 250, characterized by predominantly 

small-scale structures. At Re = 250, the transition from Mode-

A to Mode-B was defined by a simultaneous discontinuity in 

the frequency law. The results also indicated that the time-

averaged drag coefficient values for the square cylinder were 

closely related to the Reynolds number spectrum of interest 

and reflected the spatial structure. Abdelhamid et al. [5] 

conducted a study on the flow structure and heat transfer 

around an isothermal cylinder with a corner radius ratio (r/R) 

of 0.5, at variable angle of attack (α) ranging from 0° to 45°, 

and Re of 180. Here, r represents the corner radius, and R is 

the half-side width of the cylinder normal to the freestream 

direction. Two major flow regimes were observed: Flow 

regime A appeared at α = 0° - 8.5° and was defined as trailing 

corner separation flow, while flow regime B appeared in the 

range of α > 8.5° - 45° and was defined as leading-trailing 

separated flow. The flow structure was found to be unsteady 

and characterized by alternating Kármán vortices. Zafar and 

Alam, [6] investigated the effect of r/R on the heat transfer 

over the cylinder surface. The simulations were performed at 

Re = 150 and Prandtl number (Pr) of 0.7. The modification of 

r/R from 0.0 to 1.0 led to an approximate 33% enhancement in 

heat transfer. Additionally, this modification resulted in the 

shrinkage of the wake bubble and an increase in the vortex of 

shading length. Gau, et al. [7] conducted an experimental 

study to investigate the heat transfer and vortex flow of an 

oscillating isothermal cylinder in the crossflow direction with 

varying frequencies. The results revealed a simultaneous 

enhancement in heat transfer at the stagnation point in the 

downstream region. The study of time-averaged and 

fluctuating forces is of significant importance, as the 

convection heat transfer and aerodynamic characteristics 

mutually influence each other [4]. Badr, [8] conducted a 

numerical analysis to study the effect of freestream 

fluctuations on laminar convection over an isothermal 

cylinder. The simulations were conducted at average Re from 

50 to 500, with the amplitude of velocity oscillations A* 

ranging from 20% to 50% of the freestream average velocity. 

The findings revealed that the rate of heat transfer increases 

with the increase of the amplitude but decreases with the 

increase of frequency. Singh and Engg [9] performed a 

numerical study to investigate the effect of the r/R on heat 
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transfer and flow structure over two different cylinders, one 

with sharp edges and the other with rounded edges. The 

simulations were performed at Re = 100 and Pr = 0.7. The 

results showed that using rounded edges resulted in smoother 

flow separation compared to the square cylinder, and delayed 

flow instability. The drag coefficient decreased due to a 

reduction in pressure drag. Furthermore, the heat transfer from 

the cylinder was significantly enhanced due to the corner 

modification, with an average enhancement of 17% for the 

cylinder with rounded edges. Ambreen and Kim [10] 

conducted a study on the flow and heat transfer characteristics 

around a square cylinder with edge modifications. The 

simulations were performed at Re ranging from 55 to 200, 

with corner variations from corner size to cylinder width of 

0.125. The mean surface Nusselt number was found to 

increase with increasing Re but decrease with the corner 

modification. 

Changing the geometry and the flow regime are factors that 

are utilized to enhance heat transfer properties, resulting in 

higher heat transfer efficiency [11]–[13]. Gaheen, O. A. et al. 

[14] conducted an experimental study to investigate 

convection heat transfer enhancement from a circular cylinder 

in laminar pulsating flow with pulsating frequency from 1Hz 

to 12 Hz and Re from 1.02 10
4
 to 2.04 10

4
. Abdelhamid et al., 

[15] introduced a numerical simulation for an isothermal 

curved cylinder with a corner radius ratio r/R (= 0.5), attack 

angle (α) varies between 0° ≤ α ≤ 45° at low Reynolds number 

Re (= 180). They observed that the fluid forces such as   D and 

  L are sensitive and have critical values at α ≈ 5° and α ≈ 12°, 

respectively. They found that increasing α from 0° to 45° leads 

to a 12.9 % improvement in the heat transfer. Gupta et al. [16] 

conducted a numerical analysis to investigate the momentum 

and heat transfer characteristics of pulsating flow over a 

circular cylinder at various Re (0.1 ≤ Re ≤ 40), Pr ( 0.7 ≤ Pr ≤ 

100), power-law indices (00.3 ≤  n ≤ 1.4), frequencies from 0 

to π, and amplitudes from 0 to 0.8. The results showed that 

heat transfer could be improved by utilizing pulsating flow at 

appropriate Reynolds numbers, velocity amplitudes, and 

power-law indices. 

The pulsating flow has a significant impact on vortex shedding 

and aerodynamic properties, leading to enhanced heat transfer. 

Khalid et al. [17] investigated the effect of pulsating flow over 

a square cylinder at Re of 100 with variable A
*
 of 0.2, 0.4, and 

0.6. The results showed that the time-mean drag and 

fluctuating lift coefficients, as well as the averaged Nusselt 

number, increased with increasing A
*
, regardless of the 

Richardson number (Ri). Yu et al. [18] performed two-

dimensional numerical simulations to investigate the impact of 

pulsating flow on flow structure and heat transfer around a 

heated square cylinder at Re of 100, with varying A
*
 from 0.2 

to 0.8, and normalized frequency (f*) from 0 to 20. The results 

showed that the drag force increased with increasing 

amplitude at the same frequency and increased with increasing 

f* from 0 to 5, followed by a decrease in the range of 5 to 20. 

Saxena and Ng, [19] investigated the impact of laminar 

pulsating flow on a heated rectangular cylinder at Re of 100, 

Pr of 0.74, variable aspect ratio ranging from 1 to 8, frequency 

of 4, and amplitude ratio of 0.4. The findings revealed that the 

heat transfer from the cylinder decreased with increasing 

aspect ratio. Additionally, natural vortex shedding occurred 

for lower aspect ratio cylinders. 

The primary concept behind employing fluid flow in various 

applications is to manage heat and fluid dynamics around 

cylindrical structures, such as air conditioning systems, heat 

exchangers, electronic components on motherboards, and even 

in nuclear power plant operations involving flow over fuel 

rods.  

The aim of this paper is to conduct a numerical investigation 

for the flow structure and heat transfer over a cylinder with 

variable r/R (= 0 – 1), A* (= 0 – 0.8), and f* = 0 – 21, at Re = 

100 and Pr = 0.7 (air). The remainder of this paper is 

organized as follows: In section 2, we presented the problem 

description and the system of incompressible Navier-Stokes 

equations with a fully implicit finite element discretization. 

Furthermore, validation with literature review is introduced 

for the steady flow (A* = 0) and pulsating flow (A* = 0.4). In 

section 3, the CFD simulations are conducted to investigate 

the dependence of   D and 〈  ̅̅ ̅̅ 〉 on the flow topology, wake 

structure, and heat transfer. Some concluding remarks are 

given in Section 4. The novelty in this research lies in the 

introduction of pulsating flow over the cylinder, which is 

uncommon in industrial applications. This novel approach 

demonstrates substantial improvements in heat and fluid 

properties. In this study, we aim to establish a new protocol 

for determining crucial parameters like pulse frequency and 

amplitude, which can have a significant impact on the overall 

performance. 

II. NUMERICAL METHODOLOGY 

A. Governing equations and physical model: 

The governing continuity, energy, and momentum equations 

introduce in a laminar viscous and two-dimensional 

incompressible flow in the dimensionless form with constant 

properties over a cylinder with variable curved corners as 

follows: 

The continuity equation, 
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Based on the freestream velocity U∞, freestream temperature 

T∞, and projection width (side width) D = 2R, (Fig. 1a). The 

parameters are rendered dimensionless as stream velocity u
*
 = 

u/U∞ cross-stream velocity v
*
 = v/U∞  and pressure p* =  

    
 ⁄ , x

*
 = x/D, and y

*
 = y/D, time         ⁄  and 

temperature     (    ) (     )⁄ , where TW is the 

cylinder surface temperature, Reynolds number Re  

      ⁄  and    
   

 
, with ρ, μ,    and k are the fluid 

density, dynamic viscosity, specific heat, and thermal 

conductivity, respectively. The cylinder has variable r/R = 0, 
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0.1, 0.25, 0.5, 0.75, and 1.0, exposed to two different inlet 

flow regimes. Where the bluff body shape leads to flow 

instability and airflow separation, which in turn increases both 

drag and heat transfer. The pulsating flow regime refers to the 

flow with dimensionless frequency f* = (f/fn), where f is the 

variable vortex shedding frequency and fn is defined by the 

vortex-shedding frequency of the steady flow at A* = 0. Here, 

the normalized frequency f* = 0, 3.5, 7, 14, and 21. The ratio 

between the amplitude of the velocity oscillations and the 

average free-stream velocity A* = 0, 0.2, 0.4, and 0.6, while 

the steady flow regime refers to the flow at A* = 0. Both 

regimes are expressed in the schematic of the computational 

domain and are shown in (Fig. 1b). Typical grid structures 

around the cylinder and zoomed-in view of grids around the 

cylinder are provided in Fig. 1d,c. The domain of the inlet and 

outlet boundaries is shown in Table 1.  

 

TABLE I The domain dimension of the inlet and outlet 

boundaries 

 
Flow location Symbols Value 

Upstream Lu 11.5D 

Downstream Ld 38.5D 

Distance between the two lateral boundaries H 20.0D 

 

Where the cylinder exposed face diameter to the upstream 

D/H = 5%, this ratio is called a blockage ratio [5,19 – 21]. 

 

 
Fig. 1. Computational domain parameters of two-dimensional 

cylinder with side length D = 2R. (a) cylinder with changing 

corner radius ratio, (b) Schematic of the computational 

domain, (c) Typical grid structure in the computational 

domain, (d) Zoomed-in view of grids around the cylinder. 

B. Boundary conditions, computational details, and flow 

parameters: 

The boundary conditions are: 

At the inlet for the constant flow, 

   Steady = 1,   = 0, and Θ
*
= 0,                                (5) 

At the inlet for the pulsating flow 

  Pulsating  (       (    )),   
  = 0, and Θ

*
= 0  (6) 

At the outlet, 
 𝜑 

   
 = 0, where 𝜑  = u

*
, v

*
 and Θ

*
,  (7) 

Slip conditions are not held on the surface of the cylinder, 

u
* 
= 0 and v

*
 = 0.      (8) 

At conditions for the upper and lower boundaries, 
   

   
 = 0,    = 0, and 

   

   
 = 0.    (9) 

The cylinder is considered as isothermal, i.e., Θ
*
 = 1, 

The drag and lift coefficients  D and  L are calculated as  D = 

2FD/ρ  
 D and  L = 2FL/ρ  

 D, where the drag and lift forces 

FD and FL are computed by integrating the pressure 

distribution and viscous shear force. The flow periodicity is 

defined by the frequency of vortex shedding. The local heat 

transfer coefficient hθ over a cylinder surface at various 

positions θ is calculated from:   

 -k 
 𝑇

 𝑛
|  = hθ (Tw - T∞),                (10) 

where n refers to the normal distance to the cylinder surface. 

The local Nusselt number is obtained as Nuθ = hθ D/k, time-

averaged Nusselt number is obtained as   ̅̅ ̅̅  = 
1

𝜏
∫ Nuθ dt
𝜏

0
, 

surface-averaged Nusselt number is obtained as 〈Nu〉 = 
1

𝑠
∫ Nuθ ds
𝑠

0
, surface- and time-averaged Nusselt number is 

obtained as 〈  ̅̅ ̅̅ 〉 = 
 

𝜏
∫ ⟨  ⟩𝑑  
𝜏

0
, where   is the surface area of 

the cylinder, and τ is the integration time duration that varies 

from 60 to 80 vortex shedding cycles after the computation is 

converged.  

The governing Navier–Stokes and energy equations (1 - 4) 

with the boundary conditions (5 - 10) are solved using the 

finite volume method with structured meshes. The numerical 

simulations are done using a commercial code ANSYS-

FLUENT package. The PISO algorithm is used for the 

pressure-velocity coupling. The convective terms in the 

momentum and energy equations are discretized using the 

second-order upwind method. The temporal discretization for 

the transient solution is performed by the second-order 

backward Euler scheme. The convergence criteria for the 

continuity, x- and y-momentum, and energy equations is 

restricted beneath 10
-6

. The flow is initialized with u
*
 = 1, v

*
 = 

0, and Θ
*
 = 0. 

C. Mesh and validation: 

Around the cylinder, an O-xy grid system and rectangular grid 

system are obtained as in Fig. 1d, where 320 points are evenly 

distributed around the cylinder and 120 points are distributed 

radially perpendicular to the cylinder surface. The first grid 

was 0.001D with 1.03 growing rate in the radial direction in 

relation to the cylinder surface. Table 2 introduces a 

comparison of the present results of   D and 〈  ̅̅ ̅̅ 〉 with those 

obtained from the literature at the steady flow for Re = 100 

and r/R = 0. The maximum variation of   D is about 2.94% 

appears in the comparison with Sohankar et al, [21]. The 

surface- and time-averaged Nusselt number 〈  ̅̅ ̅̅ 〉 has a good 

agreement with that obtained from Alam et al, [23]. Table 3 

presents a comparison of   D and 〈  ̅̅ ̅̅ 〉 with those obtained 

from the literatures for the pulsating flow at A* = 0.4 and f* = 

7. The obtained results have an agreement with the literature.  

 

TABLE II Comparison of the obtained results with the 

literature at steady flow, Re = 100, r/R = 0 
Reference   D (Error %) 〈  ̅̅ ̅̅ 〉 (Error %) 

Alam et al, 2020 [23] 1.50845 (0.240 %) 4.0 (0.377%) 

(d) 

(c) 
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xFlow
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Sohankar et al, 1998 [21] 1.46186 (2.939 %) -  

Ambreen et al, 2018  [10] 1.4735 (2.126 %) -  

Sharma et al, 2010  [24] 1.49292 (0.798 %) -  

Present 1.50483  3.98  

 

TABLE III Comparison of the obtained results with the 

literature at A* = 0.4, Re = 100, and r/R = 0. 
Reference   D (Error %) 〈  ̅̅ ̅̅ 〉 (Error %) 

Khalid, et al, [17] 1.60 (0.62 %) 4.31 (5.3 %) 

Jiu-Yang Yu et al, [18] 1.54 (4.54%) 4.26  (4.22 %) 

Present 1.61  4.08  

III. RESULT AND DISCUSSIONS: 

A. Time-mean drag force and Nusselt number: 

 

Fig. 2(a) presents the effect of   D on the dimensionless 

frequency f*. The time mean drag coefficient   D increases 

with increasing f* from 0 up to 7 and then sharply decreases. 

Fig. 2(b) shows the variation of 〈  ̅̅ ̅̅ 〉 on the frequency f* (= 0 

– 21). The surface- and time-averaged Nusselt number 〈  ̅̅ ̅̅ 〉 
slightly increases with increasing f* from f* = 0 up to 10, after 

that sharply decreases with increasing f* from 12 to 21. The 

time mean drag coefficient   D and 〈  ̅̅ ̅̅ 〉 correspond with 

increasing f*. It is observed that f* = 7, gives appropriate   D 

and 〈  ̅̅ ̅̅ 〉. Hence, it is observed that   D and 〈  ̅̅ ̅̅ 〉 have similar 

behavior with increasing f* at r/R = 0. 

 

 
Fig. 2. Effect of (a) time-mean drag coefficient   D on the 

normalized frequency f* and (b) surface- and time-averaged 

Nusselt number 〈  ̅̅ ̅̅ 〉 at r/R = 0 and A* = 0.4, Re = 100, and 

f* = 0 – 21. 

Figure 3 shows the effect of   D and 〈  ̅̅ ̅̅ 〉 on A* from 0 to 0.8. 

Both   D and  〈  ̅̅ ̅̅ 〉 increase with increasing the amplitude 

ratio A*. It is found that   D increases by about 7.26% at A* = 

0.4 more than that at A* = 0, Fig. 3a and Table 4. The surface- 

and time-averaged Nusselt number 〈  ̅̅ ̅̅ 〉 enhances about 

2.24% at A* = 0.4 more than that at A* = 0, Fig. 3b and Table 

4. Therefore, we chose the intermediate case of the pulsating 

flow where f* = 7 and A* = 0.4, to be compared with the 

results obtained from the steady case at A* = 0. The time-

mean drag coefficient   D sharply increases with increasing A* 

for A* > 0.3 – 0.8, while 〈  ̅̅ ̅̅ 〉 increases with increasing A* for 

A* > 0.3 – 0.6, and then decreases to A* = 0.8. 

 
Fig. 3. Effect on A* (= 0.0 – 0.8) of (a) time-mean drag 

coefficient   D, and (b) surface- and time-averaged 

Nusselt number 〈  ̅̅ ̅̅ 〉, f * = 7, and Re = 100. 

TABLE IV Comparison of the obtained results with the 

steady case and the pulsating flow at r/R = 0, f * = 7, and 

variable amplitude ratio A*. 

 
A* 〈  ̅̅ ̅̅ 〉 (Increasing 

%) 

  D (Increasing %) 

0.0 3.99 - 1.51 - 

0.2 3.98 -0.2397 1.54 1.98 

0.4 4.08 2.2844 1.61 6.62 

0.6 4.3 8.6445 1.93 27.82 

0.8 4.19 4.9234 2.017 33.57 

 

The obtained results of   D and 〈  ̅̅ ̅̅ 〉 at different amplitude 

ratios (A* = 0.2, 0.4, 0.6, 0.8) and normalized frequency f* = 

7 are presented in Table 4. It is observed that   D slightly 

increases by about 28% at A* = 0.6 and reaches the 

maximum drag of about 34% at A* = 0.8, as compared to that 

at the steady case (A* = 0). The surface- and time-averaged 

Nusselt number 〈  ̅̅ ̅̅ 〉 is independent on the amplitude ratio 

upto A* = 0.2, while largely increases with increasing A* for 

A* = 0.2 – 0.6. The maximum 〈  ̅̅ ̅̅ 〉 and maximum   D are 

attributed to the maximum A* at f* = 7.  At A* = 0.4, 〈  ̅̅ ̅̅ 〉 
increases about 2.28 % more than the steady case and 

corresponds to   D (= 1.61) which increases about 7.26% 

more than the steady case without pulsating, Table 4 and Fig. 

3.  

The time-mean drag coefficient is sensitive to r/R and flow 

regimes as shown in Fig. 4a. The time-mean drag coefficient 

decreases with increasing r/R at r/R ≤ 0 - 0.5. For the pulsating 

flow,   D decreases from 1.6 to 1.44, while for the steady flow, 

  D decreases from 1.51 to 1.37. For r/R > 0.5,   D is 

independent on r/R. The time-mean drag coefficient for the 

pulsating flow is higher than that of the steady flow overall 

r/R. At r/R = 0 (square cylinder),   D increases by about 7% for 

the pulsating flow, more than that of the steady flow. For the 

pulsating flow,   D increases about 5.37% overall r/R, as 

shown in Fig. 4a. The surface- and time-averaged Nusselt 

number is affected by r/R as shown in (Fig. 4b). The surface- 

and time-averaged Nusselt number increases with increasing 

r/R for the pulsating flow from 4.1 to 5.1 and increases from 

3.99 to 5.15 for the steady flow. The pulsating flow has a 

higher 〈  ̅̅ ̅̅ 〉 with a variation of about 2.26% more than that of 

the steady flow at r/R = 0. The steady flow has a higher 〈  ̅̅ ̅̅ 〉 
about 0.55% more than the pulsating flow at r/R = 0.75. 
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Fig. 4. Effect of r/R on (a) time-mean drag coefficient   D, and 

(b) surface- and time-averaged Nusselt number 〈  ̅̅ ̅̅ 〉,  f* = 7, 

Re = 100, and A* = 0.4. 

B. Flow structure: 

 

Figure 5 shows the time mean streamlines of the flow around 

the cylinder surfaces at different frequencies f* (= 0, 3.5, 7, 

14, 21). The primary wake bubble length   
  = (  

   ), where 

  
  is defined as the distance from the cylinder center to the 

saddle point at zero velocity, as marked in Fig. 5. The primary 

wake bubble length decreases with increasing from 0 to 3.5, 

and independent on f* at the range of f* = 3.5 to 12, while 

sharply increases with increasing f* from 12 to 21, as shown 

in Fig. 5h. 

 
Fig. 5. Time-mean streamlines of the pulsating flow (A* = 

0.4) around the cylinder at different frequencies (a - e)   = 0 - 

21, and (f) Dependence of   
  on f*, at Re = 100. 

From the relation between   
  and f* in Fig. 5h. The primary 

wake bubble length sharply increases with increasing f* from 

f* = 12 to 21, as shown in Fig. 5h. The sharp decrease of   D 

and 〈  ̅̅ ̅̅ 〉 is attributed to the increase of   
  that sharply 

increases with increasing the normalized frequency f* from f* 

= 12 to 21, as shown in Figs. 2 and 5h. The time-mean 

streamlines in Figs. 6 and 7 are introduced to present the effect 

of r/R on the flow structure around the cylinder surfaces for 

the pulsating flow (A* = 0.4) and the steady flow case (A* = 

0), respectively, at f* = 7. The variation of r/R has a significant 

effect on the wake bubble structure, wake bubble length   
 , 

the separation points, and its recirculation. 

 
Fig. 6. Time-mean streamlines of the pulsating flow (A* = 0.4) 

around the cylinder surfaces at different r/R (a - f) r/R = 0 - 

1.0, respectively, at f* = 7, and Re = 100. 

 

 
Fig. 7. Time-mean streamlines of the steady flow (A* = 0) 

around the cylinder surfaces at different r/R (a - f) r/R = 0 - 

1.0, respectively, f* = 7, and Re = 100. 

 
Fig. 8. Time-mean streamlines of the pulsating flow around 

the cylinder for variable amplitude of A* at f* = 7, r/R = 0 

(square cylinder), and Re = 100. 

From the introduced time mean streamlines of the steady case 

and pulsating flow at different r/R, we can classify the flow to 

the major flow patterns. The time-averaged streamlines for the 

pulsating flow of variable A* (ranging from 0 to 0.8 with 

increments of 0.2) at f* = 7 are presented in Figure 8. Figure 8 

shows that for A* values ranging from 0 to 0.7, the flow 

remains attached to the cylinder surfaces, while for A* values 

ranging from 0.7 to 0.8, secondary bubbles form on the lateral 

sides of the cylinder. This can show the effect of the wake 

bubble length   
  on the amplitude ratio of the velocity 

oscillations A*, at different A* (= 0 – 0.8). Figure 9 presents 

the flow pattern map of the pulsating flow and the steady flow 

for different r/R = 0 – 1.0 at f* = 7. Two major flow patterns 
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are observed with changing r/R, as shown in Figs. 6 - 9. Flow 

pattern (A) appears at small r/R, (r/R ≤ 0 – 0.1). The flow 

separates from the two leading corners resulting in two 

secondary bubbles forming on the sides of the cylinder (Fig. 

9b, c). The flow remains attached to the front sides of the 

cylinder (Region II). The size of the side bubbles over the 

cylinder surface for the pulsating flow is larger than that of the 

steady flow (Fig. 9b1, c1). Konstantinidis and Balabani, [25] 

investigated the wake structure of a circle cylinder in non-

reversing flow by means of particle image velocimetry. They 

observed that the modification of the wake structure using the 

flow pulsation is caused by changes in the dynamics of vortex 

formation and shedding primarily in the near wake. Pattern 

(B) appears at large range of r/R, where r/R ˃ 0.1 – 1.0 as 

shown in Fig. 9a. The separation of this pattern trailing-

corners separation results in one primary wake bubble Region 

(III) as shown in Fig. 9d.  

 
Fig. 9. (a) Flow pattern map of the pulsating and steady flow 

at different r/R. Time-mean streamlines around the cylinder 

for (b) flow pattern A at r/R = 0 and A* = 0.4, (c) flow pattern 

A at r/R = 0 and A* = 0. Zoomed-in-view of the rear cylinder, 

(b1) pulsate flow (A* = 0.4), (c1) steady flow (A* = 0), (d) 

flow pattern B at r/R ≤ 0.1. Sketch of (b2) flow pattern A, (d1) 

flow pattern B, f* = 7, and Re = 100. 

 
Fig. 10. Effect of the wake bubble length   

  on (a) corner radius 

ratio r/R for the pulsating flow of A* = 0.4 and steady flow (A* = 0), 

(b) amplitude ratio of the velocity oscillations A*, for A* = 0 – 0.8, at 

f* = 7 and Re = 100. 

Figure 10 shows the effect of   
  on r/R for the pulsating flow 

case and steady flow case. The primary wake bubble length   
  

decreases with increasing r/R as shown in Fig. 10. It is 

observed that   
  for the pulsating flow is less than that of the 

steady flow at any r/R, while   D for the pulsating flow is 

larger than that of the steady flow, Figs. 4 and 10. This means 

that increasing A* decreases   
  but increases the time-mean 

drag coefficient   D at the same r/R, Figs. 4 and 10. The 

primary wake bubble length   
  decreases by about 19.45% for 

the pulsating flow and 22% for the steady case from r/R = 0 to 

r/R = 1.0, as shown in Fig. 10. Figure 10b shows the 

dependence of   
  on the amplitude ratio A*. The primary 

wake bubble length gradually decreases with increasing A* up 

to A* = 0.45, after that   
  is independent of A* (= 0.45 – 0.6), 

Fig. 10b. The primary wake bubble length decreases about 

5.96% and 6.66% at A* = 0.4 and A* = 0.6, respectively, as 

compared to that of the steady case. 

 

C. Cylinder-surface flow topology: 

 

Figure 11 shows the effect of the time-averaged pressure 

coefficient   p,   ̅̅ ̅̅  , and time-averaged skin friction coefficient 

  f on the cylinder surfaces at different r/R, where   f =
2(0 5 )

w
/ . U 


,  ̄  is the mean-wall shear stress. The time-

averaged pressure coefficient decreases with increasing r/R at 

(0° ≤ θ ≤ 45°) and (315° ≤ θ ≤ 360°), Fig.11. The minimum   p 

occurs at θ = 45° and 315°, for the steady flow, while the 

minimum   p is shifted from 45° and 315° to 74° and 285°, 

respectively, for the pulsating flow. The time-averaged 

pressure coefficient decreases with increasing r/R at Region I, 

while increases with increasing r/R at the primary wake 

bubble region, Fig. 11a. The higher   ̅̅ ̅̅  is observed at Region 

I over the cylinder surfaces as shown in Fig. 11b. The time 

mean Nusselt number   ̅̅ ̅̅  enlarges with increasing r/R over 

the cylinder surfaces at Region I. For the steady flow,   f and 

  ̅̅ ̅̅  peaks appear at θ = 45° and 315°, while for the pulsating 

flow   f and   ̅̅ ̅̅  shift to 75° and 285°, respectively. Moreover, 

  p is inversely linked to   ̅̅ ̅̅  at Region I. The time-averaged 

pressure coefficient corresponds to   ̅̅ ̅̅  as shown in Fig. 11b, 

c. 

 
Fig. 11. Dependence on 𝜃 of the pressure coefficient, Nusselt 

number, and skin friction coefficient for pulsating and steady 

flow at different r/R. (a) time-averaged pressure coefficient 

  p, (b) time- averaged Nusselt number   ̅̅ ̅̅ , and (c) time-

averaged skin friction coefficient   f around the cylinder, A* = 

0.4, f* = 7, and Re = 100. 

D. Wake Structure: 

 

The flow structure, heat transfer, and fluctuation forces over 

the cylinder are all affected by the flow separation, wake 

recirculation bubble, vortex shedding, and vortex formation 

length. The contours of normalized instantaneous vorticity   
  

(          ) for pulsating and steady flow are introduced 

in Figs. 12 and 13, respectively. The flow structure is unsteady 
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and characterized by vortices that appear at all flow regimes 

and for all r/R. The upper core (negative) and lower core 

(positive) instantaneous vorticity   
  are marked to emphasize 

the vortex intensity and dissipation at each r/R. The upper core 

and lower core of the normalized instantaneous vorticity   
  

are presented for the pulsating flow and the steady flow as 

shown in Figs. 12 and 13. This shows that   
  is slightly 

affected by the pulsating flow (A* = 0.4) more than that of the 

steady flow (A* = 0), Figs. 12 and 13. Figure 14 shows the 

isocontours of the normalized instantaneous vorticity   
  at r/R 

= 0, for the steady case and the pulsating flow at acceleration 

and deceleration. The obtained vortex shedding at deceleration 

has an effect on the size of the bubbles that are formed on the 

sides of the cylinder. These side bubbles increase for the 

pulsating flow at A* = 0.4, more than those of the steady flow 

at A* = 0 and f* = 7.  
 

 
Fig. 12. Iso-contours of the normalized instantaneous vorticity 

  
        

  

  
, for different r/R (= 0 - 1.0) of the pulsating 

flow at A* = 0.4, f* = 7, and Re = 100. 

 
Fig. 13. Iso-contours of the normalized instantaneous vorticity 

  
             , for the steady flow (A* = 0), at different 

r/R (= 0 - 1.0), f* = 7, and Re = 100. 

 
Fig. 14. Isocontours of the normalized instantaneous vorticity 

  
        

 

  
, at r/R = 0, for (a, c) steady flow (A* = 0), (b) 

pulsating flow (A* = 0.4) at (d) acceleration, and (e) deceleration, 

for f* = 7, and Re = 100. 

IV. CONCLUSION 

A numerical study is conducted to investigate the flow 

structure and heat transfer over an isothermal cylinder 

with varying geometries of r/R at Re = 100. The study 

focuses on examining the effects of flow topology, heat 

transfer, and global forces on r/R, which varies from 0 to 

1, for both pulsating flow (at A* = 0.4 and f* = 7) and 

steady flow (at A* = 0). Numerical comparisons are 

conducted between the obtained results of the   D 

and 〈  ̅̅ ̅̅ 〉 with those obtained from the literature for both 

steady flow (A* = 0) and pulsating flow (A* = 0.4) at f* = 

7, and r/R = 0. The effect of   D and 〈  ̅̅ ̅̅ 〉 on the 

normalized frequency is investigated for different 

frequency f* = 0, 3.5, 7, 14, and 21. Additionally, the 

dependence of the   D and 〈  ̅̅ ̅̅ 〉 on the amplitude ratio A*, 

where A* = 0, 0.2, 0.4, 0.6 and 0.8. Subsequently, 

appropriate values of A* = 0.4 and f* = 7 are chosen for 

investigating the effect of flow structure and heat transfer 

on r/R at Re = 100. The main findings can be summarized 

as follows: 

 It is observed that   D decreases with increasing 

r/R. 

 The time-averaged drag coefficient for the 

pulsating flow is higher than that of the steady 

flow overall r/R.  

 At r/R = 0 (square cylinder),   D increases by 

about 7% for the pulsating flow, more than that 

of the steady flow.  

 The surface- and time-averaged Nusselt 

number 〈  ̅̅ ̅̅ 〉 increases with increasing r/R for 

both flow patterns.  
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 The pulsating flow enhances 〈  ̅̅ ̅̅ 〉 at small r/R 

(= 0 – 0.1), for frequency f* (= 7) and amplitude 

ratio A* = 0.4.  

 Two major flow patterns appear around the 

cylinder surfaces with changing r/R.  

 Flow pattern A appears at r/R < 0.1, where 

leading-corners separation and two secondary 

bubbles appeared on the side surfaces of the 

cylinder.  

 Flow pattern B appears at r/R from 0.1 to 1.0, 

where trailing-corners separation occurs.  

 The flow regime of both pulsating and steady 

flows is characterized by unsteadiness and 

alternating Kármán vortices for different r/R 

values.  

As a future endeavor, we can investigate the flow 

topology and heat transfer for different 

frequencies and amplitudes, while varying the 

corner radius ratio and angle of attack. 
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