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Abstract 
 
Unsteady flow and convective heat transfer over single and two tandem cylinders at constant-heat-flux condition in subcritical range of 

Reynolds number was numerically investigated. Two-dimensional computations were performed by adopting 3-equation k-kl-ω turbu-
lence model using a commercial software FLUENT®. The aim was to investigate the capabilities of k-kl-ω turbulence model for collec-
tive flow and heat transport conditions past cylindrical bodies and then to identify a critical spacing ratio for the maximum heat transport. 
The center-to-center spacing ratio (L/D) was varied in the range from 1.2 to 4.0. Instantaneous path lines and vorticity contours were 
generated to interpret the interaction of shear layer and vortices from upstream cylinder with the downstream cylinder. Comparison of 
pressure coefficients, fluctuating and average lift as well as drag coefficients, Strouhal number and the local and average Nusselt numbers 
with the available literatures indicated a reasonably good agreement. The combined outcome of flow field and heat transfer study re-
vealed a critical spacing ratio of L/D = 2.2. Based on the present investigation, a correlation has been suggested to calculate overall aver-
age Nusselt number of the two cylinders placed in tandem.  
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1. Introduction 

In waste-heat recovery equipment, such as cross-flow type 
recuperator, the air flows over the tube surfaces while hot fluid 
flows through the tubes. These tubes are usually circular and 
are arranged in either an in-line or staggered manner. For high 
heat transfer rates, the air velocity must be high because of its 
poor thermal conductivity; thus, the Reynolds number occurs 
in subcritical range, while the heat transfer takes place under 
unsteady state condition and under constant-heat-flux condi-
tion. The instabilities behind the cylinders due to discrepancies 
in the vortex-shedding phenomenon because of variation in 
spacing between the tubes and flow velocity makes the prob-
lem numerically critical for simultaneous determination of 
flow and heat transfer parameters as well as correct flow struc-
ture around the cylinders. Fluid flow and heat transfer from 
circular cylinders including tandem arrangement has been 
splendidly investigated by researchers [1-4]. Some of these 
investigations are reviewed here. 

Several CFD simulations have been reported for flow field 
and heat transfer around cylinders to establish turbulence 

models such ask-ε, k-ω and k-ω (SST) [5-8]. Kondjoyan and 
Boisson [5] confirmed that using the k-ε turbulence model 
with wall function as near wall treatment has very low capac-
ity to calculate heat transfer, while that with Wolfshtein’s low-
Reynolds number model as near wall treatment has good abil-
ity to calculate heat transfer. They suggested that k-ε turbu-
lence model should be used for CFD calculation instead of 
heat transfer calculations. Numerical study from a cylinder in 
cross flow by Szczepanik et al. [6] suggested that the Standard 
k-ω model as well as SST k-ω model does not accurately pre-
dict the heat transfer; however, it predicts close results of flow 
parameters. Younis et al. [7] solved the problem of prediction 
of heat transfer with vortex shedding conditions in k-ε turbu-
lence model [5], which was achieved by redefining the coeffi-
cient of energy dissipation by viscosity action on small scales. 
Rahman et al.’s numerical study [8] suggested that the stan-
dard k-ε model accurately computes drag coefficients, the 
realizable k-ε turbulence model is highly suitable for visuali-
zation of vortex shedding and the SST k-ω model is highly 
suitable for flow parameters at high Reynolds numbers. 

Mittal et al. [9], Meneghini et al. [10] and Jester and Kallin-
deris [11] performed numerical investigations based on 2D 
Finite-element method (FEM) for the flow around a pair of 
stationary circular cylinders. Simulations of Mittal et al. [9] in 
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tandem arrangement at Re = 102 and 103 depict no vortices 
formation from upstream cylinder at Re = 102 although their 
formation was observed at Re = 103. The investigation also 
focused on mean values of drag and lift coefficients and 
Strouhal number. Meneghini et al. [10] in tandem arrangement 
at Re = 102 and 2x102 showed consistency with reported ex-
perimental results and depicted a negative drag on the down-
stream cylinder for L/D < 3. For L/D < 3 the vortices shed 
only from the downstream cylinder, and for L/D ⩾	3 they shed 
from both the cylinders. Simulations of Jester and Kallinderis 
[11] in tandem arrangement at Re = 0.8x102 and 103 show 
hysteric effects of fluid forces on the cylinders at Re = 103 for 
spacing ratio (L/D) between 2.0-2.5. Carmo et al. [12] re-
ported a secondary vortex street in the wake far behind the 
downstream cylinder in their computational simulations based 
on spacing ratio between 1.5 to 5.0 and low Reynolds num-
bers. The two computational methods related to complex ge-
ometries, Lattice gas automata (LGA) and Lattice Boltzmann 
method (LBM), which are widely used for resolving problems 
involving combined flow field and heat transfer phenomena, 
have been described by Jiang et al. [13] and Chen et al. [14]. 
Jiang et al. [13] used two tandem cylinders of different diame-
ters under unconfined and confined flows, while Chen et al. 
[14] used a heated stationary circular cylinder. The flow do-
main and time are discrete in the flow models and have low 
computational cost. Islam and Zhou [15] did a numerical 
study on the flow past a row of circular cylinders using Lattice 
Boltzmann method at Re = 50, 100 and 200 by varying the 
distance between the cylinders to investigate the effect of 
blockage ratio on the drag coefficient, vortex wake and Strou-
hal number. Islam et al. [16] performed 2D numerical simula-
tions over four in-line rectangular configurations of square 
cylinders by using the LBM to study the effect of the spacing 
between the cylinders, mean drag coefficient, Strouhal num-
ber and the r.m.s. value of the drag and lift coefficients. 

Unsteady computational study of Juncu [17] on tandem cyl-
inders for 1 ⩽	Re ⩽	30 and 0.1 ⩽	Pr ⩽	100 showed the influ-
ence of (Re.Pr) on heat transfer rate, such that a high convec-
tion rate, a small gap and high volume heat capacity ratios led 
to a high heat transfer rate. Numerical study of Mihir and Al-
tac [18] for 2 ⩽	L/D ⩽	10 past the tandem cylinders at Re = 
100 and 200 using FLUENT showed that the mean Nu of 
upstream cylinder and the single cylinder becomes similar at 
L/D ⩾	 4. Jayawel and Tiwari [19] developed 3D computa-
tional code for unsteady laminar flow past single and tandem 
cylinders based on SIMPLE algorithm and finite volume 
technique to compare the flow and heat transfer results at Re = 
400. From numerical study using an overset grid method for 2 ⩽	L/D ⩽	10 past two and three tandem cylinders, Harimi and 
Saghafian [20] developed empirical relations in terms of L/D, 
Re and Pr to predict mean Nu. Lee et al. [21] performed a 
numerical study to control pitch distance on a tube bank to 
enhance heat transfer and have developed a correlation for the 
Nusselt number in terms of pitch ratio. 

Igarashi [22] experimentally investigated the flow around 

tandem circular cylinders to classify the flow pattern for 
0.87x104	⩽	Re ⩽	5.2x104 and 1.3 ⩽	L/D ⩽	5. Formation of 
quasi-stationary vortices was reported up to L/D ⩽	 3.5. Ex-
perimental study of Alam et al. [23] at Re = 6.5x104 for spac-
ing ratio 0.1 to 8 between tandem cylinders showed the sensi-
tiveness of the fluctuating lift (CLf) and drag (CDf) coefficients 
of downstream cylinder for the spacing ratios before the criti-
cal value of L/D = 3.0. The values of CLf and CDf at L/D = 1.4 
were about 2 and 2.8 times higher, respectively, as compared 
to single cylinder. The CLf of upstream cylinder beyond the 
critical spacing was strongly influenced by the phase of the 
flow pattern of the downstream cylinder. The shear layer that 
separates from the upstream cylinder reattaches on the down-
stream cylinder steadily for 2 < L/D < 3 and alternately for 
L/D < 2 that undergoes a super-harmonic frequency of twice 
the Strouhal frequency. A 3D numerical investigation of Kita-
gawa and Ohta [24] at Re = 2.2x104 for the spacing ratio from 
2 to 5 between tandem cylinders showed a critical spacing 
ratio of L/D = 3.5, before which the vortices shed only from 
the downstream cylinder and after which the vortices shed 
from both the upstream as well as downstream cylinder. How-
ever, for L/D ⩾	3.5, the fluctuating lift and drag as well as the 
pressure coefficients of the downstream cylinder were higher 
than the experimental values from the other reported litera-
tures. 

Kostic and Oka [25] conducted experiments by varying the 
spacing ratio (L/D) between 1.6 to 9.0 and that the Reynolds 
number between 1.2x104 to 4x104 showing the proportionality 
of Nusselt number to Re0.6 for the upstream cylinder at all L/D. 
For the downstream cylinder, they further showed the propor-
tionality of Nu to Re0.6 for L/D ⩾	2.7 and to Re2/3 at L/D < 2.7 
for the downstream cylinder. Igarashi and Yamasaki [26] from 
their experimental investigation at L/D = 1.3 and 3.9x104	⩽	Re ⩽	6.2x104 showed a bistable regime for 2x104	⩾	Re ⩾	3x104. 
However, no reattachment was observed for Re ⩽	2x104 and a 
permanent reattachment was observed for Re ⩾	3x104. They 
also concluded that the reattachment considerably improves 
the local Nusselt number of the downstream cylinder, which 
results in an overall Nuavg twice that of the upstream cylinder. 
Buyruk [27] experimentally showed the effect of blockage on 
the heat transfer from one tube within a bundle of staggered 
tubes as well as within a row of the tubes. 

From an experimental study, Daloglu and Unal [28] showed 
the effect of circular and square obstacles of different sizes 
placed before a circular cylinder on heat transfer by varying 
the spacing ratio (L/D) between 0.8 to 9 and the Reynolds 
number from 0.11x104 to 1.95x104. Tsutsui and Igarashi [29] 
experimentally studied the augmentation of heat transfer from 
a cylinder of diameter (D) by placing a rod before it at differ-
ent distances by varying the rod diameter (d). They showed a 
40 % enhancement of heat transfer at L/D = 1.25 and d/D = 
0.25 for a range of Reynolds number from 1.5x104 to 6.2x104.  

Various inverse methods have been used to resolve the dif-
ficulties in the expensive measuring processes or the direct 
measurements. It requires merely the measurement of tem-
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perature somewhere below the surface of the cylinder. An 
inverse method by Lin et al. [30] was based on the linear least-
squares-error method which utilizes reverse matrix from the 
temperature measurements. Coment et al. [31] compared the 
analytical solution (integral transform) and the conjugate gra-
dient methods based on the inverse heat conduction approach 
to estimate local heat transfer coefficient on two-dimensional 
cylinders. Chen et al. [32] combined the reverse matrix 
method and the linear least-square-error method to estimate 
the unknown heat flux on thick-walled circular tubes. Chen et 
al. [33-35] adopted an inverse-heat-conduction technique and 
studied the effect of spacing between the circular and rectan-
gular fins on the heat transfer coefficient. Taler [36] proposed 
two inverse methods: (i) A singular value decomposition 
method and (ii) a Levenberg-Marquardt method. Olsson et al. 
[37] used an inverse approach by using Monte Carlo simula-
tions for sensitivity analysis to determine heat transfer coeffi-
cients around a circular cylinder placed on a flat surface by 
impinging slot air jet on it. Combining the finite element 
method with the conjugate gradient algorithm, the heat trans-
fer coefficient was estimated on a circular plane fin by Ben-
machiche et al. [38]. Chen [39] approached an inverse algo-
rithm constructed on the conjugate gradient method for the 
estimation of space and time dependent heat flux at the surface 
of a hot cylinder cooled by a laminar confined slot impinging 
jet. 

From the extensive literature reviews it has been observed 
that the unsteady convective heat transfer investigations 
based on cross-flow past the tandem cylinders in subcritical 
range of Reynolds number have been carried out only ex-
perimentally. However, merely flow field investigations un-
der such conditions have been reported experimentally as 
well as numerically. The available computational heat trans-
fer investigations were conducted at Reynolds number less 
than 103. Many turbulence models have been developed for 
the predictions of flow and heat transfer data, but unfortu-
nately for the subcritical range of Reynolds number, they do 
not provide good agreements for the collective flow field and 
heat transfer data.  

The present study is concerned with the unsteady computa-
tions in a two-dimensional domain by using a 3-equation k-kl-
ω turbulence model to the obtain collective flow field and heat 
transfer data from a single and the two tandem cylinders sub-
jected to the cross-flow of air. The flow field parameters such 
as pressure coefficient, fluctuating as well as average lift and 
drag coefficients and the Strouhal number were obtained, and 
compared with the available literature. The local, fluctuating 
and average Nusselt numbers were obtained at the cylinder 
surfaces, and to verify the numerical scheme used in the pre-
sent study, they are compared with the available literature for 
single cylinder in terms of dimensionless parameters normal-
ized with Reynolds number. Instantaneous vorticity contours 
as well as pathlines were obtained to interpret and discuss the 
flow behavior and heat transfer of the tandem cylinders. A 
correlation has been suggested to calculate overall average 

Nusselt number under constant-heat-flux condition of the two 
tandem cylinders at the critical spacing ratio obtained by the 
interpretation of combined flow and heat transport results. 

 
Organization of the paper: 

The governing equations and the turbulence model along 
with the boundary conditions and the computational plan are 
discussed in Sec. 2. Dimensionless parameters, simulation 
procedure, results of the grid independence test and the verifi-
cations of the numerical scheme are also discussed in Secs. 2.1 
and 2.2. Sec. 3 illustrates the results and discussion in which 
first the results of single cylinder are compared with the avail-
able literature. This section proves the validity of the numeri-
cal scheme used in the present study on single cylinder. Sub-
sequently, the results of the flow and heat transfer over the 
two tandem cylinders are discussed. 

 
2. Numerical method and model 

For numerical solution of the flow equations, a commercial 
software FLUENT [55] was employed. FLUENT uses finite 
volume method and implicit techniques to solve the governing 
equations which are solved sequentially. In the present com-
putational study, the unsteady characteristics of flow field and 
heat transfer from the cylinders in cross flow of air were in-
vestigated. The governing equations were solved as an incom-
pressible problem by applying a Constant-heat-flux (CHF) 
condition at the cylinder surface and the turbulent flows were 
simulated using a k-kl-ω turbulence model.  

The governing equations are: 
Continuity equation:                                
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Energy equation: 
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where U is the velocity, T is the temperature, suffix i and j 
represents x and y directions, t is the time, D/Dt is the substan-
tial derivative, u is the velocity fluctuations and θ is the tem-
perature fluctuations. 

Constant fluid properties are as follows:  
p is the pressure, ρ is the density, ν is the kinematic viscos-

ity, Cp is the specific heat and k is the thermal conductivity.  
The turbulent stresses (Eq. (4)) and the turbulent heat fluxes 
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(Eq. (5)) are obtained from the Boussinesq and the Fourier 
relations, respectively: 
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In Eqs. (4) and (5), tot and αθ,tot are the total kinematic eddy 

viscosity and the total thermal diffusivity, respectively, which 
accounts for the momentum transport and the thermal energy 
transport by the large scale and small scale turbulent eddies. 
ktot is the total turbulent kinetic energy which is obtained by 
ktot = kT+kL. Here, kT and kL are the turbulent and laminar en-
ergy such that kT = kT,l+kT,s i.e., summation of the large-scale 
and small-scale energies. 

kT, kL and ω are obtained from the solution of the collabora-
tive averaged equations that governs their conservation: 	  
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In the above equations, the rate of production of turbulent 

kinetic energy by the small-scale turbulent viscosity PkT and 
the rate of production of laminar kinetic energy by the large-
scale turbulent viscosity PkL are obtained by:  

 
2

,T T SPk Su=  (9) 

 
and 
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where S is the modulus of the mean rate-of-strain tensor. 

Near-wall dissipation is given by: 
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R represents the average effect of breakdown of streamwise 

fluctuations in turbulence during bypass transition, and the 

RNAT represents the breakdown to turbulence due to instabili-
ties considered as a natural transition production term. The use 
of ω as the scale-determining variable can lead to a reduced 
intermittency effect in the outer region of a turbulent boundary 
layer and consequently an elimination of the wake region in 
the velocity profile. The various model constants and damping 
functions may be referred from Ref. [55]. 

The schematic diagrams of the two-dimensional computa-
tional domain for a single and the tandem arrangement of two 
cylinders are shown in Fig. 1. The cylinder diameter (D) was 
taken to be 32 mm. The computational domain was 60 times 
the cylinder diameter from the center provided with only the 
inlet and the outlet boundaries. The center-to-center distance 
between the cylinders was L in case of tandem arrangement. 
The air velocities varied from 5.02 m/s to 18.71 m/s. 

 
Boundary conditions were defined as follows: 

At the Inlet: A unidirectional uniform velocity Ui = U∞ was 
provided along the x-direction under an ambient condition of 
T = T∞. 

At the outlet: The outflow boundary condition was used be-
cause the flow is fully developed at the outlet boundary. 
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At the cylinder wall: A no-slip and a constant-heat-flux 

condition was given: Ui = 0; Uj = 0; qw = constant. 

 
2.1 Dimensionless parameters  

The dimensionless parameters for the flow field and heat 
transfer are the drag, lift and pressure coefficients, the Strou-
hal number and the Nusselt number. The drag, lift and pres-

 
 
Fig. 1. Layout of computational domain. 
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sure coefficients are defined in Eqs. (13)-(15) where Fx and Fy 
are the force components along x and y directions. The dimen-
sionless vortex shedding frequency, called as the Strouhal 
number (St), is obtained from the Power spectral density 
(PSD) of the time history of fluctuating lift coefficient which 
is defined by the Eq. (16). The Reynolds number is defined as 
Re = ρU∞D/μ. The local heat transfer coefficient and the local 
Nusselt number are computed from Eqs. (17) and (18), respec-
tively, where n denotes the direction normal to the surface and 
f  denotes the angular location at the cylinder surface meas-
ured in the clockwise direction with f = 0o being the location 
of the front stagnation point as shown in Fig. 1. The integra-
tion of the local Nusselt number along the cylinder surface 
provides the average Nusselt number defined in Eq. (19). 
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2.2 Simulation procedure and verification 

With the flow being incompressible, a pressure-based solver 
was used in which the velocity field is obtained from the mo-
mentum equations. A Green-Gauss theorem was used to com-
pute the gradients and the derivatives of the scalar at the cell 
center. Pressure discretization utilized the Standard method. 
Pressure-velocity coupling was achieved by the segregated 
SIMPLEC algorithm, which is based on the predictor-
corrector approach. At each new time step, Eqs. (3)-(12) were 
solved iteratively until the summation of the normalized re-
siduals of each variable fell below 10-4. 

A completely structured O-grid around the cylinders was 
provided with inlet and outlet boundaries only as shown in Fig. 
2. The unsteady flow over cylinders is a complex case because 
of the separation and reattachment of shear layer and also due 
to vortex shedding phenomenon. Thus, sensitivity of the mesh 
resolution has great significance. The complete computational 
domain was meshed with the quadrilateral elements. A very 
fine grid was provided close to the cylinder wall which was 
stretched towards the outer domain. Extensive grid independ-
ence tests were performed on a single cylinder based on the 
number of grid elements, minimum cell distance from the 
cylinder wall and the time step. For Re = 3.5x104 the drag 
(CD) and lift (CL) coefficients, the Strouhal number (St) and the 
average Nusselt number (Nuavg) were obtained, which are 

tabulated in Table 1. The Strouhal number was obtained from 
the Fast Fourier transform (FFT) of the time history of lift 
coefficient, which shows the extent of fluid oscillations.  

The CD, CL, St and Nuavg were also computed for the Rey-
nolds numbers 1.1x104, 2.1x104, 3.1x104 and 4.1x104 and are 
summarized in Tables 2 and 3. Table 2 depicts the compara-
tive flow field data, whereas Table 3 depicts the heat transfer 
data from the available experimental and numerical studies.  

 
3. Results and discussion 

Table 1 shows three different grid sizes with the minimum 
cell distance varying between 0.00025D to 0.015D and the 
time step varying from 10-3 to 10-5. The comparison of results 
with the available results summarized in Tables 2 and 3 re-
veals that the results of case 5 are better than all the others and 
are in the acceptable range. The drag coefficient (CD) is in 
good consistency with Relf †, the lift coefficient (CL) is well 
within the scatter range of Macovsky [41], the Strouhal num-
ber (St) is in good agreement with UTIA†††, and the average 
Nusselt number (Nuavg) is very close to Perkins and Leppert 
[43]. The computations involved adopting the time step 10-5 
on a grid consisting of 92 x 122 nodes and a minimum cell 
distance of 0.0128D from the cylinder wall. The CD, CL, St and 

Table 1. Grid independence on single cylinder: Re = 3.5x104. 
 

Case Grid size Minimum 
cell distance ∆t CD CL St Nuavg 

1 240 x 120 0.00025 10-3 1.46 ±1.44 0.163 128.74 

2 240 x 120 0.00025 10-5 0.94 ±0.005 0.171 142.4 

3 300 x 150 0.00025 10-3 1.48 ±1.45 0.165 126.8 

4 92 x 122 0.01 10-5 1.36 ±1.375 0.108 153.57 

5 92 x 122 0.0128 10-5 1.32 ±1.456 0.188 154 

6 92 x 122 0.0128 10-3 1.66 ±1.62 0.181 135.5 

7 92 x 122 0.015 10-5 1.38 ±1.46 0.186 154.8 

 
 

      
 

      
             (a)                        (b) 
 
Fig. 2. Discretization of computational domain and close-up view for 
(a) single cylinder; (b) tandem cylinders. 
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Nuavg at all the Reynolds number 1.1x104, 2.1x104, 3.1x104 
and 4.1x104 are also consistent with the available results 
summarized in Tables 2 and 3, which further validates the 
simulation procedure. 

 
3.1 Flow past single cylinder 

Fig. 3 illustrates the comparison of computational results of 
the distributions of pressure coefficient (Cp) over the cylinder 
at various Reynolds numbers from 1.1x104 to 4.1x104 with the 
available literature by Dong et al. [53], Yokuda et al. [47], 
Linke [40], Igarashi [22] and Tsutsui and Igarashi [29]. A 
good agreement of the Cp with the available literature data is 
obtained from the front stagnation point till the point of sepa-
ration ( = 73o). However, a close agreement in the Cp is ob-
served with small deviations after the separation in each case, 
which may be attributed to the three-dimensional effect of the 
flow field. The mean deviation of these discrepancies is 2.7 %. 

Fig. 4 shows the local Nusselt number distributions over the 
cylinder by varying the Reynolds number from 1.1x104 to 
4.1x104 and are compared with the available experimental data 
of Tsutsui and Igarashi [29]. These data of Tsutsui and Igara-
shi [29] were represented at 10 % blockage and the aspect 

ratio of 3.75, which were 14 % higher than that of Igarashi and 
Hirata [46] who did not consider the blockage and aspect ratio. 
The computed values of the Nusselt number under the present 
study, in which the blockage and the aspect ratios were not 
considered, show a good agreement on the front side of the 
cylinder and are consistent with the minimum values at the 
respective Reynolds number compared to the reported values 
data of Tsutsui and Igarashi [29]. However, little higher values 
of the Nusselt number were obtained on the rear side of the 
cylinder in the present computations. The deviation could be 
due to the round-off errors during the numerical solution. 

Table 2. Comparison CD, CL and St of present study with available 
literature data. 
 

Re Author CD CL St 

Relf (1914)† 1.15 - - 

DVL Hiebtone (1919)†† - - 0.192 

UTIA (1955)††† - - 0.212 

Igarashi (1981) - - 0.219 

1.1x104 

Present study 1.18 1.39 0.208 

Relf (1914)† 1.18 - - 

DVL Hiebtone (1919)†† - - 0.202 

Macovsky (1958)  - 1.25±0.5 - 

Igarashi (1981) - - 0.205 

2.1x104 

Present study 1.2 1.35±0.001 0.21 
Relf (1914)† 1.34 - 0.192 

Macovsky (1958)  - 1.29±0.5 - 

Igarashi (1981) - - 0.204 
3.1x104 

Present study 1.34 1.30±0.003 0.192 

Relf (1914)† 1.3 - - 

UTIA (1955)††† - - 0.185 

Macovsky (1958)  - 1.27±0.5 - 

Igarashi (1981) - - 0.203 

3.5x104 

Present study 1.32 1.45±0.0031 0.188 

Relf (1914)† 1.3 - - 

UTIA (1955)††† - - 0.186 

Macovsky (1958)  - 1.21±0.5 - 

Igarashi (1981) - - 0.203 

4.1x104 

Present study 1.34 1.36±0.002 0.1902 

†, ††, †††: Data refers to Fig. 5. 30 pp121 of Zdravkovich [2]. 

 

Table 3. Comparison of Nuavg of present study with available literature. 
 

Re Author Nuavg 

Igarashi and Harita 68 

Perkins and Leppert 78 

Goldstein 62 
1.1x104 

Present study 69 

Igarashi and Harita 97 

Perkins and Leppert 117 

Goldstein 97.5 
2.1x104 

Present study 101.06 
Igarashi and Harita 121.5 

Perkins and Leppert 146.5 

Goldstein 127 
3.1x104 

Present study 144 

Igarashi and Harita 133 

Perkins and Leppert 156 

Goldstein 136 
3.5x104 

Present study 154 

Igarashi and Harita 145 

Perkins and Leppert 170.5 

Goldstein 150 
4.1x104 

Present study 151 

 
 

 
 
Fig. 3. Comparison of distribution of pressure coefficients for single 
cylinder with available literature (⟡Re = 1.1x104 [53], oRe = 2.1x104 
[47], ▲Re = 3.1x104 [40], □Re = 3.5x104 [22], ∆Re = 4.1x104 [29]). 
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Figs. 5(a)-(c) show the distribution of time-averaged Nus-
selt number normalized with the Reynolds number, the r.m.s. 
distribution of Nusselt number fluctuations normalized with 
the Reynolds number and the instantaneous vorticity contours, 
respectively. A comparison of the local Nusselt number fluc-
tuations of the present study with that of Scholten and Murray 
[49] and Nakamura and Igarashi [52] is presented in Fig. 5(b). 
On the front side of the cylinder in the laminar boundary layer 
region ( < 65o), the normalized time averaged Nusselt num-
ber is the same for all the Reynolds numbers. In this region, a 
negligible fluctuation in the Nusselt number persists as ob-
served from Fig. 5(b). In region-1 around the separation point 
(	= 65o-85o) as shown in Fig. 5(c), a hump indicates a distur-
bance created by a Small-scale vortex (SSV) ahead of the 
separation point. The SSV sweeps the low velocity particles 
over the surface in region-2, resulting in low heat transfer. The 
fluctuation in the Nusselt number increases, as the SSV moves 
forward till it detaches from the surface (85o <  < 110o). Dur-
ing this movement of SSV the flow particles sweep the sur-
face with increasing velocity, which increases the Nusselt 
number. The rise in the Nusselt number is more apparently 
visible at higher Reynolds numbers (Re > 2.1x104). The SSV 
detaches under the force of another Large-scale vortex (LSV) 
coming from the opposite side of the cylinder. Thus, a region-
3 is created where the movements of the flow particles are 
very small, which results in a slow growth in the Nusselt 
number and a flatness in its fluctuation (110o <  < 135o). 
Further, in the separated flow region, an increase in the Nus-
selt number was obtained together with the intensification of 
fluctuations in the Nusselt number after  = 135o till the rear 
stagnation point ( = 180o), which is attributed due to a high 
frequency of vortex shedding (shown in the region-4 in Fig. 
5(c)). Fig. 5(b) also depicts the increase of fluctuations in 
Nusselt number with increase in Reynolds number in the sepa-

rated flow region. Comparing the r.m.s. distribution of Nusselt 
number fluctuations normalized with the Reynolds number 
with the results of Scholten and Murray [49] and Nakamura 
and Igarashi [52], the present computation provides similar 
results with a small deviation in region-3. 

 
 
Fig. 4. Local Nusselt number obtained in present study and comparison 
with available experimental results at Reynolds number from 1.1x104 

to 4.1x104 for single cylinder. 

 

 
(a)  

 

 
(b) 

 

 
 

 
(c) 

 
Fig. 5. (a) Time-averaged local Nusselt number normalized with Rey-
nolds number; (b) comparison of local Nusselt number fluctuations of 
present study with available literature; (c) instantaneous vorticity con-
tours obtained at Re = 3.5x104. 
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Fig. 6(a) shows the time traces of the fluctuations in local 
Nusselt number normalized with the Reynolds number, which 
may be simultaneously compared with the Figs. 5(a)-(c). In-
significant fluctuations in the Nusselt number with higher time 
average value at  = 0o and with relatively lower time average 
value at  = 45o represents the region-1.  = 75o represents 
the region-2 where the amplitude of Nusselt number fluctua-
tions is higher with relatively lower time average value.  = 
90o represents the region between 85o-110o where the Nusselt 
number fluctuations are relatively higher with very low time 
average value.  = 120o and 135o lies in the region-3 where 
the amplitudes of fluctuations are same with very small in-
crease in the time average value of the fluctuating Nusselt 
number.  = 150o and 180o lies in the region-4 where the time 
average value of fluctuating Nusselt number as well as the 
amplitude of fluctuations increases with increase in the angu-
lar location till the rear stagnation point. The time traces of 
fluctuating average Nusselt number, as shown in Fig. 6(b), 
depicts that the amplitude of average Nusselt number fluctua-
tions is small.  

Fig. 7 compares the average Nusselt number (Nuavg) of the 
single cylinder with respect to the Reynolds number with the 
correlation suggested by Perkins and Leppert [43], Fand [44], 

Zukauskas [45], Igarashi and Hirata [46] and Sanitjai and 
Goldstein [51]. Although at Re > 2.1x104, the Nuavg

 is slightly 
on the higher side compared to the majority of the authors, but 
lies well within the reported range of their respective work. 
We attribute the higher values of Nuavg

 due to the round-off 
errors during the numerical computations. Also, the present 
simulation procedure depicts a transition between the Rey-
nolds numbers of 2.1x104 and 3.1x104 on the log-log plot. Out 
of all the compared literatures, only Sanitjai and Goldstein 
[51] observed a transition between the Reynolds numbers 
5x103 to 104. The lower range of Reynolds number in the tran-
sition by Sanitjai and Goldstein [51] may be due to the com-
mon conclusions of their experiments conducted in air as well 
as the various liquid mixtures of compositions of water and 
ethylene glycol by considering the Prandtl number (Pr) of the 
compositions.  

 
3.2 Flow past two tandem cylinders at variable spacing 

After obtaining results on single cylinder, the two cylinders 
placed in tandem were investigated by adopting a similar 
computational scheme. The size of the computational domain 
as well as the solution procedure for simulation was kept the 
same as in the case of single cylinder. During the grid inde-
pendence test, the number of cells varied from 15000 to 90000, 
while the minimum cell distance of 0.0128D from the cylinder 
wall was kept the same. Finally, 304 nodes were created on 
each cylinder wall forming a grid size of (304+304)x125. 
Thus, the computational domain was discretized into 76000 
quadrilateral cells. The simulations were under a constant-
heat-flux condition for Re = 2.1x104 and Re = 3.5x104. The 
spacing ratios (L/D) between the cylinders varied from 1.2 to 
4.0, for which the drag and lift coefficients were monitored.  

For the validation of the simulation scheme the distribution 
of pressure coefficient at Re = 3.5x104 for L/D ratios 1.18, 1.9, 
3.0 and 4.0 was obtained over both the cylinders and com-
pared with the Cp experimentally obtained by Igarashi [22]. A 
uniform decrease of Cp on the front portion of upstream cylin-

(a) Local Nusselt number fluctuations normalized with Reynolds      
number at Re = 2.1x104 

 

 
(b) Average Nusselt number fluctuations normalized with Reynolds 

number at Re = 2.1x104 
 
Fig. 6. Time history of local and average Nusselt number fluctuations 
for single cylinder. 
 

 
 
Fig. 7. Comparison of Nuavg of single cylinder based on Reynolds 
number. 
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der, existence of the separation point, flatness on the rear por-
tion for L/D ⩽	 3, reattachment of the shear layer, a smooth 
decrease after the reattachment of shear layer at L/D = 4.0 and 
the base pressure coefficient were obtained in good agreement 
with that of Igarashi [22] as shown in Fig. 8. In case of down-
stream cylinder, the Cp at the front stagnation point matches 
well with that of Igarashi [22]. However, a slight difference in 
the Cp values was observed around  = 30o and 60o for L/D ⩽	
3 and after  = 60o for L/D = 4.0. A smooth decrease of Cp on 
the front portion of the upstream cylinder and then the attain-
ment of minimum value around  = 70o shows a laminar 
growth of boundary layer followed by the flow separation. 
The flatness in the Cp distribution and its identical values at 
the rear stagnation point of upstream cylinder and the front 
stagnation point of downstream cylinder indicates the pres-
ence of quasi-stationary vortices between the two cylinders. A 
peak at around  = 100o on the upstream cylinder for L/D = 
4.0 and at around  = 65o on the downstream cylinder for L/D ⩽	3 indicates the reattachment of shear layer separated from 
the upstream cylinder. Also, Fig. 9 has been plotted to com-
pare the Cp obtained in the present computational work at Re = 
2.1x104 with that of the experimental study of Ljungkrona et 
al. [48] at Re = 2x104 and the computational study of Kita-
gawa and Ohto [54] at Re = 2.2x104 for L/D = 2.0, 3.0 and 4.0. 
The Cp distribution obtained from the present computations 
agrees well in almost all the cases with Ljungkrona et al. [48] 
and Kitagawa and Ohto [54] except on the rear portion of 
downstream cylinder for L/D = 2.0, where significant lower 
values were observed with respect to that of Ljungkrona et al. 
[48]. The Cp obtained by Kitagawa and Ohto [54] on the rear 
potion highly deviated with respect to that of Ljungkrona et al. 
[48]. From the figure, the computational height has a signifi-

cant effect on Cp distribution only on the rear side of the 
downstream cylinder for L/D < 3.0 with respect to the work of 
Kitagawa and Ohto [54], which was a three-dimensional com-
putational study at Re = 2.2x104 and Ljungkrona et al. [48], 
which was a two-dimensional experimental study at Re = 
2x104. 

Figs. 10 and 11 show the instantaneous vorticity and pathli-
nes, at Re = 3.5x104 for various L/D ratios from 1.2 to 4.0. 
These figures show that for every spacing ratio, a laminar 
boundary layer forms on the front portion of the upstream 
cylinder followed by separation nearby  = 70o. Until L/D = 
3.0, the separated shear layer from the upstream cylinder reat-
taches nearby  = 60o- 65o. As observed from Figs. 10(a) and 
11(a)-(c) that for L/D ⩽	1.8, a pair of quasi-stationary vortices  

 
 
Fig. 8. Comparison of Cp distribution on upstream and downstream 
cylinders of present study with Igarashi [22] at Re = 3.5x104 for L/D = 
1.18, 1.9, 3.0 and 4.0 (c1-upstream cylinder; c2-downstream cylinder)
[○c1-Igarashi; □c2-Igarashi; - - - - c1-present study; •••• c2-present 
study]. 

 

 
 

 
 

 
 

 
 
Fig. 9. Comparison of Cp distribution on upstream and downstream 
cylinders of present study Re = 2.1x104 with Ljungkrona et al. [48] at 
Re = 2x104 and Kitagawa et al. [54] at Re = 2.2x104 for L/D = 2.0, 3.0 
and 4.0 (c1-upstream cylinder; c2-downstream cylinder). 
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establishes contact with both the cylinders in the interference 
region, while a low velocity circulation is observed near the 
rear stagnation point of the upstream cylinder and the front 
stagnation point of the downstream cylinder. The shear layer 

after the reattachment on downstream cylinder flows along its 
surface towards the front stagnation point as well as the rear 
stagnation point on the downstream side. The shear layer on 
the downstream side re-separates nearby  = 135o and results 
in the shedding of vortices behind the downstream cylinder. 
From Figs. 10(b), (c), 11(d) and (e), the quasi-stationary vor-
tices become unstable at L/D = 1.9, while at L/D = 2.2 the 
separate vortices start shedding from the upstream cylinder in 
the interference region. As seen from Figs. 10(c), (d), 11(e) 
and (f), although the separate vortices shed from the upstream 
cylinder, the shear layer still impinges on the downstream 
cylinder near  = 60o-65o. After L/D = 3.0, the reattachment 
point of shear layer starts to move towards the front stagnation 
point of the downstream cylinder. At L/D = 4.0, a complete 
vortex with integral separated shear layer from the upstream 
cylinder impinges on the downstream cylinder as illustrated in 
Figs. 10(e), 11(g) and (h). Thus, the flow past the downstream 
is like a single cylinder with the vortices of high magnitude to 
shed behind it.  

Fig. 12 shows the time histories of lift and drag coefficients 
for the spacing ratios L/D = 1.4, 1.8, 2.2 and 4.0 at Re = 
3.5x104 where c1 and c2 refer to the upstream and the down-
stream cylinders, respectively. From the figures, the drag coef-
ficient on the upstream cylinder (CD,1) reduces by placing 
another cylinder behind it. The reduction in the CD,1 is due to 
the increase of low pressure on its downstream side because of 
the presence of downstream cylinder. The CD,1 increases and 
tends to approach the CD of single cylinder by increasing the 
spacing ratio between the cylinders. For L/D < 3.5, the drag 
coefficient on downstream cylinder (CD,2) is negative due to 
the effect of low pressure wake of the upstream cylinder. For 
L/D < 1.8, the fluctuations of CD,1 and CD,2 have very small 
amplitudes with non-uniform oscillations, whereas the lift 
coefficient of upstream cylinder (CL,1) has relatively larger 
amplitude compared to the lift coefficient of downstream cyl-
inder (CL,2). However, these amplitudes are so small that the 
forces acting on both the cylinders produce no significant 
effect. Oscillations of CD,1 and CD,2 are due to the combined 
effect of the reattachment of shear layer from the upstream 
cylinder as well as the shedding of vortices behind the down-
stream cylinder with low frequency and strength as also de-
picted from Figs. 10, 11 and 16. Non-uniformity in oscilla-
tions results from the interference effect, which leads to the 
variations in the shear layer thickness as well as its movement 
from the upstream cylinder. For L/D ⩾	1.8, uniformity in both 
the fluctuating drag and lift coefficients has been observed 
with amplitude increasing with the L/D ratio. The increase in 
amplitude is observed till L/D = 2.2 and thereafter it becomes 
constant till L/D = 4.0.  

The plots of CL,1 and CL,2 imply that the amplitude of fluc-
tuations of CL,1 is more than that of CL,2 at L/D = 1.4. However, 
they become almost the same at L/D = 1.8, while at L/D = 2.2 
the amplitude of CL,2 becomes more than that of CL,1. This 
may be due to the application of forces on the upstream cylin-
der because of the combined effect of forces produced by the 

L/D 
(a) 
1.8 

(b) 
1.9 

(c) 
2.2 

(d) 
3.0 

 

(e) 
4.0 

 
Fig. 10. Instantaneous vorticity contours at Re = 3.5x104 for various 
spacing ratios. 

 

L/D 
(a) 
1.3 

(b) 
1.5 

(c) 
1.8 

(d) 
1.9 

(e) 
2.2 

(f) 
2.6 

(g)  
3.5 

 

(h) 
4.0 

 
Fig. 11. Instantaneous pathlines at Re = 3.5x104. 
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separation of shear layer and the shedding of vortices behind 
the downstream cylinder. These forces shift from the upstream 
cylinder to the downstream cylinder with increase in the spac-
ing ratio. At L/D = 4.0, it was observed that the amplitude of 
CL,2 remained same as that in case of L/D = 2.2, while the 
amplitude of CL,1 approached that of CL,2. Under this spacing 
ratio the vortex along with the separated shear layer from the 

upstream cylinder directly impinged on the downstream cyl-
inder as shown in Fig. 10(e). The combined effect of the im-
pinged vortices on the downstream cylinder from the upstream 
cylinder and the vortices that shed behind the downstream 
cylinder increases the drag force and its amplitude of fluctua-
tion over the downstream cylinder. 

The mean drag coefficients (CD) of both the upstream and 
the downstream cylinders at Re = 2.1x104 and 3.5x104 for 
spacing ratios 1.2 < L/D < 4.0 are shown in Fig. 13. Consis-
tent with the results of Ljungkrona et al. [48] and Igarashi [22], 
with the increase in L/D ratio the CD of the upstream cylinder 
decreases, while for the downstream cylinder it increases till 
the critical value (CD,C). The CD,C of upstream cylinder is ob-
tained when it achieves a minimum positive, while for the 
downstream cylinder it is obtained when the CD changes from 
negative to positive. The CD,C for upstream cylinder is ob-
tained at L/D = 3, which is the same as reported by 
Ljungkrona et al. [48] and Igarashi [22]. Beyond this value, it 
increases sharply. However, we obtained a constant CD be-
tween 2.6 < L/D < 3.0 at Re = 3.5x104, whereas the CD de-
creases continuously to attain a minimum value at L/D = 3.0, 
which shows that with change in Reynolds number, the CD,C 

 
(a) Cd and CL at L/D = 1.4 

 

 
(b) Cd and CL at L/D = 1.8 

 

 
 

(c) Cd and CL at L/D = 2.2 
 

 
(d) Cd and CL at L/D = 4.0 

 
Fig. 12. Time history of drag (upper) and lift (lower) coefficients at Re
= 3.5x104 at L/D = 1.4, 1.8, 2.2, 4.0 (____ c1; _____ c2). 

 

 
 
Fig. 13. Drag coefficient (CD) of upstream and downstream cylinder 
for 1.2 ⩽ L/D ⩽	4.0 at Re = 2.1x104 and 3.5x104 (c1-upstream cylin-
der; c2-downstream cylinder). 
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gradually shifts relative to the L/D ratio. The CD for the down-
stream cylinder has crowning with peak at L/D = 2.5 before 
the critical value. The CD,C was obtained between L/D = 3 and 
3.25 for Re = 2.1x104 and between L/D = 3.25 and 3.5 for Re 
= 3.5x104. Thus, in the case of downstream cylinder also the 
CD,C has dependency on the Reynolds number. For Re = 
3.5x104, the CD obtained from the present study is slightly on 
the lower side because the calculations of Igarashi [22] are 
based on the integration of pressure distribution only. How-
ever, in the present computation the CD was obtained due to 
the combined effect of pressure and fluid friction forces. 

Figs. 14 (a) and (b) illustrate the percentage reduction in CD 
for the upstream and downstream cylinders with respect to the 
single cylinder for Reynolds numbers 2.1x104 and 3.5x104. 
From the figure, when a cylinder is placed behind a single 
cylinder the CD of the cylinder which is at the upstream loca-
tion undergoes a reduction in its value. The percentage drag 
reduction increases with the increase in L/D ratio and it be-
comes almost constant for L/D in the range of 2.2-3.0. After 
L/D = 3.0, the percentage reduction in CD decreases and be-
comes equivalent to that of the single cylinder for L/D ⩾	3.5. 
The CD on the front side of the downstream cylinder is nega-
tive because of the suction pressure created in front of the 
downstream cylinder, which increases with increase in L/D 
ratio as depicted in Fig. 13 as well. Thus, the percentage re-

duction in CD, which is very high with respect to the single 
cylinder, decreases with the increase in L/D ratio. Likewise, 
the upstream cylinder as in the case of downstream cylinder 
also, the percentage reduction in drag becomes almost con-
stant for L/D in the range of 2.2-3.0. However, after L/D = 3.0, 
the percentage reduction in CD decreases further with increase 
in the L/D ratio. 

Power spectrum analysis was carried out at L/D = 2.2 for Re 
= 2.1x104 and 3.5x104 by using Pwelch method of Matlab as 
well as the post processing facility of the Fluent. Fig. 15 
shows the comparison of Power spectral density (PSD) of the 
lift coefficient of downstream cylinder obtained by the post 
processing of Fluent with that of obtained by Pwelch method. 
From both the figures (a) and (b), it is evident that the domi-

 
(a) 

 

 
(b) 

 
Fig. 14. (a) Percentage reduction in drag coefficient with respect to 
single cylinder for Re = 2.1x104; (b) percentage reduction in drag coef-
ficient with respect to single cylinder for Re = 3.5x104. 

 

 
(a) L/D = 2.2 at 4Re 3.5 10= ´   

 

 
(b) L/D = 2.2 at 4Re 2.1 10= ´  

 
Fig. 15. Comparison of power spectral density between Fluent and 
Pwelch method. 
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nating frequencies of the vortex shedding that corresponds to 
Strouhal number obtained by both the methods are almost the 
same. Thus, the post processing of Fluent was used with 
99.9 % confidence for the spectrum analysis. 

The Strouhal number (St) was obtained from the Fast Fou-
rier transformation (FFT) of the time history of lift coefficient 
(CL) observed on the downstream cylinder for Re = 2.1x104 
and Re = 3.5x104 as shown in Fig. 16. The maximum peak 
indicates the Strouhal number corresponding to the main 
shedding frequency. The strength of vortex shedding can be 
determined from the time history of CL. The figure also shows 
clear and distinct vortex streets obtained at L/D ratios from 
2.0-3.0. Out of this range of L/D ratio the vortices are irregular 
and unstable. The comparison of St of the present study for the 
two Reynolds numbers 2.1x104 and 3.5x104 and spacing ratios 
1.2 ⩽	 L/D ⩽	 4.0 with the St reported by Igarashi [22], 
Ljungkrona et al. [48], Ozono et al. [50] and Kitagawa and 
Ohto [54] is shown in Fig. 17. The figure shows a strong de-
pendency of Reynolds number as well as the spacing ratio of 
the two cylinders. The St obtained from the present study, 
Igarashi [22] and Kitagawa and Ohto [54] are in close agree-
ment with each other although some discrepancies were seen 
for the L/D ratios between 1.5-2.0. This may be attributed to a 
highly irregular and unstable flow in this range of L/D ratio 
which was also reported by Igarashi [22]. For the L/D ratio 
between 2.0 and 3.0 the St of all the literatures are in close pr-
oximity and their average provides a St = 0.151 showing less 
dependency on the Reynolds number. Within this range of 
L/D ratio the vortex streets are clear and distinct behind the 
downstream cylinder. At L/D ratio between 3.0 and 3.3, vari-
ous authors observed a sudden jump in the St and obtained 
two distinct values because of the shedding of vortex from the 
upstream cylinder and an intermittent jump phenomenon as 
mentioned by Igarashi [22], which we could not obtain from 
the present study. Beyond this jump phenomenon, the St 

smoothly increases to approach the St for single cylinder, 
which is the same as obtained in other literatures. 

Fig. 18 shows the Nusselt number distribution over the up-
stream and the downstream cylinders at Re = 3.5x104 by vary-
ing the spacing ratio from 1.2 to 4.0. As depicted from Fig. 
18(a) for the upstream cylinder, the distribution of the Nusselt 
number over the front portion ( < 80o) of the cylinder is the 
same for all the L/D ratios. Over this portion the Nusselt num-
ber smoothly decreases starting from the front stagnation point 
due to a smooth growth of laminar boundary layer which acts 
as a resistance to heat flow. Although the flow separation 
takes place at around  = 70o as depicted in Fig. 8, the mini-
mum Nusselt number was obtained in the proximity of  = 
85o. This was because of the reverse flow ahead of the separa-
tion point and the detachment of Small-scale vortex (SSV) 
from the cylinder surface as shown in Fig. 11. The minimum 
Nusselt number is greatly dependent on the spacing between 
the cylinders. Ahead of the minimum value, the Nusselt num-
ber increases till the rear stagnation point ( = 180o) behind 
the cylinder for all the L/D ratios. However, a drop in the Nus-
selt number with a second minimum value was observed for 
L/D < 2.0, which occurs due to the presence of the quasi-
stationary vortices between the cylinders as depicted in the 
Figs. 10(a) and 11(a)-(d). After L/D = 1.8, the quasi-stationary 
vortices become unstable as shown in Figs. 10(b)-(e) and thus 
a rise in the Nusselt number takes place in a manner as that of 
the single cylinder till the rear stagnation point. 

The distribution of the Nusselt number over the down-
stream cylinder, as shown in Fig. 18(b), reveals that the shear 
layer from the upstream cylinder strikes on it at 	= 60o- 65o 
yielding a peak result in high heat transfer rate. Referring to 
the Figs. 10(a)-(d), the fluid from this location undergoes an 
attached flow on both the directions towards the front as well 
as the rear stagnation points of the downstream cylinder. Be-
cause of the attached flow, the Nusselt number decreases on 

 
Fig. 16. Power spectral density of lift coefficient obtained on down-
stream cylinder for Re = 2.1x104 (Upper) and Re = 3.5x104 (lower). 

 

 
 
Fig. 17. Strouhal number obtained by FFT of CL on downstream cylin-
der. 
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both the directions and attains the minimum values adjacent to  = 5o and 135o. As shown in Figs. 10(a), (b) and 11(a)-(d), in 
the region between 	= ±5o adjacent to front stagnation point, 
there always exists a narrow circulation zone of low flow ve-
locity also shown in Fig. 19(a) where a small increase in the 
heat transfer was observed. Similarly, in the region between  
= ±135o about rear stagnation point the re-separation of shear 
layer near 135o produces a recirculation zone as shown in Fig. 
19(b), but due to the low flow velocity, low heat transfer has 
been observed in this region. For L/D > 3.0, the vortices from 
the upstream cylinder impinged over the downstream cylinder 
as shown in Fig. 10(e) and the flow field and heat transfer 
over the downstream cylinder is like single cylinder with sepa-
ration near 135o.  

The average Nusselt numbers (Nuavg) of the upstream and 

the downstream cylinders for L/D ratios from 1.2 to 4.0 at Re 
= 2.1x104 and 3.5x104 are plotted in Fig. 20. The overall aver-
age Nusselt number of both the cylinders is also presented in 
the figure. The data clearly follows that the Nuavg increases 
with increase in the Reynolds number. It is observed that the 
Nuavg of the downstream cylinder is always more than that of 
the upstream cylinder. This observation is different from that 
of Mihir and Altac [18], who conducted studies on tandem 
cylinder at Re = 100 and 200. A close observation reveals that 
at lower Reynolds number 2.1x104 and for small (L/D < 2) 
and large (L/D > 3) spacing ratios, the Nuavg of downstream 
cylinder is less than that of the upstream cylinder. This indi-
cates that if we decrease the Reynolds number the Nuavg may 
approach the observations made by Mihir and Altac [18]. 
From this observation, it may be concluded that for the higher 
subcritical range of Reynolds number, the downstream cylin-
der acts as the heat promoter, especially between the L/D ra-
tios of 2.0 and 3.0. Also from the figure, the Nuavg increases 
with increase in the spacing ratio and attains a maximum 
value at L/D = 2.2, and thereafter it decreases. It undergoes 
insignificant change for L/D ⩾	3.5, and thus reveals that the 
flow interference is effective on heat transfer for the spacing 
ratios less than 3.5. A curve was plotted as shown in Fig. 21, 
obtaining the overall Nuavg for L/D = 2.2, which is the spacing 
ratio for maximum heat transfer rate under the CHF condition 
for various Reynolds numbers from 1.1x104 to 6.2x104. The 
results were compared with the Nuavg of a single cylinder for 
these Reynolds numbers obtained under the CHF condition. 
Thus, at the spacing ratio of 2.2, the overall Nuavg of the two 

 
 

 
 
Fig. 18. Comparison of Nusselt number distribution of tandem cylin-
ders based on L/D ratio at Re = 3.5x104. 

 

 
(a) Near front stagnation point of downstream cylinder 

 

 
(b) Behind the downstream cylinder 

 
Fig. 19. Instantaneous velocity vectors at L/D = 1.8 and Re = 3.5x104. 
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tandem cylinders are comparable with that of single cylinder 
within the Reynolds number range from 1.1x104 to 4.1x104 
illustrating that if the two cylinders are placed at the spacing 
of 2.2 their combination can produce heat transfer twice that 
of the single cylinder. After Re = 4.1x104, the overall Nuavg is 
quite lower than that of the single cylinder, which indicates 
that for the Reynolds number higher than 4.1x104 the L/D 
ratio may be different for a comparable or a higher heat trans-
fer rate than that of a single cylinder. 

Eq. (20) has been proposed for the prediction of overall 
Nuavg under the CHF condition at the cylinder surface of the 
two tandem cylinders placed at L/D = 2.2, which is a spacing 

ratio for the maximum heat transfer rate for a range of Rey-
nolds number 1.1x104	⩽	Re ⩽	4.1x104 in cross-flow of air. 

 
Overall Nuavg = 0.182 (Re)0.6568 (Pr)0.33. (20) 
 
Using Pr = 0.71 for the air under ambient condition, the Eq. 

(20) is modified as: 
 
Overall Nuavg = 0.1626(Re)0.6568. (21) 

 
4. Conclusions 

Unsteady simulations for the flow field and convective heat 
transfer were carried out on a single cylinder and the two tan-
dem cylinders of same diameter subjected to cross-flow of air 
using a commercial software FLUENT®. The computations 
were carried out in a two-dimensional domain using a 3-
equation k-kl-ω turbulence model. The flow and the energy 
governing equations were solved for the constant-heat-flux 
conditions at the cylinder surfaces under the subcritical range 
of Reynolds number from 1.1x104 to 4.1x104. The spacing 
between the tandem cylinders varied from 1.2 to 4.0 times the 
cylinder diameter. A reasonably good agreement in the com-
parison of flow field and heat transfer parameters with the 
available literatures establishes the favorable capabilities of 
the k-kl-ω turbulence model in the domain of heat and fluid 
flow past the bluff bodies. It is observed that the coefficients 
of forces (Cp, CD and CL), Strouhal number and the wake 
structure are strongly dependent on the spacing between the 
cylinders. The mean drag coefficient and the Strouhal number 
undergo insignificant change between the L/D ratios 2.0 and 
3.0 for the considered Reynolds numbers 2.1x104 and 3.5x104. 
The study of Strouhal number, the vorticity contours and the 
pathlines indicates that between L/D ratio 2.0 and 3.0, the 
vortex streets are clear and distinct behind the downstream 
cylinder and show less dependency on the Reynolds number.  

The study of local Nusselt fluctuations reveals that the in-
stability behind the cylinder leads to an increase of heat trans-
fer providing the flow particles must sweep the surface. 
Analogous to flow parameters, the Nusselt number also 
showed a dependency on L/D ratio and the Reynolds number. 
For higher rates of heat transfer the L/D ratio should be such 
that the separated shear layer from the upstream cylinder must 
impinge on the downstream cylinder. For the higher subcriti-
cal Reynolds number, the downstream cylinder is identified as 
the heat promoter especially between the L/D ratios of 2.0 and 
3.0. It is observed that the overall heat transfer from the two 
tandem cylinders attains a maximum value at L/D = 2.2, and 
the interference is effective on heat transfer for a spacing ratio 
less than 3.5. Thus, from the flow field and heat transfer ob-
servation, it is concluded that L/D = 2.2 is the critical spacing 
ratio for collective consideration of the heat and fluid flow.  

A new correlation in terms of Reynolds number has been 
proposed based on the present investigation to estimate the 
overall average Nusselt number under the CHF condition at 

 
 
Fig. 20. Comparison of average Nusselt number on two tandem cylin-
ders at Re = 2.1x104 and 3.5x104. 
 
 

 
 
Fig. 21. Comparison Nuavg of two tandem cylinders at L/D = 2.2 and 
that of single cylinder with respect to Reynolds number. 
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the critical spacing ratio of L/D = 2.2 for the two tandem cyl-
inders. 
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