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Abstract: The flat tubes are necessary apparatus to design the modern heat exchangers. In this 

context, a CFD (computational fluid dynamics) study has been achieved to explore the influence 

of the flat tube size on the heat transfer characteristics in cross-flow over flat tube banks. The 

calculations are performed with the help of the computer software (Fluent) which is based on the 

finite volume method to solve the continuity, momentum and energy equations. The numerical 

investigations are achieved for laminar flow (Reynolds numbers changing from 50 to 800), two 

dimensional flows and incompressible fluids. Some predicted results are compared with available 

experimental data of the literature and a satisfactory agreement is observed. The obtained results 

show a decrease in the heat transfer coefficient with increased size of the flat tube. A new 

valuable empirical correlation is suggested for the prediction of heat transfer coefficients over 

a flat tube bank. The proposed correlation may be useful for engineers to predict the heat transfer 

rates in such devices without requirements of experimental measurements. 
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1. INTRODUCTION 

The tube banks are an important equipment to 

design the fin and tube heat exchangers. In such 

devices, the tube design is an important parameter to 

enhance the heat transfer phenomenon. Habitually, the 

tube with circular shape is widely used in designing 

the fin and tube heat exchangers [1–11]. The 

performances of heat exchangers using the gas side 

technique are low compared with those using the 

liquid flow and phase change techniques, where the 

thermo-physical properties yield habitually a dominant 

air side convection resistance [12-19]. The orientation 

of tubes requires also an optimized arrangement to get 

enhanced heat transfer characteristics [20]. In 

a detailed paper, Tahseen et al. [21] reported that the 

flat tubes are a very important equipment in various 

industrial applications such as air conditioning, 

automotive radiators and other applications. In 

addition, and in a comparison to the circular tube heat 

exchangers, they found enhanced air-side heat transfer 

coefficients and smaller air-side friction factor for flat 

tubes. In the same context, Benarji et al. [22] 

confirmed that the vibration and sound are expected to 

be less in flat tube shapes compared to the circular 

tube. They proposed also correlations for the 

prediction of Nusselt numbers and friction factor, 

taking in consideration the effect of longitudinal and 

transversal ratios on the heat transfer and pressure drop. 

Although the flat tube is recommended in 

designing the heat exchangers, there are few papers in 

literature which studied the heat transfer and fluid 

flow behavior over the flat tube banks [23–26].  

From the analysis of works presented above, it is 

seen that almost all bluff bodies have been studied 

(square, cylindrical and elliptical shaped tubes), except 

the flat tubes. While the flat tubes have lower pressure 

loss behaviors and have potential applications in 

modern heat exchangers and radiators of automotive. 

So, the best design giving the optimal performances 
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requires a deep knowledge on their transient fluid 

flows and heat transfer characteristics.  

The objective of this paper is to explore via 

numerical simulations the hydrothermal characteristics 

over a bank of flat tubes for two-dimensional, laminar 

and incompressible fluid flows. In addition, the effect 

of the flat tube size ratio (RTS = ET/Da) is studied as 

a new geometrical parameter which may influence the 

heat transfer coefficient. Based on the results given in 

this paper and the correlation of Benarji et al. [22], 

a new correlation is developed for the prediction of 

heat transfer coefficients. 

2. CASE STUDIED 

The configurations of the flat inclined tube bank 

and the arrangement of the flat tube are presented in 

Figures 1.a and 1.b, respectively.  

The outer diameter of tube (Da) is 10.55 mm, the 

transverse tube pitch ratio (Pt = H/Da) is 1.4 and the 

longitudinal tube pitch ratio (Pl = L/Da) is 2.2 mm. The 

flat tube size ratio (RTS = ET/Da) is the new 

geometrical parameter studied in this work, where the 

range of RTS is: 0 (i.e. a circular tube), 0.379, 0.758, 

1.137, 1.516, 1.896, 2.275, 2.654, 3.033, 3.412, 3.790, 

4.17, 4.549 and 4.928. Figure 1.a shows the typical 

heat exchanger module (HEM) arrangements that have 

been considered in this work, where fourteen cases 

were investigated. 

a) 

 
b) 

 

 

Fig. 1. Heat exchanger geometry: a) flat inclined tube bank, 
b) flat tube design 

3. GOVERNING EQUATIONS 

The numerical model for fluid flow and heat 

transfer over the tube bank is developed under the 

following assumptions: 

− steady two-dimensional fluid flow and heat 

transfer, 

− the flow is laminar and the fluid is incompressible, 

− constant thermo-physical properties of fluid, 

− negligible radiation in heat transfer, 

− constant temperature on the tube surface. 

Based on the above assumptions, the flow in the 

tube bank is governed by the continuity, 

Navier-Stokes and the energy equations.  

Continuity Equation: 
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4. GOVERNING PARAMETERS 

The parameters employed to estimate and compare 

the performance of heat transfer surfaces are defined 

as follows. 

Reynolds number: 

 µρ /DURe hm= . (4) 

Total heat transfer rate is: 

 ( )
•

= −f p out in
Q m C T T . (5) 

The logarithmic mean temperature difference is: 

 
( ) ( )( )

( ) ( )( )outwallinwall

outwallinwall
lm

TT/TTln

TTTT
T

−−
−−−=∆ . (6) 

The heat transfer coefficient: 

 
( )lmTA/Qh ∆= . 

(7)
 

Nusselt number: 

 
k/hDNu h= . 

(8)
 

Pressure difference 

 outin PPP −=∆ . 
(9)
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Friction factor: 

 
( )2

mf P / 0.5 U∆ ρ=
. 

(10)
 

5. BOUNDARY CONDITIONS 

At the inlet, a uniform velocity U = Uin and 

a constant temperature Tin = 300 K are employed. The 

Neuman boundary condition is set at the outlet section, 

i.e. the streamwise variable gradients are set to be 

zero.  Symmetry boundary conditions are employed 

for the side surfaces. For the tube wall, no-slip wall 

and impermeable boundary conditions are set. The 

constant temperature walls tubes (TW) is maintained at 

350 K. 

 

Fig. 2. Example of iterations evolution 

 

Fig. 3. Typical mixed grid 

6. NUMERICAL MODELS 

The based FVM (finite volume method) computer 

software FLUENT is used for simulations.  For the 

computational domain, structured mixed mapped 

meshes were produced with the software GAMBIT 

2.4.6. Refined meshes were created near the flat tube 

to predict the temperature and velocity gradients in 

these regions. Steady segregated solver was employed 

with the second order up winding scheme for the 

convective terms in the momentum equation.  The 

SIMPLE algorithm was employed to model the 

pressure–velocity coupling. For the residual target 

(Fig. 2), values of 10-6 and 10-9 were applied for the 

momentum and energy equations, respectively. 

For the computational domain meshing, a mixed 

element mesh was created (Fig. 3). For the circular 

tube, mesh tests were realized with the following 

series of grids: 14460, 15924, 164118, 176411, 18277 

and 198575 mesh elements. The stability of results is 

obtained from 176411 elements, where the variations 

of the Nusselt number did not go above 2% with the 

increased grid density. Hence, the final grid number 

that was accepted and used in the following 

investigation is 176411 elements. The same strategy 

was performed for the other tube arrangements, where 

the adopted grids element varied from 17154 to 19892 

elements. 

7. RESULTS AND DISCUSSION 

7.1. Validation of result 
After the mesh tests of different numerical 

domains, the flow and heat transfer behaviors are 

compared with available data. The present 

investigation is achieved over the tube bank with the 

same geometrical details and with a fluid having the 

same thermo-physical properties as those presented by 

Zukauskas [2] and Gholami et al. [23]. The variation 

of Nusselt number is presented in Fig. 4 and compared 

with the data from previous works [2, 23]. The 

analysis show a satisfactory agreement with the results 

of Gholami et al. [23] and ±13% of deviation with the 

Zukauskas’s correlation [2]. 

 

Fig. 4. Comparison of results 

7.2. Effect of the tube size ratio (STS) 
Figs. 5 (a, b and c) clear the axial velocity 

distribution for the cases STS = 0 (circular tube), 2.227 

and 4.92, respectively. As indicated in this figure, the 

admission main flow passes above the tube while 

a zone of the secondary recirculation appears before 

and behind the tube. The principal jet has a powerful 

flow velocity than that for the secondary zones. 

Unfortunately, the formation of the secondary 

recirculation zones behind the tubes is an undesirable 
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phenomenon for the thermal transfer execution 

(Fig. 4-a b and c). Moreover, the tube widening is an 

additional problem on the thermal performance of 

such devices, where the flat shape of the tube yields a 

developed hydrodynamic boundary layer. 

Consequently, the thermal boundary layer is also 

appearing on the flat surface of tube, as illustrated in 

Fig. 6 (a, b and c). Then, the heat transfer coefficients 

are reduced with the formation of the secondary 

recirculation zones and thermo-hydraulic boundary 

layers. Fig. 6 reveals also that the increase of the tube 

size ratio (STS) reduces the heat transfer coefficient 

due to the causes discussed previously. 

a) 

 
b) 

 
c) 

 

Fig. 5. Axial velocity distribution at Re = 100; a) STS = 0 
(circular tube), b) STS = 2.227, c) STS = 4.92 

Fig. 7 presents the distribution of the local Nusselt 

number around the tube for the cases of STS = 0 

(circular tube), 2.227 and 4.92, at Re = 100. It is 

clearly observed that the Nusselt number is higher in 

the circular tube compared with the other cases. As 

explained above, the augmentation of the tube size 

ratio helps to develop thermal and hydrodynamic 

boundary layers, which reduce the heat transfer 

execution. 

7.3. Development of correlation 
Among the first authors who proposed 

a correlation which characterizes the flow and the heat 

transfer in the fin and tube heat exchangers is 

Zukauskas in 1972 [2]. This correlation remained for 

several years as a base of validation for numerical 

results in the heat transfer field. 

a) 

 
b) 

 
c) 

 

Fig. 6. Total temperature distribution at Re = 100; a) STS = 0 
(circular tube), b) STS = 2.227, c) STS = 4.92 
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Fig. 7. Local Nusselt number distribution around the second 
tubes, at Re = 100 

However and in the last years, many authors 

proposed some new correlations in the same field 

[27-29], and reported that the correlation of Zukuskas 

requires corrections. The reports of these authors have 

encouraged us to propose other suitable correlations to 

predict the thermal coefficient of transfer. 

For different Reynolds numbers, Fig. 8 presents 

the variation of the normalized Nusselt number that 

are obtained with the correlation of Benarji et al. (Eq. 

11) [22], and this is under the same conditions.  We 

remark that the Nusselt number decreases with 

increased tube size ratio (RTS) and increased Reynolds 

number. Then and aiming to the development of 

a global correlation, effects of Reynolds numbers and 

the tube size ratio (RTS) should be taken into account. 
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L D
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Table 1 presents the best fit of each curve of 

Reynolds number value. The evolution of the 

normalized Nusselt number according to the tube size 

ratio is presented in form of exponential formulas, 

where the coefficients of correlations (R2) varied in 

a suitable range from 0.974 to 0.987. 

Tab. 1. Nusselt correlation for different Re 

( )
( )

Benarji  et  al

(Re) TS

Nu
C Exp 0.218R

Nu
= − .

 

(12) 

Re 25 50 100 200 400 

C(Re) 1.495 1.157 0.866 0.634 0.416 

R2 0.974 0.975 0.982 0.977 0.987 

 

In addition, Fig. 9 shows the reduction in the 

factor C(Re) according to the Reynolds number. An 

equation with a coefficient of correlation equal to 0.99 

is given in this figure. 

 
0.459

(Re) 0.6778 −= ×C Re . (13) 

The combination between the three equations 

(Eqs. 11, 12 and 13) gives us the following final 

correlation (Eq. 14): 
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Fig. 8. Variation of the normalized Nusselt number vs. the 
flat tube size ratio (RTS) 
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Fig. 9. Best fit of C (Re) vs. Reynolds number 

7.4. Validation of proposed correlation  
In order to estimate the reliability of the proposed 

correlation, assessments against existing results in 

literature have been conducted (Figs. 10 and 11). The 

paper of Haitham et al. [30] is considered in the 

assessment. For Reynolds number ranging from 25 to 

400, two cases are reported in the validation: the first 

one (Fig. 10) for H/Da = 2, L/Da = 4, a deviation of 

30% and 17% is observed in the beginning and at the 

end of Reynolds number range. For the same 

approach, a difference of 9% and 57% is observed in 

the second case (H/Da = 4, L/Da = 7) at Fig. 11. These 

deviations confirm that the tube size is an important 

parameter that has a great influence on the heat 

transfer coefficient over inclined flat tube banks. 
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Fig. 11. Validation of the proposed correlation, for H/Da = 2, 
L/Da = 4 
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8. CONCLUSIONS 

The hydrothermal characteristics over a bank of 

flat tubes were determined via numerical simulations. 

The effect of the flat tube size on the heat transfer 

behavior has been examined, based on numerical 

investigations by means of the Fluent software. The 

simulations were performed for two dimensional, 

laminar and incompressible fluid flows with Reynolds 

numbers ranging from 50 to 800. An adequate 

agreement was observed in the comparison with 

available data. The obtained results showed that the 

augmentation of the flat tube size decreases the heat 

transfer coefficient over the flat tubes bank. Therefore, 

the normalization of the numerical Nusselt numbers 

with those calculated by Benarji et al. [22] allowed us 

to validate the present results and to develop a new 

correlation for the prediction of heat transfer 

coefficient over flat tubes banks. 

Nomenclature 

Symbols 

Cp – specific heat [J/kg.K] 

Dh – hydraulic diameter [m] 

Da – diameter of the circular tube [m] 

Db – flat tube length [m] 

Et – width of flat tube [m] 

f – friction factor 

h – heat transfer coefficient [W/m2 K] 

H – transversal distance [m] 

k – thermal conductivity [W/m2 K] 

L – longitudinal distance [m] 

Nu – Nusselt number [h.Dh/ k] 

∆P – pressure drop [Pa] 

Pt  – transverse tube pitch ratio [H/Da] 

Pl – longitudinal tube pitch ratio [ L/Da] 

Q – heat transfer rate [W] 

Um – mean velocity at the minimum flow cross-

sectional [m/s] 

Re – Reynolds number [ρ.Um.Dh / µ] 

RTS – flat tube size ratio (Et / Da) 

T – temperature [K] 

µ – dynamic viscosity [kg/m · s] 

ρ – density [kg/m3] 
•

fm  – mass flow rate [kg / s] 

Subscript 

in – inlet 

m – mean 

out – outlet 

w – wall 
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