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Abstract - Turbulent flow and heat transfer characteristics were studied and analyzed 

numerically for a constant property Newtonian fluid flowing through a two-dimensional 

horizontal rectangular cross section channel with staggered, transverse cascaded 

rectangular-triangular fins (CRTFs) and a constant temperature along both walls. The 

governing equations based on k-ε model used to describe the turbulence phenomenon, are 

solved by the finite volume method using the SIMPLEC-algorithm. Computations were 

carried out in the fully-developed regime for different Reynolds numbers, and geometric 

locations. In particular, velocity and temperature fields, skin friction coefficient, and local 

and average Nusselt numbers were obtained. This study can be a real application in the 

field of heat exchangers and air plane solar collectors. 

Résumé – Des caractéristiques d’écoulement turbulent et de transfert thermiques sont 

étudiées et analysées numériquement pour un fluide Newtonien à propriétés constantes 

qui s’écoule à travers une conduite bidimensionnelle horizontale de section rectangulaire 

avec des ailettes en cascade ‘rectangulaire-triangulaire’ (CRTFs), transverses et étagées 

et une température uniforme le long des parois. Les équations gouvernantes, basées sur le 

modèle k-ε est employé pour modéliser la turbulence, sont résolues par la méthode des 

volumes finis en utilisant l’algorithme SIMPLEC. Des calculs sont menés dans le régime 

pleinement développé pour différents nombres de Reynolds, et différentes locations 

géométriques. En particulier, les champs de vitesse et de température, l’évolution du 

coefficient de friction, ainsi que et les distributions local et moyen du nombre de Nusselt 

ont été obtenus. Cette étude peut être une application réelle dans le domaine des 

échangeurs de chaleur et les capteurs solaires plans à écoulement d’air.  
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1. INTRODUCTION

The flow separation in ducts with segmented baffles has many engineering 

applications, for example, shell-and-tube heat exchangers with segmented baffles, 

labyrinth shaft seals, laser curtain seals, air-cooled solar collectors, and internally cooled 

turbine blades [1]. 

In the literature, different shapes, orientations and locations of the baffles in heat 

exchangers have been the subject of several scientific studies. The first work on the 

numerical investigation of flow and heat transfer characteristics in a duct with the 

concept of periodically fully developed flow was conducted by Patankar et al. [2]. 

Founti et al. [3] used the Laser Doppler Anemometry measurement technique to derive 

the velocity field in a shell-and-tube heat exchanger with transverse baffles. The similar 

distributions of the mean flow velocity and turbulent intensity were found after two sets 

of baffles from the channel entrance. 

In addition, Berner et al. [4, 5] obtained experimental results of velocity and 

turbulence mean distributions in flow around segmented baffles using the Laser Doppler 

Anemometry measurement technique. The objective was to determine the number of 

baffles necessary for obtaining a periodic boundary condition and the dependence on 

Reynolds number and the geometry. 
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Antoniou et al. [6] analyzed the flow over prisms with several aspect ratios using 

hot wire technique. Habib et al. [1] reported the characteristics of turbulent flow and 

heat transfer inside the periodic cell formed between segmented baffles staggered in a 

rectangular duct and pointed out that the pressure drop increases with the baffle height.  

Three different baffle arrangements were considered. Their results showed that a 

significant heat transfer enhancement in a heat exchanger tube can be achieved by 

introducing a baffle inclined towards the downstream side, with the minimum pressure 

loss. Thermal and hydrodynamic parameters were examined numerically and 

experimentally by Lei et al. [18] for a flow passing through a channel with only one 

helicoidal baffle. A comparative study between three different channels was conducted 

by the investigators.  

In the first case, a channel without any baffles was examined. In the second case, the 

same channel with only one helicoidal baffle was examined. In the third case, the same 

channel with two helicoidal baffles was examined. Another experimental investigation 

was carried out by Karwa et al. [19] to evaluate teat transfer and friction in an 

asymmetrical heated rectangular duct with half and fully perforated baffles at different 

pitches. Results showed that the half perforated baffles are thermo-hydraulically better 

to the fully perforated baffles at the same pitch. They also showed that the half 

perforated baffles at a relative roughness pitch of 7.2 give the greatest performance 

advantage of 51.6-75% over a smooth duct at equal pumping power.  

Promvonge [20] made an experimental study to assess turbulent forced convection 

heat transfer and friction loss behaviors for airflow through a channel fitted with a 

multiple 60° V-baffle turbulators. Experimental results show that the V-baffle provides 

the drastic increase in Nusselt number, friction factor and thermal enhancement factor 

values over the smooth wall channel due to better flow mixing from the formation of 

secondary flows induced by vortex flows generated by the V-baffle.  

The forced convection heat transfer and pressure drop for a horizontal cylinder with 

vertically attached imperforate and perforated circular fins experimentally investigated 

by Karabacak et al. [21]. They showed in the cases of the Re  above the critical value 

that Nusselt numbers for the perforated finned positions are 12 % higher than the 

Nusselt numbers for the imperforate state. They also showed a correlation between the 

Re  and Nu  in the Re  number above the critical value and the Re  below the critical 

value. Meanwhile, correlations regarding pressure drops in the flow areas have been 

obtained. 

Recently, Sriromreun et al. [22] carried out a numerically and experimentally study 

on heat transfer enhancement in a channel with baffle turbulators placed in a zigzag 

shape (Z-shaped baffle) aligned in series on the isothermal-fluxed top wall, similar to 

the absorber plate of a solar air heater channel. Experimental results showed a 

significant effect of the presence of the Z-baffle on the heat transfer rate and friction 

loss over the smooth channel with no baffle. 

As well as the Nusselt number, friction factor and thermal performance 

enhancement factor for the in-phase 45° Z-baffles are found to be considerably higher 

than those for the out-phase 45° Z-baffle at a similar operating condition. Another 

numerical and experimental investigation was carried out by Ary et al. [23] to evaluate 

effect of a number of inclined perforated baffles on the flow patterns and heat transfer in 

a rectangular channel with different types of baffles.  

Results showed that the flow patterns around the holes are entirely different with 

different numbers of holes and it significantly affects the local heat transfer, and two 

baffles provide greater heat transfer performances than a single baffle.  

The shell-and-tube heat exchangers are used in several sectors and in very diverse 

fields. The improvement of their performance has been and still is the concern of 
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theorists and practitioners. Thus it is important to examine the design of an obstacle for 

this flow geometry and its impact on the heat transfer enhancement. This is the 

motivation for the present study, in which we reported a detailed CFD simulation of the 

fin design and its impact on the heat transfer phenomenon in a constant temperature-

surfaced rectangular cross section channel. 

2. MATHEMATICAL MODEL 

A computational fluid dynamical analysis of the forced-convection heat transfer in a 

two-dimensional horizontal rectangular channel is reported. Two staggered, transverse, 

cascaded rectangular-triangular, solid-type fins (CRTFs) are introduced in the channel 

to produce vortices to enhance mixing and thus, the heat transfer. A schematic view of 

the concerned geometry with the cascaded baffles and boundary conditions is shown in 

figure 1. 

 
Fig. 1: Channel geometry with the CRTBs 

and boundary conditions (dimensions in m) 

The numerical model for air flow in the cascaded baffled channel was developed 

under the following assumptions: (i) the forced-heat transfer flow is steady, two-

dimensional, turbulent and incompressible, (ii) Physical properties of fluid (air) are 

constant, (iii) Velocity profile at the inlet is uniform, (iv) Negligible radiation heat 

transfer, and (v) Buoyancy effects are assumed negligible.  

Based on above assumptions, the governing flow equations used to simulate the 

fluid flow and heat transfer in the given computational domain are given as:  

Continuity equation  
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where   is the fluid density; P  the pressure; µ dynamic viscosity; iu  and ju are mean 

velocity components in ix  and jx  directions. 

Energy equation 
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where   and t  are molecular thermal diffusivity and turbulent thermal diffusivity, 

respectively and are given by 

Pr/µ   and  ttt Pr/µ         (4) 

In {Eq. (2)}, '
j

'
i uu is the additional term of Reynolds stresses due to velocity 

fluctuations, which has to be modelled for the closure of {Eq. (2)}. The classical 

approach is the use of Boussinesq hypothesis, relating Reynolds stresses and mean flow 

strain, through the eddy viscosity concept [24]. In its general formulation, as proposed 

by Kolmogorov, Boussinesq hypothesis is written as,  
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where ji  is the Kroenecker delta and tµ  the eddy viscosity defined as, 
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The standard k model is an example of the two-equation models that use the 

Boussinesq hypothesis, details of which can be found in Launder and Spalding [25]. 

The standard k  model is defined by two transport equations, one for the turbulent 

kinetic energy, k  and the other for the specific dissipation rate  , as given below, 
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In these equations, kG  represents turbulence kinetic energy generated by the mean 

velocity gradients. The empirical constants for the standard k-εmodel are assigned the 

following values [25]: 99.0Cµ  ; 44.1C1  ; 92.1C2  ; 0.1k   and 3.1
.  

The Reynolds number is taken according to the experiment of Demartini et al. [15], 

it is equal to 8.73×104. This dimensionless parameter is defined as, 

µ

DU
Re h

              (9) 

where U  is the inlet average velocity of the channel and hD is the hydraulic diameter, 

which is expressed as follows,  
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The skin friction coefficient is given by, 
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The numerical friction factor was evaluated from the pressure drop, P  across the 

computational domain, using Darcy Weisbach formula. That is, 
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The heat transfer is measured by the local Nusselt number which can be written as, 
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The average Nusselt number can be obtained by, 
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L

1
Nu x             (14) 

where xh  is the local convective heat transfer coefficient. 

We then present the boundary conditions. The hydrodynamic boundary conditions 

are set according to the numerical and experimental work of Demartini et al. [15]. The 

thermal boundary conditions are chosen according to the numerical and experimental 

work of Nasiruddin et al. [17]. A uniform one-dimensional velocity is applied as the 

hydraulic boundary condition at the inlet of the computational domain, as shown in 

figure 1.  

The physical properties of air are constant. No-slip wall condition is applied for the 

channel walls and the baffles. A constant temperature of 375 K was applied on the walls 

of the channel as the thermal boundary condition. The temperature of the working fluid 

was set equal to 300 K at the inlet of the channel. In the channel exit it is prescribed the 

atmospheric pressure. 

 

Fig. 2: Mesh generated on the first CRTF with 

refinements near the solid boundary 

3. CFD SIMULATION 

Investigations are achieved via numerical simulations by using the Commercial CFD 

software Fluent 6.3. The channel flow model is governed by the Reynolds Navier-

Stokes (RANS) equations with the Standard k  turbulence model [25] and the energy 

equation.  
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All the equations are discretized by the finite volume method [26] and SIMPLEC 

[27] algorithm is implemented. The convective terms in governing equations are 

discretized by QUIK numerical scheme [28]. A structured, quadrilateral, non-uniform 

mesh with refinements near the all solid boundaries in the two directions is employed 

(figure 2).  

This refinement was necessary to resolve the strong velocity and temperature 

gradients in those regions. To examine the effect of the grid size on the CFD solution, 

different grid systems are tested and a grid system of 215.85 in X  and Y  directions, 

respectively, is chosen is view of saving computation time.  

The convergence criterion is that the normalized residuals are less than 10-7 for the 

flow equations and 10-9 for the energy equation. 

 

Fig. 3: Validation plot of the axial velocity distribution with experimental data [15] 

To verify our numerical solution, comparison is made with the numerical and 

experimental data obtained by Demartini et al. [15]. In that study, the flow through a 

rectangular channel, where two baffle plates were placed in opposite walls, was 

analyzed.  

The geometry of the problem is a simplification of the geometry of baffle plates 

found in shell-and-tube heat exchangers. The comparison is shown in figure 3 for 

validation of the axial velocity at m525.0x   for 
41073.8Re  . The results show a 

good agreement between the numerical and experimental data. 

  

 

Fig. 4: Variation of axial velocity fields 

with Re  number: (a) 10000Re  , (b) 

20000Re  , and (c) 30000Re   
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4. RESULTS AND DISCUSSION 

The fluid circulates inside a channel of rectangular section, containing two CRTFs. 

The channel with CRTF inserts can serve as an effective application for enhancing heat 

transfer. This is an important problem in the scope of heat exchangers where the 

characterization of the fluid flow as well as the existence and the extension of possible 

recirculation need to be identified [15].  

Air is the working fluid with the flow rate in terms of Reynolds numbers ranging 

from 10 000 to 30 000. The velocity for and temperature fields as well as the friction 

loss and Nusselt number distributions are presented a typical case and for the 

representative value of Reynolds Number. 

The impact of the CRTFs on the structure of the near wall flow is shown in figure 4. The 

contour plots in figure 4 present the axial velocity fields along the length of the channel at 

different values of Reynolds number. In all cases, the influence of the deviation of the flow field 

increases as the flow approaches the first CRTF, increasing the velocity of the flow approaching 

the passage under the fin. In the intermediate zone, the flow is characterized by very high 

velocities at the lower part of the channel, approaching 293-884 % of the inlet velocity, which is 

0.918 m/s, depending on the Re  values.  

In the upper part of the channel, negative velocities indicate the presence of 

recirculation behind the first CRTF. In the regions upstream of the second CRTF, the 

plots show that as the flow approaches the second fin, its velocity is reduced in the 

lower part of the channel, while in the upper part, the flow starts to accelerate toward 

the gap above the second CRTF.  

Downstream of the second CRTF, The greatest values occur, as expected, near the 

upper wall of the channel. These values are only possible due to the very strong flow 

recirculation on the back side of the second CRTF, which leads air from outside of the 

channel into the test section. These results seem consistent with those obtained 

experimentally by Demartini et al. [15]. 

The comparison of axial velocity fields at different Reynolds numbers shows that as 

the flow is accelerated and redirected near the CRTFs, a very small recirculation zone is 

formed in the vicinity of the upper left corner.  

In the region downstream, a strong recirculation zone is observed, which was 

induced due to the flow separation. The recirculation zone was located close to the solid 

wall and its height was approximately equal to the extent of the flow blockage by the 

CRTF, which is equal to 0.08 m for all cases shown in figure 4.  

A similar phenomenon is observed near the CRTF mounted on the lower wall of the 

channel with recirculation cells at the upstream and downstream fin. These observations 

are confirmed by the works of research of Nasiruddin et al. [17], and Pirouz et al. [29].  
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Fig. 5: Variation of axial velocity with Re  number for different stations 

(a) x = 0.189 m, (b) x = 0.285 m, (c) x = 0.345 m, and (d) x = 0.525 m 

The axial velocity profile plots for positions x = 0.189, 0.285, 0.345, and 0.525 m, 

measure downstream of the inlet, are shown in figure 5a-, b-, c-, and d-, respectively. 

Here the axial velocity profiles around the CRTFs are shown as a function of Re  

number ( Re  = 10000, 20000, and 30000).  

It is observed from this figure that the flow is accelerating in its main direction from 

left towards right-hand side by increasing the recirculation zones (negative sense) hence 

the length of these cells of recycling is proportional to the increase in the flow Reynolds 

number. 

The presence of the CRTFs influences not only the velocity field but also the 

pressure distribution in the whole domain investigated, as indicated by Demartini et al. 

[15]. The contour plots of dynamic pressure filed ( dP ) are shown for Re  = 10 000, 20 

000, and 30 000 in figure 6a-, b-, and c-, respectively. 

  

 

Fig. 6: Variation of dynamic pressure 

fields with Re  number: (a) 10000Re  , 

(b) 20000Re  , and (c) 30000Re   

It is clear from these contours and their scales that the dP  increases with the 

increase of Re  number, as expected. The plots show very low dP  values adjacent to the 

CRTFs.  

Downstream of the considered CRTFs, recirculation cells with very low dP  values 

are observed. In the regions between the tip of the CRTFs and the channel walls, the dP  

is increased.  
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Similarly to the results in figure 4, the highest dP  values are found near the top wall 

of the channel with an acceleration process that starts just after the second CRTF, in 

according with the results by Demartini et al. [15]. 

 

 
Fig. 7: Variation of temperature with Re  for different stations 

(a) x = 0.189 m, (b) x = 0.285 m, (c) x = 0.345 m, and (d) x = 0.525 m 

The temperature repartition is also affected by the presence of the CRTFs as it 

appears in figure 7. As expected, the largest variations in the fluid temperature occur in 

the region near to the CRTFs. The plots show that the fluid temperature in the 

recirculation regions is significantly high as compared to those in the same regions of 

no baffle case.  

This results show the same behavior as Nasiruddin et al. [17] results. The lower 

temperature values in the regions between the tip of the CRTFs and the channel walls 

are due to the high velocities in those regions. What was also noticed, the temperature 

value tends to decrease with the rise of Reynolds number values for all locations. 

 

Fig. 8: Variations of local Nusselt 

number along the heated top channel 

wall for Re  = 10000 

Fig. 9: Variations of average Nusselt 

number with Re  number at the surface 

of the heated top wall 
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Figure 8 shows the numerical results of local Nusselt number ( xNu ) distributions at 

the heated top wall of the channel when 10000Re .Similar to the results in [31], the 

xNu  profiles show the largest value in the region opposite the second CRTF and the 

smallest value in the region around the first CRTF. The xNu  values tend to drop 

considerably to almost zero when it reaches and passes the first CRTF. In the region 

downstream of the first CRTF, the xNu  value is enhanced.  

This enhancement is due to the intense mixing by the recirculation, as indicated by 

Nasiruddin et al. [17]. As expected, the highest xNu  values are found near the tip of the 

second CRTF, due to the strong temperature gradients in that region. 

The impact of Reynolds number on the average Nusselt number ( Nu ) is presented 

in figure 9 where it is shown an increase of the Nu value by increasing Re  number due 

to the augmentation of the inertia forces further to augmentation of the flow rate. These 

results show the same comportment as Guerroudj et. al. [30]. 

 
Fig. 10: Variations of skin friction 

coefficient along the heated top channel 

wall for 10000Re  

Fig. 11: Variation of friction factor with 

Re  number at the surface of the heated 

top wall 

The heat transfer behavior alone does not provide a complete evaluation of thermal 

performance. The increase in friction loss, which is a measure of the energy required by 

the system, must be weighed against the improvement in heat transfer for each fin 

configuration. This optimisation process is critical for improving energy efficiency and 

comparing the contrast between heat exchanger gains and losses [32]. 

Skin friction coefficient ( fC ) is calculated from their definition as given in {Eq. 

(11)}. The peak fC  can be observed at the region opposite the second CRTF while the 

lowest of the fC  is found at the region around the first CRTF. However, the fC  values 

are increased again at the locations corresponding to the zone of recirculation behind the 

first CRTF as seen in the figure 10. 

Figure 11 shows the friction factor ( f ) versus the Reynolds number for the channel 

with CRTFs. In the figure, the f  values are related as a function of Re  number. It is 

clear from this figure that the f  value increases with the increase of Re , as expected. 

5. CONCLUSION 

A computational fluid dynamical analysis of the turbulent heat transfer in a two-

dimensional horizontal rectangular cross section channel has been reported. Two 

cascaded rectangular-triangular fins (CRTFs) were introduced into the field to produce 

recirculation cells to enhance mixing and thus, the thermal performance.  
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The channel flow model was governed by the Reynolds averaged Navier-Stokes 

(RANS) equations with the standard k  turbulence model and the energy equation. 

All the equations are discretized by the QUICK scheme and SIMPLEC-algorithm was 

implemented. 

The flow pattern is affected by the presence of these fins, resulting in the formation 

of recirculation zones downstream from each CRTF. Due to the changes in the flow 

direction produced by the CRTFs, the highest velocity and dynamic pressure values 

appear near the upper channel wall with an acceleration process that starts just after the 

second CRTF, in accordance with the results by Demartini et al. [15].  

The temperature profiles obtained for different axial stations in the channel show 

that the fluid temperature in the region of recirculation is significantly high as compared 

to that in the same region of no baffle cases, as reported by Nasiruddin et al. [17]. The 

highest temperature gradients are found in the regions between the tip of CRTF and the 

wall of the channel, due to the high velocity in that region, and in general, both the 

Nusselt number and the friction factor increase with increasing flow Reynolds number.  

The computational results were compared with those obtained by the experiment in 

the literature. This comparison shows that there is a qualitative agreement as well as a 

very good concordance between the two results. This study can be a real application in 

the field of shell-and-tube heat exchangers and air plane solar collectors. 

NOMENCLATURE 

a , Triangular baffle height, m
 

b , Cascaded baffle height, m 

fC , Skin friction coefficient pC , Specific heat at constant pres., kJ/kg K 

1C , Empirical constant used in the standard 

k-å model 

2C , Empirical constant used in the standard 

k-å model 

Re , Reynolds number based on the channel 

hydraulic diameter 
kG , Production of turbulent kinetic energy, 

m2/s2 

H , Channel height, m f , Friction factor 

xh , Local convective heat transfer 

coefficient, W/m2.K 

L , Length of rectangular channel in x-

direction, m. 

L , Length of rectangular channel in x-

direction, m 
2L , Distance downstream of the second 

baffle, m 

Nu , Average Nusselt number xNu , Average Nusselt number 

P , Pressure drop, Pa P , Pressure, Pa 

atmP , Atmospheric pressure, Pa iP , Baffle distance or spacing, m 

1L , Distance upstream of the first baffle, m Pr , Molecular Prandtl number 

tPr , Turbulent Prandtl number 
S , Modulus of the mean rate-of- strain 

tensor 

T , Temperature, °C inT , Inlet temperature, °C 

wT , Wall temperature, °C inU , Inlet velocity, m/s 

U , Mean axial velocity of the section, m/s u , fluid velocity in x-direction,  m/s  

iu , ju , Mean velocity component in xi-, xj-

direction, m/s  

'
iu ,

'
ju , Fluctuation velocity component in 

xi-, xj- direction, m/s 
v , fluid channel width velocity in y-

direction, m/s 
W , Channel width, m 
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w , cascaded fin thickness, m x , y , Cartesian coordinates, m 

 , Specific dissipation rate, m2/s  , Von Karman constant, (0.4187) 

 , Molecular thermal-diffusivity, kg/m.s t , Turbulent thermal-diffusivity, kg/m.s 

ij , Kronecker delta  , Fluid density, kg/m3 

f , Fluid thermal conductivity, W/m.°C 
s , Solid thermal conductivity, W/m.°C 

µ , Molecular viscosity, kg/m.s 
tµ , Eddy viscosity, kg/m.s 

k , Turbulent Prandtl number for k-equation  , Turbulent Prandtl number for ε-equation 

w , Wall shear stress, kg/s2m 

Atm, atmospheric ; f, fluid ; s, solid ; w, wall 

 , stands for the dependent variables u, v, k, 

ε and T  

i,j, refers coordinate direction vectors ; 

w, mur ;  

in, inlet of the computational domain ;  

x, local ; t, turbulent 
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