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The baffling technique is well-known for its efficiency in terms of enhancement of 
heat transfer rates throught channels. However, the baffles insert is accompanied 
by an increase in the friction factor. This issue remains a great challenge for the 
designers of heat exchangers. To overcome this issue, we suggest in the present 
paper a new design of baffles which is here called graded baffle-design. The baf-
fles have an up- or down-graded height along the channel length. This geometry 
is characterized by two ratios: up-graded baffle ratio and down-graded baffle ra-
tio which are varied from 0-0.08. For a range of Reynolds number varying from  
104 to 2 × 104, the turbulent flow and heat transfer characteristics of a heat ex-
changer channel are numerically studied by the computer code FLUENT. The 
obtained results revealed an enhancement in the thermohydraulic performance 
offered by the new suggested design. For the channel with a down-graded baffle 
ratio equal to 0.08, the friction factors decreased by 4-8%. 
Key words: heat exchanger channel, graded baffles, turbulent flow,  

friction factor, CFD

Introduction

Several techniques are developed to reduce the energy cost and to enhance the thermal 
performance of various devices used in many inductrial applications. In this framework, ribs, 
baffles or obstacles play an important role in for the improvement of the thermal transfer rate in 
various thermal systems like the heat exchangers, the gas turbines blades, the solar collectors, the 
car radiators and other applications of fluids mechanics such as the water desalination.

Some experimental and numerical works have been achieved on the effect of different 
geometrical parameters of baffles as the shape, size and spacing between baffles, the attack angle, 
the blockage ratio (BR) and the porous space. The shape of baffles is a necessary parameter for 
the generation of vortices [1-3]. Therefore, various shapes have been developed, for example, 
the V-baffle shape [4-9], the W-baffle shape [10], the Z-baffle shape [11], multi V-type perforated 
baffles [12-17] and diamond shape proposed by Sripattanapipat and Promvonge [18]. All these 
shapes permit an enhancement in the heat transfer rates, but with catastrophic Ppressure drops. 
Dutta et Hassain [19] studied by experiments the effct of baffle attack angle on the characteristics 
of heat transfer and pressure drop in a rectangular channel with inclined plate and perforated baf-
fles. They showed the main dependency of the thermal transfer rates on the geometry, the orien-
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tation and the position of the second baffle. For a square channel Promvonge and Thianpong [20] 
explored the effect of baffle inclination with various values of BR. With the 45° inclined baffles 
and BR = 0-0.05, they found an increase in the thermal transfer rate from 150-850% accompa-
nied with pressure losses varying from 2 to 70 times compared with the smooth channel. In other 
works [21, 22], these authors found that the combination between the attack angle and the V-baffle 
shape allow an enhancement in heat transfer rates associated with losses in pressure. In the same 
framwork, Promvonge et al. [23] studied by experiments the effects of the delta baffles shapes on 
the thermal performance of solar air heater. They reported that the combination between the delta 
winglet and the rib ensures considerable heat transfer improvements (Nu/Nu0 = 2.3-2.6) and also 
yields a moderate pressure drop increase (f / f0 = 4.7-10.1).

Tandiroglu and Ayhan [24] explored in their experimental study three cases of in-
clined baffles (45°, 90°, and 180°) with three values of diameter ratio H/D = 1, 2, and 3 and they 
obtained the best performance with the 90° case for the forced convection. In another work, 
Tandiroglu [25] developed empirical formulas for the calculation of Nusselt numbers and the 
friction coefficients. The same author, tested in another article the entropy generation for differ-
ent types of baffles [26].

The V-shaped baffle or rib is another technique to enhance the thermal performance 
due to the presence of two high thermal regions. Some researcher [27, 28] reported that the 
staggered arrangement of ribs gives less higher heat transfer coefficient than the symmetric 
arrangement ribs. Further studies on the enhancement of heat transfer by the baffling technique 
can be found elsewhere [29-32].

The efficiency of porous baffles is confirmed by many researchers because the perfo-
rated space enables the agitation of the flow stagnated behind of baffles [33, 34], it increases 
the thermal transfer intensity and eliminates the lowers heat transfer areas (LHTA) [35-38]. All 
studies in literature confirm that the baffling technique increases significantly the heat transfer 
rates. However, these works did not correct the major problems of this technique: the formation 
of LHTA and the pressure losses. 

Aiming to reduce the friction factor in baffled channels, we propose here new de-
signed baffles with up-graded and down-graded height along the channel length. The perfor-
mance of the new design has been investigated for different flow rates.

Geometry of the problem studied

The purpose of the present work is to 
study the flow and heat transfer characteristics 
in a horizontal channel with a baffle series of 
up- and down-graded height along the channel 
length, L. The baffles are inserted in a staggered 
array on the upper and lower walls of the chan-
nel, fig. 1. Variations in the baffle height are de-
fined by DBR, fig. 1(a) and GBR, fig. 1(b) for 
the decreased (i. e. down-graded) and increased 
(i. e. up-graded) baffle ratios, respectively. 

The obtained results from the baffled cases are compared with those for a smooth channel 
(without baffles) having the following geometrical parameters: H – the channel height fixed to 
0.1 m, b – the baffle height, e – the baffle thickness. e = 0.02 H, and b/H – is known as the BR. 
The spacing ratio between baffles is S = s/H = 1. Effects of DBR and GBR where investigated 
by changing their values for 0-0.08.
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Figure 1. Geometry of the problem studied;  
(a) down-graded baffles, (b) up-graded baffles
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Mathematical formulation

The numerical model for heat transfer and fluid-flow in the 2-D channel is based on 
the previous assumptions. The flow through the duct is governed by the RANS equation [39] 
and the energy equation:
 – continuity еquation

( ) 0i
i
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ρ∂
=

∂ (1)

 – momentum equation
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where u′ is a fluctuating component of velocity. 
 – energy equation
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where Γ is the molecular thermal diffusivity given by Γ = µ/Pr, Γt – the turbulent thermal dif-
fusivity given by Γ = µt /Prt .

The Reynolds-averaged approach to turbulence model requires the modelling of 
Reynolds stresses ρu′i ¯¯ u′j ¯¯ in eq. (2). The Boussinesq hypothesis relates the Reynolds stresses to 
the mean velocity gradients:
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where k is the turbulent kinetic energy defined by, k = 1/2 u′i ¯¯ u′j ¯¯ and δij is the Kronecker delta. 
The RNG-based k-ε turbulence model is derived from the instantaneous Navier-Stokes equa-
tions [39], using a mathematical technique called renormalization group (RNG) methods. The 
steady-state transport equations are expressed:
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where Gk is the rate of generation of the k-ε model C1ε and C2ε are constants, µt – the turbulent vis-
cosity defined by µt = ρCµ(k2/ε), Cµ is a constant set to 0.0845 and derived using the RNG theory.

The friction factor f is calculated by the following equation:

2
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where ∆P is the pressure drop across the length of the channel L.
To determine the heat transfer characteristics, we define the local Nusselt number:
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and the average Nusselt number:
1Nu Nux x A
A

= ∂∫ (9)

The thermal enhancement factor η is defined:
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(10)

where Nu0 and f0 stand for Nusselt number and friction factor for the smooth channel, respec-
tively.

Numerical simulation

Boundary conditions

Air was used as a working fluid in all cases with a uniform inlet temperature  
(300 K, Pr = 0.7). Impermeable boundary and no-slip wall conditions have been implemented 
over the channel wall as well as the baffle. The temperature of the bottom and upper plates is 
maintained constant at 330 K while the baffle is assumed as adiabatic wall condition. The Reyn-
olds number is changed from 10000-20000.

Grid generation

Geometry and mesh of the computational domain were created with the computer 
tool GAMBIT. The mesh generated is quadrilateral with regular grid elements. Mesh tests were 
realized by a series of grid selected in the unbaffled channel 25608, 36100, 40200, 59015, and 
71112 elements. From the mesh with 40200 elements, the deviation of the Nusselt number is 
not important (do not exceed 2%) with the raise of the grid density. Thus and for the next cal-
culations, the final selected grid number had 40200 elements. Using the same approach for the 
other cases with baffles, the selected grids were varied between 37000 and 39500 elements. The 
necessary details on mesh test are resumed on tab. 1.
Table 1. Tests of grid sensivility for all configurtations

Test 1 Test 2 Test 3 Test 4 Test 5

Grid 1 Nu Grid 2 Nu Grid 3 Nu Grid 4 Nu Grid 5 Nu

Smooth channel 25608 29.17 36100 19.28 40200 48.8 59015 49.10 71112 48.16

DBR = 0.02 25788 162.35 37254 212.36 39554 305.49 60002 308.19 73254 307.88

DBR = 0.04 24772 190.00 36992 119.24 39490 281.09 59322 278.01 70786 278.92

DBR = 0.06 26710 122.89 35998 252.10 38112 273.77 58088 274.14 71250 272.63

DBR = 0.08 25718 198.58 34048 212.12 38586 267.42 61002 269.78 73254 268.55

GBR = 0.02 23711 50.11 36254 201.33 39554 314.76 60997 313.44 69011 313.78

GBR = 0.04 24111 141.88 37982 252.02 38999 310.32 52049 308.19 65114 307.93

GBR = 0.06 24352 197.28 37449 199.78 39500 314.75 58021 314.77 66194 313.58

GBR = 0.08 24228 98.39 36229 177.99 38511 310.48 48049 313.13 62004 312.82
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Computations were achieved with the CFD FLUENT, which is based on the method 
of finite volume to solve the governing equations. The flow regime is considered as turbulent 
and steady-state.

The QUICK numerical scheme coupled with the semi-implicit pressure linked equa-
tion (SIMPLE) algorithm were used in the finite volume method to solve all equations. The 
RNG k-ε model was employed for the closure of the equations. Default under-relaxation factors 
of the solver are used to control the update of computed variables at each iteration. These fac-
tors are: 0.3, 1, 0.7, and 1 for pressure, density, momentum, and energy, respectively. Solutions 
were considered converged when the normalized residual values were below 10–5 for all vari-
ables and below 10–7 only for the energy equation.

Results and discussion 

Verification of results for a smooth channel

Our predicted results for the Nusselt number and friction factor through a smooth 
channel are, respectively, compared with Dittus-Boelter and Blasius correlations. These cor-
relations, which are used by for the characterization of fluid-flow and heat transfer in ducts [24], 
are available in the literature [40]:

0.40.8Nu 0.023Re Pr
hD= (13)

0.25
0 0.0791Ref −= (14)

Figures 2(a) and 2(b) show, respectively, a comparison of Nusselt number and friction 
factor obtained from the present study with those from eqs. (11) and (12). In these figures, the 
presented results agree reasonably well within ±2.9% and ±5.5% for both friction factor cor-
relation of Blasius and Nusselt number correlation of Dittus-Boelter, respectively.
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Figure 2. Verification of (a) Nusselt number and (b) friction factor for a smooth channel

Flow Structure

For Re = 18000 and S = 1, the axial velocity is presented on fig. 3 for DBR = 0.08, 
DBR = 0.04, DBR/GBR = 0, GBR = 0.04, and GBR = 0.08. This figure shows the aerodynamic 
nature of the flow in the presence of baffles with down- and up-graded height. At the baffle, the 
flow is separated in three zones: a zone of recirculated flow behind the baffles where the vortex 
appears clearly. The second zone is located in front of the first zone where the axial velocity is 
very intense, and the third zone is located between the first and the second zones where the flow 
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passes with a mean velocity. This aerodynamic phenomenon depends on the size of baffles and 
the direction of changes in their height (up-or down-graded height). Consequently, this figure 
shows that the raise of DBR/GBR decreases the formation of the vortex structures. 

The effect of down- and up-graded size of baffles on the formation of vortex is il-
lustrated in fig. 3. The formation of the vortex is clearly appearing in the case of channel with 
down-graded size of baffle DBR = 0.08 and 0.04. On the other hand, the vortex size in the 
case of channel with up-graded size of baffle GBR = 0.08 and 0.04 is small compared with  
DBR = 0.08 and 0.04, respectively. This phenomenon is due to the development of the flow 
along the channel in the presence of baffles. Consequently, the down-graded size of baffle en-
sures further intensified vortices despite of the reduction of baffles size (DBR = 0.08). There-
fore, the weaker vortex is observed with the case GBR = 0.08, because that the small baffles 
located at the entrance of channel do not allow an efficient developed flow.
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Pressure losses

Figure 4 presents the variation of the 
normalized friction factor, f/f0 with Reynolds 
number values for different GBR and DBR. As 
shown on this figure, the use of down-/up-grad-
ed height of baffle leads to a considerable de-
crease in the friction factor compared with the 
simple baffles (GBR, DBR = 0). The DBR val-
ues present further increases in the friction fac-
tor compared with GBR values. Depending on 
Reynolds number, the lowest value of friction 
factor is obtained with DBR = 0.08, which is 
considered to be smaller by about 4-8% thant 
that of a simple baffle channel. 

Heat transfer

At Re = 18000, the axial variation of Nusselt number along the lower channel wall is 
presented on fig. 5 for different values of DBR/GBR. The following phenomena can be observed:
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Figure 3. Velocity contours for 
different baffled channels;  
(a) DBR = 0.08, (b) DBR = 0.04,  
(c) DBR, GBR = 0, (d) GBR = 0.04, 
and (e) GBR = 0.08

Figure 4. Variation of f/f0 with Reynolds number 
for various baffled channels
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 – the weak thermal transfer rate remarked on 
the basis of baffle, and particularly behind 
it, is caused by the formation of hot pockets 
in this region,

 – the highest thermal transfer rates are ob-
served in the zones where the flow is reat-
tached (i. e. which between two successive 
baffles), and

 – the simple baffle allows the highest ther-
mal transfer rates. However, the case  
GBR = 0.08 gives the lowest heat transfer 
rates.

For a simple baffle, S = 1 and BR = 0.5,  
variations of the average Nu/Nu0 ratio with 
Reynolds number for different down-/up-grad-
ed heights of baffles are presented on fig. 6. 
This figure shows that the Nu/Nu0 value in-
creases with the raise of Reynolds number 
values for all GBR and DBR cases. The use of 
simple baffle ensures a good thermal transfer 
rate and the baffles with GBR = 0.02 reduces 
the heat transfer rate by 5% compared with the 
simple baffle. The lowest thermal transfer rate 
which is given by the DBR = 0.08 tends to 16% 
compared with the simple baffle.

Figure 7 shows the variation of the ther-
mal enhancement factor, η, with Reynolds 
number for different down-/up-graded heights 
of baffles. The enhancement factor tends to in-
crease with the raise of Reynolds number for all 
cases. The cases of GBR = 0.02 and simple baffle  
(GBR = 0) present the same best enhancement 
factors, η, up to 3.6 times at the highest value 
of Reynolds number.

Conclusion

The turbulent flow and heat transfer 
characteristics in a 2-D channel equipped with 
down-/up-graded height of baffles have been ex-
plored numerically. The predicted results con-
firm that the new design of baffles provides an 
adequate reduction in friction factors. Depend-
ing on Reynolds number, the case of DBR = 0.08  
presents the minimum value of friction factor 
which is about 4-8% less than that of the simple baffled channel (DBR, GBR = 0). However, 
the friction factor reduction is associated with a reduction in heat transfer rates tends to 5% as 
a maximum value compared with the simple baffled channel.

Figure 5. Axial variation of NuX along lower 
channel wall for various baffled channels,  
Re = 18000

Figure 6. Variation of Nu/Nu0 with  
Reynolds number for various baffled channels

Figure 7. Thermal enhancement factor for 
various baffled channels
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Nomenclature

b – simple baffle height, [m]
D – hydraulic diameter, [m]
Dhb – down-graded height of baffle [m]
f – friction factor, [–]
h – heat transfer coefficient, [Wm–2K–1]
H – channel height, [m]
Gk – turbulent kinetic energy production
Ghb – up-graded height of baffle, [m]
k – turbulent kinetic energy, [m2s–2]
kf – thermal conductivity, [Wm–1K–1]
L – channel length, [m]
Nu – Nusselt number
Re – Reynolds number, (= ρuD/μ)
S – spacing ratio (= s/D)
T – temperature, [K]
u – mean velocity at the channel, [ms–1]

Greek Letter

ε – turbulent energy dissipation
μ – dynamic viscosity, [kgm–1s–1]
η – thermal enhancement factor, [–]
ρ – density, [kgm–3]

Subscripts 

i – x-direction
j – y-direction

Abbreviations 

BR – blockage ratio (= b/D)
DBR – down-graded baffle ratio (= Dhb/H)
GBR – up-graded baffle ratio (= Ghb/H)
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