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ABSTRACT 

Numerical analysis of fluid flow mechanism and heat transfer in a heat exchanger duct (HXD) with dual-inclined baffles (DIB) are reported. Three 

DIB types are examined: 1. “Type A” is located at the center of the HXD, 2. “Type B” is located on the upper-lower duct walls (as an orifice) and 3. 

“Type C” is a combination of the type A and B (as double orifices). The impacts of the ratio of DIB heights (b) to the square duct height (H; b/H) on 

increased heat transfer and friction loss are analyzed. Laminar flow (Re = 100 – 2000 based on the entry condition of the tested duct) is discussed. The 

simulated problems of the HXD equipped with various DIB types are analyzed by a commercial code (the finite volume method). To confirm accuracy 

results, the simulated domain of the HXD with the DIB is validated (optimum grid check and smooth duct validation). The simulated solutions are 

illustrated in terms of heat transfer and flow features. The performance assessments of the HXD with different DIB types are also presented in terms 

of thermal enhancement factor, Nusselt number and friction factor. It is interesting that the changed DIB position at an identical flow-blockage-ratio 

leads to the changed flow structure that impacts the variations of both the Nusselt number and pressure drop of the HXD. It is found that type C DIB 

provides the greatest thermal potentiality. The heat transfer rate of the HXD equipped with type A, B and C DIB is 1.38 – 13.93, 1.00 – 14.19 and 1.31 

– 14.45 times higher than that of the smooth duct, respectively, depending on the DIB height and Reynolds number. Additionally, the best thermal 

enhancement factor (TEF) of 4.04 is found for the HXD with the type C DIB at b1/H = 0.05 and b2/H = 0.15 at Re = 2000. 
 
Keywords: heat transfer; heat exchanger duct; vortex generator; thermal enhancement factor; vortex flow; dual-inclined baffles.

1. INTRODUCTION 

Vortex generators or turbulators are devices used to augment heat 

transfer rate in heating/cooling systems or production processes such as 

chemical processes, food processes, power plants, automotive industries, 

etc. Development of the vortex generators is the key to thermal 

performance development of heat exchangers. The thermal performance 

improvement of the heat exchangers leads to energy saving and 

production cost of the production processes. An installation of the vortex 

generators in the heat exchangers modifies general flow and heat transfer. 

Longitudinal vortex flows and impinging flows are found when the 

vortex generators are installed in the heat exchangers. These flow 

structures may disturb thermal boundary layer (TBL) which causes an 

increase in the heat transfer coefficient and thermal efficiency. The flow 

structure and heat transfer characteristics change with types, placement 

and other parameters of vortex generators. The fluid flow and heat 

transfer mechanisms in various heat exchangers equipped with different 

vortex generators have been investigated by many researchers.  

There are two configurations of ribs/baffles: inclined- and V-shaped 

ribs/baffles, which are used to improve heat transfer efficiency in many 

heating/cooling systems and heat exchanger devices. Examples of the 

investigations of the inclined and V-shaped ribs/baffles are as follows. 

Rathor and Aharwal (2020) experimentally examined the augmented 

heat transfer with the use of a staggered element in a rectangular duct 

inserted with inclined discrete ribs. They found that flow strength 

increased due to the increment of the turbulent intensity. They found the 

enhanced thermo-hydraulic performance to be around 2.06 at Reynolds 

number of 12,438.  Sivakandhan et al. (2020) examined the enhanced 

thermal potentiality in a new hybrid duct of a solar air heater with 

inclined ribs. The effects of relative roughness pitches, relative roughness 

heights and relative angles were considered. Yuan et al. (2020) reported 

the fluid stream and heat transfer of supercritical pressure CO2 in pipes 

with discrete double inclined ribs as vortex generators. They found that 

the influence of the inclination angle is less significant than that of the 

rib height and the rib spacing. Liu et al. (2021) studied the film cooling 

behavior of a coolant passage with different hole locations and inclined 

ribs. Barik et al. (2021) reported an increase in heat transfer of a solar air 

heater inserted with various ribs (T-rib, left arm inclined T-rib, right arm 

inclined T-rib, Y-rib, concave and convex T-ribs). Their results revealed 

that the Nusselt number of the T-rib enhances by 191% over a range of 

Reynolds numbers around 5000 – 18,000. Luan and Phu (2020) 

presented the thermo-hydraulic correlations and the exergy assessment 

of a solar air heater equipped with inclined baffles. The inclination 

angles, 0o – 180o, of the inclined rib were compared. They concluded that 

the best inclination angles are around 60o – 120o. Chang et al. (2019) 

examined the enhanced heat transfer in a square channel heat exchanger 

equipped with inclined baffles and perforated slots. They concluded that 

the averaged Nusselt number and friction loss are around 5 – 9 times and 

5 – 85 times greater than the smooth correlations of the averaged Nusselt 

number and friction factor, respectively. Keramet et al. (2020) studied 

the natural convective heat transfer in an H-shaped enclosure equipped 

with V-shaped baffles combined with nanofluid using a numerical 

method. Jiang et al. (2021) analyzed the augmented heat transfer for a 

liquid cold plate with mini V-shaped ribs for battery packs. They found 

that the Nusselt number and friction factor of the baffle with the V-

shaped ribs are greater than those of the channel with straight ribs. 

Bahiraei et al. (2020) improved the 2nd law characteristics of flow in a 

square channel inserted with V-shaped ribs combined with nanofluid. 

The influences of rib pitches and rib heights were analyzed.  
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Fig. 1  (a) square channel inserted with type A DIB, (b) square channel inserted with type B DIB, (c) square channel inserted with type C DIB and 

(d) the DIB configurations. 
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Fig. 2  Validations of the plain duct. 

 

 

 
 

(a)                                                                                                     (b) 

 
Fig. 3  Grid independence of the HXD equipped with various DIB types for (a) Nu/Nu0 and (b) f/f0. 
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(a)                                                                                                     (b)                                                                                                        

 

   
(c) 

Fig. 4  Streamlines in transverse planes of the HXD equipped with various DIB types for (a) type A, (b) type and (c) type C at Re = 1000. 
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(a) 

 
(b) 

 
(c) 

Fig. 5  Longitudinal vortex flows of the HXD equipped with various DIB types for (a) type A (b/H = 0.20), (b) type (b/H = 0.20) and (c) type C 

(b1/H = b2/H = 0.10) at Re = 1000. 
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(a)                                                                                                          (b) 

 
(c) 

Fig. 6  Fluid temperature contours in transverse planes of the HXD equipped with various DIB types for (a) type A, (b) type and (c) type C at Re = 

1000. 
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Fig. 7  The locations of the disturbed TBL on the duct wall of the HXD with various DIB types. 

 
They reported that the increased rib height with the declined rib distance 

results in lower exergy destruction and enhances the 2nd efficiency. 

Bahiraei et al. (2019) simulated the enhanced thermal potentiality of Cu-

water nanofluid for a square channel inserted with 90o V-shaped ribs. 

They concluded that the augmented heat transfer is around 28.3% when 

the rib height is increased from 2.5 to 7.5 mm with rib spacing of 50 mm. 

Jin et al. (2019) numerically analyzed the augmented Nusselt number of 

a solar air heater with multiple V-shaped ribs. Krishnaswamy and Sivan 

(2021) employed continuous V and W-shaped ribs to improve thermal 

potentiality of gas turbine blade. They found that the V and W-shaped 

ribs provides the maximum Nusselt number ratio of around 3.9 and 3.8, 

respectively. They also reported that the greatest thermal potentiality is 

around 3.3 and 3.0 for the V and W-shaped ribs, respectively. Zheng et 

al. (2019) numerically simulated the fluid stream and thermal profile in 

a rectangular channel inserted with five different V-shaped slit ribs (ribs 

with rectangular slits, V-shaped slits, anti-V-shaped slits, broken V-

shaped slits and broken anti-V-shaped slits). The numerical results 

revealed that the channel inserted with the broken slits provided greater 

thermal performance due to higher turbulent intensity. Zhao et al. (2021) 

selected ribs combining with delta winglet vortex generators to augment 

heat transfer rate of a solar air heater. The effects of different vortex 

generator types including 90° continuous ribs, 90° truncated ribs, 60° V-

shaped continuous ribs, and 60° V-shaped truncated ribs, were compared. 

They indicated that the delta winglet vortex generators combined with 

the 60° V-shaped continuous ribs provide the greatest thermal 

potentiality. They also presented that the augmented heat transfer is 

around 39.4% when compared with the single delta winglet vortex 

generators. Ni et al. (2019) presented three different ribs: rectangular, Ո-

shaped and Ս-shaped ribs, in micro-combustors. They found that the 2nd 

law efficiency increased around 46 – 51% over their studied range. 

Srivastava et al. (2020) numerically and experimentally studied the 

impacts of ribs on an absorber plate in a solar air heater. The arc-shape 

with gaps was compared with the V-shaped with gaps. They informed 

that the enhanced Nusselt number was around 3.4 and 2.4 for the V-

shaped and are-shaped ribs, respectively. Ameur et al. (2020) enhanced 

the cooling of shear-thinning fluids with the V-baffling technique. They 

concluded that the maximum enhanced heat transfer ratio was about 1.52. 

Ameur and Sahel (2019) studied the effects of some parameters on the 

thermo-hydraulic characteristics of a channel heat exchanger with 

corrugated walls. Menni et al. (2020) improved solar duct efficiency by 

using multiple V-baffles. Ameur (2019) investigated the effects of the 

baffle inclination on the flow and thermal characteristics in channel heat 

exchangers. Ameur (2020) found that the overall performance factor 

increased from 1.27 to 1.53 when the corrugation angle of the corrugated 

baffle was increased from 0° to 45°. Luan and Phu (2021) numerically 

analyzed the thermal performance and entropy generation of the baffled 

channel. Thao et al. (2021) performed a CFD study and Taguchi-Based 

optimization of a solar air heater duct baffled on a back plate. Phu et al. 

(2021) found that the maximum effective efficiency of the baffled 

collector duct with successive ratios from 1 to 1.3 was 0.6. 

As shown in the previous works, the investigations of the heat 

exchanger with the vortex generators can be done by both numerical and 

experimental studies. Insights in fluid flow and heat transfer are key to 

developing new designs of the vortex generators and heat exchangers. 

Moreover, a numerical study, compared with an experimental study, is 

an inexpensive approach. However, an accuracy of numerical results 

must be assessed. The simulated domain of a heat exchanger mounted 

with vortex generators must be compared with the correlation values or 

experimental data to confirm the credibility of the numerical model. 

From the published works, a single V-shape generator produces two 

main counter-rotating flows with common-flow-up/down. The counter-

rotating flows highly disturb the TBL only near upper-lower walls or left-

right sidewalls depending on the V-tip arrangement. Therefore, in the 

present work, we try to produce two main co-rotating flows. It is assumed 

that the co-rotating flows may disturb the TBL in all sides of the heating 

duct. In the present research, the heat exchanger duct (HXD) equipped 

with the dual-inclined baffles (DIB) is considered. The effects of DIB 

types and DIB heights on topologies and heat transfer of laminar flow 

are discussed. The DIB configurations are categorized into three types: 

type A, B and C. The installation and maintenance of various DIB types 

in real heating/cooling systems are also provided.           

2. THE HXD EQUIPPED WITH VARIOUS DIB 

TYPES  

Figs. 1a, b and c present the HXD equipped with type A, B and C DIBs, 

respectively. The DIB can be categorized into three types: 1. Type A DIB 

is installed at the center of the HXD, 2. Type B DIB is installed on the 

upper-lower walls of the HXD and 3. Type C DIB is type A and B DIBs 

combined. The square duct is considered for the present research. The 

square duct height is equivalent to 0.05m. The hydraulic diameter of the 

square duct, Dh, is equal to the duct height (Dh = H). The periodic model 

length of the HXD equipped with the DIB, L, is fixed to H or L/H = 1. 

DIB spacing, P, is equal to H (P/H = 1). An inclination angle or flow 

attack angle of the DIB is 30o. The baffle thickness at the left-right 

sidewalls of 0.05H is set for all investigated cases. The DIB height of 

type A and B DIBs is represented with “b”. For type C DIB, “b1” is the 

DIB height at the center of the HXD, while “b2” is the DIB height on the 

upper-lower walls. For type A and B DIBs, the DIB height to the duct 

height, b/H, is varied as follows: 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30. 

For type C DIB, the total DIB height (b1+b2) is not higher than 30% of 

the duct height, bt/H ≤ 0.30. The investigated cases of type C DIB are 

listed in Table 1. The flow direction in positive x-axis (+x) is considered 

for all studied cases.  
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(a)                                                                                                                               (b) 

 
(c) 

Fig. 8  Local Nusselt number contours on duct walls of the HXD equipped with (a) type A, (b) type and (c) type C DIBs at Re = 1000. 
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Table 1 Tested cases of the HXD equipped with type C DIB. 

Case 

no. 
 

Case 

no. 
 

Case 

no. 
 

Case 

no. 
 

Case 

no. 
 

1 
b1 = 0.05H, 

b2 = 0.05H 
6 

b1 = 0.10H, 

b2 = 0.05H 
10 

b1 = 0.15H, 

b2 = 0.05H 
13 

b1 = 0.20H, 

b2 = 0.05H 
15 

b1 = 0.25H, 

b2 = 0.05H 

2 
b1 = 0.05H, 

b2 = 0.10H 
7 

b1 = 0.10H, 

b2 = 0.10H 
11 

b1 = 0.15H, 

b2 = 0.10H 
14 

b1 = 0.20H, 

b2 = 0.10H 
  

3 
b1 = 0.05H, 

b2 = 0.15H 
8 

b1 = 0.10H, 

b2 = 0.15H 
12 

b1 = 0.15H, 

b2 = 0.15H 
    

4 
b1 = 0.05H, 

b2 = 0.20H 
9 

b1 = 0.10H, 

b2 = 0.20H 
      

5 
b1 = 0.05H, 

b2 = 0.25H 
        

 

3. THEORY AND NUMERICAL METHOD  

The simulated conditions can be stated as follows. The flow and heat 

transfer patterns in the tested HXD are steady. The tested fluid: air (300K 

with Pr = 0.707), is in the low velocity regime. The air is considered as 

incompressible fluid and has constant density and viscosity since the 

variation of the fluid temperature is not higher than 10oC. As for the heat 

transfer mode, force convective heat transfer is measured, while heat 

transfer by natural convection and radiation are considered negligible. 

Viscous dissipation is ignored as well as body force. The no-slip wall 

boundary condition is applied for the tested HXD. The related equations 

are referred from Cengel and Ghajar, 2015. 

The air velocity is presented by Reynolds number which is written 

in Eq. 1. 

Re huD


=   (1) 

𝐷ℎ is the hydraulic diameter of the square channel which is equal to H. 𝜇 

and 𝜌  are fluid viscosity and density, respectively. 𝑢̅  is the average 

velocity at the inlet. 

The pressure drop across the tested HXD is described by the friction 

factor as shown in Eq. 2. 

( )
2

/

1/ 2

hp L D
f

u


=

  (2) 

where ∆𝑝 is the pressure drop across the tested section, L.  

The forced convection of the tested HXD is presented by the local 

Nusselt and averaged Nusselt number as shown in Eqs. 3 and 6, 

respectively. 

x h
x

h D
Nu

k
=   (3) 

where k is the thermal conductivity of the fluid, and hx is the local Nusselt 

number which is calculated by  

T
q k

n

 
=  

 

  (4) 

x

w f

q
h

T T
=

−

  (5) 

Subscript; w = wall, f = local fluid and n is the local coordinate normal 

to the wall. 

1
xNu Nu A

A
= 

  (6) 

The benefit of the DIB installation can be assessed by thermal 

enhancement factor which can be calculated with Eq. 7.  

 

( )

( )
0

1/3

0 0 0

/

/pp pp

Nu Nuh Nu
TEF

h Nu f f
= = =

  (7) 

The Nu0 and f0 in Eq. 7 are the Nusselt number and the friction factor for 

the simple duct with no DIB, respectively.  

0 2.98Nu =   (8) 

57 / Ref =   (9) 

The boundary conditions of the simulated model are summarized in 

Table 2. 

 

Table 2 Boundary conditions of the simulated model. 

Zones Boundary conditions 

Inlet-exit regime Periodic boundary  

Duct wall Uniform temperature of 310 K 

DIB Insulator/heat flux of 0 W/m2 

The simulated problem of the HXD equipped with the DIB is solved 

with the finite volume method using a commercial code. The governing 

equations in the present research are the continuity, the momentum and 

the energy equations. For the numerical setting, the continuity, the 

momentum and the energy equations are discretized by the power law 

scheme, the power law scheme and the QUICK scheme, respectively. In 

comparison, our simulated results are very close with the change of the 

numerical schemes (FOU, SOU, power law schemes) for the continuity 

and the momentum equations. The simulated solutions are set to be 

converged when the normalized residual data are lower than 10-5 for all 

variables, but lower than 10-9 for the energy equation. For the numerical 

test, the number of iterations is around 50,000 – 200,000.  

4. NUMERICAL RESULTS 

This section is divided into three parts: 1. numerical validation, 2. flow 

mechanism and heat transfer and 3. thermal performance assessment.  

4.1 Numerical validation 

For the numerical investigation, the simulated domain must be validated 

to assure the accuracy of the simulated results. There are two parts for 

the numerical validation: 1. smooth duct validation and 2. grid 

independence test. The smooth duct validation is done by comparing the 

averaged Nusselt number and the friction factor of the current smooth 

duct with the correlation data (Cengel and Ghajar (2015)) as depicted in 

Fig. 2. The Nusselt number of the present model differs from the 

correlation values by 0.6%, while the deviation of the friction factor is 

around 8%, thus validating the numerical modeling in the present study. 

Figs. 3a and b present the plot comparing Nu/Nu0 and f/f0 with Re, 

respectively, at different grid cells for the HXD equipped with different 

DIB types. The b/H = 0.20 is selected for type A and B DIBs, while the 

b1/H = b2/H = 0.10 is opted for type C DIB. As shown in the figures, an 
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increase in the grid cells higher than 180000 cells has no impact on the 

Nusselt number and the friction loss in all DIB types. Therefore, the 

simulated model of the HXD equipped with all DIB types is applied with 

the optimal number of the grid cells of around 180000. 

 

 

 

 
(a)                                                                                                             (b) 

 

 

 

 
         (c) 

Fig. 9  Thermal performance assessment of the HXD equipped with type A and B DIBs for (a) Nu/Nu0 vs Re, (b) f/f0 vs Re and (c) TEF vs Re. 

 

4.2 Flow mechanism and heat transfer  

The streamlines in y-z axis (transverse plane) and longitudinal flows of 

the HXD installed with the DIB are presented to discuss the flow 

topologies. The temperature and the local Nusselt number distributions 

are plotted to analyze the heat transfer characteristics.  

Figs. 4a, b and c present the streamlines in the cross-sectional planes 

of the HXD equipped with type A, B and C DIBs, respectively, of 

different b/H values at Re = 1000. As for type A DIB, the four major 

vortex centers and small vortices at the duct corners are found in all b/H 

cases. The symmetric flow at the upper and lower sections of the y-z 

plane is seen because of the symmetric DIB. Focusing at the lower pairs 

of the vortex flows, type A DIB in the HXD generates vortex flows in a 

clockwise direction. The position of the vortex core depends on the DIB 

height.     

As for type B DIB, the four major vortex centers and the small 

vortices close to the duct corners are observed for all b/H cases. The 

symmetric flow profile at the upper and lower sections of the cross-

sectional plane is found due to the symmetric DIB. Considering at the 

lower pairs of the flows, type B DIB in the HXD produces the vortex 

flows in a counterclockwise direction for all b/H values. The vortex 

center location depends on the DIB height.  

As for type C DIB, the eight major vortex centers are found. The 

symmetric flow profile at the upper and the lower parts of the transverse 

plane is observed because of the symmetry of the DIB shape. The vortex 

flows can be split into two parts. 
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(a)                                                                                                                                              (b) 

 
                                                                                                                                         (c) 

Fig. 10  Thermal performance assessment of the HXD equipped with type C DIB for (a) Nu/Nu0 vs Re, (b) f/f0 vs Re and (c) TEF vs Re. 
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                                                       (a)                                                                                                    (b)                                                                                                   (c) 

 
Fig. 11  Comparison in the HXD equipped with various DIB types at similar flow blockage ratios of the (a) Nu/Nu0 vs Re, (b) f/f0 vs Re and (c) TEF vs Re. 
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The vortex flows at the center of the plane (VT1) is created by the DIB 

located in the middle of the HXD, while vortex flows near the upper-

lower walls (VT2) are produced by the DIB located on the upper-lower 

walls. The vortex center position and the vortex flow size are varied with 

the DIB height. The VT1 rotates in the clockwise direction, while the VT2 

rotates in a counterclockwise direction.  

The vortex flows in the HXD play an important role in the 

enhancement of the heat transfer. The benefits of the vortex flows in the 

HXD are 1. to improve fluid blending and 2. to disturb the TBL. These 

two mechanisms in the HXD equipped with the DIB are the major keys 

for the enhanced heat transfer. An increment of the number of the vortex 

cores improves the air temperature distribution in the HXD. However, 

the power of the vortex flow may reduce with increasing the number of 

the vortex cores. The vortex power directly influences the enhanced heat 

transfer rate over the HXD.  

Figs. 5a, b and c present the plots of the impinging flows of the HXD 

equipped with type A, B and C DIBs, respectively, at Re = 1000. The 

impinging flows are parts of the vortex flows in the HXD. The impinging 

flows directly causes the disturbance of the TBL. The impacting flows 

can reduce the TBL thickness which can help to increase the heat transfer 

coefficient. As shown in the figures, the impinging flows in the HXD are 

found for all DIB types. Because the flow topologies of the HXD 

installed with various DIB types are not in a similar pattern, the 

impingement positions are not in a similar position. The impinging 

positions may result in a higher local Nusselt number when compared 

with other regimes (see Fig. 7). 

Figs. 6a, b and c show the temperature contours in cross-sectional 

planes for the HXD with type A, B and C DIBs, respectively, at Re = 

1000 with various b/H cases. The variation of the temperature contours 

indicates the disturbance of the TBL. Normally, red contours of hot air 

are observed close to the duct walls, while blue layers of cold fluid are 

found at the core of the duct for the plain duct without DIBs. The fluid 

distribution is more uniform with the inserted DIB in the HXD for all 

DIB types. 

For type A and B DIBs, the temperature contours of the b/H = 0.05 

are found similarly as the temperature profiles of the smooth duct. This 

is because when b/H = 0.05, it generates the lowest vortex power. The 

fluid distribution in the HXD is found to be more uniform when 

increasing the b/H values because of the growth of the vortex strength. 

When b/H = 0.30, it performs the highest vortex strength when the b/H 

= 0.05 provides the reverse trend when considered at the temperature 

contours. The temperature profiles in the HXD with type A and B DIBs 

are not in a similar pattern. The TBL disturbance is obviously discovered 

with the increasing b/H values for both types.  

For type C DIB, the disturbed TBL in the HXD is found in all cases, 

especially, at high flow blockage ratios. Type C DIB (b1/H = b2/H = 0.05) 

provides the temperature distributions nearly as the smooth duct without 

DIBs. The reason is that the ratio of b1/H = b2/H = 0.05 results in the 

lowest vortex strength. The vortex power in the HXD equipped with type 

C DIB increases with the increasing b1/H and b2/H values. Because the 

temperature profile of type C DIB differs from that of type A and B DIBs, 

the position of the disturbed TBL (or the peak position of the Nux) is not 

in a similar pattern (see the Fig. 7).  

Figs. 8a, b and c present the plot of the Nux on the duct walls of the 

HXD with type A, B and C DIBs, respectively, at Re = 1000 with 

different b/H values. The greatest Nusselt number is presented with red 

layer, while the lowest Nusselt number is shown by the blue layer. The 

peak regime of the local Nusselt number occurs due to the disturbance of 

the TBL which is acted by the impinging flows. For all DIB types, an 

sudden increase of the Nusselt number is caused by an increase of the 

b/H values. For type A and B DIBs, the highest and lowest heat transfer 

values are observed at the DIB with the b/H of 0.30 and 0.05, 

respectively. For type C DIB, the lowest Nusselt number is observed 

when b1/H = b2/H = 0.05. The peak of the Nux is observed at the right 

sidewall for type A DIB, and is found at the left sidewall for type B DIB. 

For type C DIB, the peak of the Nux depends on the b1 and b2 values. The 

knowledge about the position of the highest Nux is beneficial for some 

heat exchanger types which require 1 - 3 heating sides, for example.  

4.3 Thermal performance assessment 

There are three parts in this section: 1. enhanced heat transfer, 2. pressure 

loss and 3. efficiency. The enhanced heat transfer rate, pressure loss and 

thermal efficiency in the HXD equipped with various DIB types are 

described by the Nusselt number ratio (Nu/Nu0), friction factor ratio (f/f0) 

and thermal enhancement factor (TEF), respectively.  

Figs. 9a, b and c show the relations of the Nu/Nu0, f/f0 and TEF 

versus the Reynolds number for the HXD equipped with type A and B 

DIBs, respectively. Normally, the HXD with the DIB gives better heat 

transfer rate than those of the plain duct with no DIB (Nu/Nu0 > 1). As 

the Reynolds number and the DIB height increase, the Nu/Nu0 increases. 

This is because the power of the vortex flow increases when rising the 

DIB height and the Reynolds number. The growing vortex strength 

directly influences the impinging flow on the duct walls that is the 1st 

reason for the improved heat transfer. Moreover, the growing vortex 

strength also impacts the fluid temperature distribution over the HXD 

that is the 2nd cause for the enhanced heat transfer. The friction factor of 

the HXD equipped with the DIB is higher than the simple duct for all 

tested cases (f/f0 > 1). As the Reynolds number enhances, the f/f0 rises. 

The f/f0 of the HXD equipped with the DIB augments when increasing 

the b/H value. This is because the flow blockage directly results in the 

increase of the pressure drop in the HXD. For an identical flow blockage, 

type A DIB results in higher friction loss than type B DIB for all 

Reynolds numbers. The different values of the f/f0 between type A and 

B DIB increase when augmenting the flow blockage ratio. The TEF of 

the HXD equipped with the DIB is higher than that of the simple duct for 

almost examples (TEF > 1). The TEF of the HXD equipped with type B 

DIB is higher than that of type A DIB. This means that type B DIB 

performs the best ratio for the heat transfer potentiality and pressure loss 

when compared at an identical pumping force. The best thermal 

potentiality of the HXD equipped with type A and B DIBs is found at the 

b/H of 0.15 and 0.20, respectively, at Re = 2000.    

The relations of the Nu/Nu0 vs Re, f/f0 vs Re and TEF vs Re for the 

HXD equipped with type C DIB are shown in Figs. 10a, b and c, 

respectively. Normally, the installation of type C DIB in the HXD yields 

greater heat transfer coefficient and friction loss than the plain duct with 

no DIB in all investigated cases (Nu/Nu0 > 1 and f/f0 > 1). The Nusselt 

number for the HXD equipped with type C DIB improves when rising 

the Reynolds number because of the increment of the vortex power. At 

similar b1/H, the Nu/Nu0 of the HXD increases when growing the b2/H 

because of the enhanced vortex power. The maximum and the minimum 

Nu/Nu0 for the HXD equipped with type C DIB are found when b1/H = 

0.05, b2/H = 0.25 and b1/H = b2/H = 0.05, respectively. As the Reynolds 

number and DIB height increase, the friction loss rises. The maximum 

f/f0 in the HXD inserted with type C DIB is found when b1 = 0.25H, b2 = 

0.05H, while the lowest f/f0 is found when b1 = b2 = 0.05H. It is 

interesting that the b1/H (DIB at the middle of the HXD) plays an 

important role to reduce the pressure drop of the HXD inserted with type 

C DIB. The insertion of type C DIB in the HXD provides greater TEF 

than that of the plain duct for almost investigated cases (TEF > 1). The 

best TEF for the HXD equipped with type C DIB is found when b1/H = 

0.05, b2/H = 0.15. 

Figs. 11a, b and c present the Nu/Nu0 vs Re, f/f0 vs Re and TEF vs 

Re, respectively, for the HXD equipped with various DIB types at similar 

total blockage ratios (bt/H, bt = b for the type A and B DIB, bt = b1+b2 for 

the type C DIB). Considering at Re = 2000, bt/H = 0.10 and 0.15, the 

maximum Nu/Nu0 of the HXD equipped with various DIB types is found 

at type B DIB. When bt/H = 0.20 with Re = 2000, the highest heat transfer 

coefficient in the HXD is found at type B and C DIBs (b1/H = 0.05, b2/H 

= 0.15). The HXD equipped with type B and C DIBs (b1/H = 0.05, b2/H 

= 0.20) provides the best heat transfer coefficient at the total flow 

blockage of 0.25 when at Re = 2000. When bt/H = 0.30 and Re = 2000, 

the values of the Nu/Nu0 in the HXD equipped with different DIBs do 

not much differ, except for type C DIB when b1/H = 0.25 and b2/H = 0.05 
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where the heat transfer is the lowest. The Nusselt number of the HXD 

equipped with type A, B and C DIBs is 1.38 – 13.93, 1.00 – 14.19 and 

1.31 – 14.45 times, respectively, higher than the simple duct with no DIB, 

depending on the DIB height and the Reynolds number. At similar bt/H, 

it is clearly seen that the HXD equipped with type A DIB provides the 

highest pressure loss, while type B DIB provides higher friction loss than 

type C DIB for almost Reynolds numbers. This means that the DIB which 

is located at the middle of the HXD is significant factor for the pressure 

loss enhancement. The friction factor of the HXD equipped with type A, 

B and C DIBs is 2.09 – 124.30, 1.10 – 110.82 and 2.20 – 103.52 times, 

respectively, higher than that of the smooth duct without DIBs, 

depending on the DIB height and the Reynolds number. At the bt/H = 

0.10 and 0.15, the best TEF of 3.29 and 3.87, respectively, is found at the 

type B DIB, when considering at Re = 2000. The type C (b1/H = 0.05, 

b2/H = 0.15), type C (b1/H = 0.05, b2/H = 0.20) and type C (b1/H = 0.20, 

b2/H = 0.10) offer the best TEF of 4.04, 3.62 and 3.21 at the total DIB 

height to the duct height of 0.20, 0.25 and 0.30, respectively, at Re = 

2000.  

5. CONCLUSIONS 

Heat transfer analysis of the HXD with various DIB styles is numerically 

studied. The impacts of DIB heights (bt/H = 0.05 – 0.30), DIB types (A, 

B and C) and the Reynolds number (laminar flow, Re = 100 – 2000) on 

flow topologies and heat transfer in the HXD are considered. The 

contribution of the current research are as follows. 

The flow mechanisms: vortex flows and impinging flows, are found 

when the HXD is equipped with DIBs. Vortex streams and impinging 

streams disturb the TBL that are the major reason for the augmented heat 

transfer. The vortex strength directly impacts the disturbance of the TBL. 

The vortex strength depends on the DIB height, the DIB type and the 

Reynolds number. 

The use of type C DIB results in the best values of both heat transfer 

rate and thermal performance. The highest heat transfer rate of the HXD 

equipped with type C DIB is found when b1/H = 0.05 and b2/H = 0.25 

which are about 14.45 times above the plain duct without DIBs. The 

optimal TEF of the HXD equipped with type C DIB is observed when 

b1/H = 0.05 and b2/H = 0.15 which are of about 4.04. Considering 

installation and maintenance, type C DIB is the most stable and simple 

element to install in heating/cooling systems. The DIB provides the 

thermal enhancement factor close to that of the V-shaped baffles 

(Boonloi (2014) and Boonloi and Jedsadaratanachai (2014)) and inclined 

baffles (Promvonge et al. (2010)).   
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NOMENCLATURE 

b DIB height, m 

b1 DIB height at the middle of the duct  

 (for type C DIB), m 

b2 DIB height on the upper-lower walls of the duct  

 (for type C DIB), m 

bt total DIB height, m 

Dh hydraulic diameter of the tested duct, m 

f friction factor 

H square duct height, m  

h convective heat transfer coefficient, W m-2 K-1 

k thermal conductivity, W m-1 K-1 

L numerical model length 

Nu Nusselt number (=hDh/k)  

p static pressure, Pa 

Re Reynolds number   

T temperature, K 

u  mean velocity in channel, m s-1 

Greek letter 

α flow attack angle, degree 

ρ density, kg m-3 

Subscript 

0 smooth square channel 

pp pumping power 

Abbreviation 

DIB dual-inclined baffle 

HXD heat exchanger duct 

TBL thermal boundary layer 

TEF thermal enhancement factor (=(Nu/Nu0)/(f/f0)1/3)” 
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