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Abstract—This study comprehensively simulate the use of k-ε 

model for predicting flow and heat transfer with measured flow field 
data in a stationary duct with elucidates on the detailed physics 
encountered in the fully developed flow region, and the sharp 180° 
bend region. Among the major flow features predicted with accuracy 
are flow transition at the entrance of the duct, the distribution of 
mean and turbulent quantities in the developing, fully developed, and 
sharp 180° bend, the development of secondary flows in the duct 
cross-section and the sharp 180° bend, and heat transfer 
augmentation. Turbulence intensities in the sharp 180° bend are 
found to reach high values and local heat transfer comparisons show 
that the heat transfer augmentation shifts towards the wall and along 
the duct. Therefore, understanding of the unsteady heat transfer in 
sharp 180° bends is important. The design and simulation are related 
to concept of fluid mechanics, heat transfer and thermodynamics. 
Simulation study has been conducted on the response of turbulent 
flow in a rectangular duct in order to evaluate the heat transfer rate 
along the small scale multiple rectangular duct 
 

Keywords—Heat transfer, turbulence, rectangular duct, 
simulation. 

I.  INTRODUCTION 
HE performance of turbulence and heat transfer models in 
predicting the velocity and temperature fields of relevant 

industrial flows has become importance during the last few 
years.  

This requirement for improved predictive performance is 
also true for turbulent duct flows which occur frequently in 
many industrial applications such as compact heat exchangers, 
gas turbine cooling systems, recuperates, cooling channels in 
combustion chambers, inter-coolers, nuclear reactors and 
others[1]. The cross-section of these ducts might be 
orthogonal (square or rectangular) or non-orthogonal (such as 
trapezoidal), in which the generated flow is extremely 
complex[2]. Sometimes, the ducts are can be wavy or 
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corrugated in the streamwise direction and might be 
manufactured with ribs in order to achieve faster transition to 
turbulence.  

Turbulent flows can be created by introducing geometrical 
elements periodically in the channel to enhance heat transfer 
between the fluid and the surface[3, 4]. Turbulent flow can 
control the temperature along the duct.  

The local-averaged heat transfer coefficients along the 
length of the flow passage except for the regions of the bends 
of the passage can be nearly constant and closely coincide 
with the fully developed heat transfer coefficient for flow in a 
flat rectangular duct[5, 6]. 

The calculation of developing flow in 180° bend regions 
can be carried out with initial conditions similar to a fully 
developed channel and then integrating in time until the flow 
reached a statistically stationary state. The time evolution of 
bulk quantities such as Nusselt number, wall heat flux, friction 
drag losses, and form drag losses were observed until all 
values were established, sampling to obtain mean and 
turbulent quantities was carried out for approximately 10 time 
units in each calculation[7]. The corners and recesses 
geometrical features can cause abrupt changes in flow 
direction, separation and consequently large-scale vortices. 
The subsequent convection of vortices gives rise to significant 
flow unsteadiness and consequently temporal heat variations. 
They also claimed that due to the massive separation, the flow 
unsteadiness and heat transfer in a 180° sharp bend duct are 
much stronger than for U-bends[8]. 

In this study the ducts are analyzed without any ribs and 
have sharp 180° bend region to be considered and analyzed as 
shown in Fig. 1. Thus, the prediction of the turbulent flow and 
heat transfer characteristics in engineering duct flows still 
requires Reynolds number approach using suitable turbulent 
closure model for both the velocity and temperature 
correlations. It is known that secondary motions develop in 
the sharp corners of non-straight duct where those motions are 
important since they redistribute the kinetic energy, influence 
the streamwise velocity, and thereby affect the wall shear 
stress and heat transfer[9]. 
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Fig. 1 Half-cut model for analysis 

II.  SCHEMATIC MODEL, TURBULENT MODEL  

A.  Model Specifications  
The full model of analysis was shown in Fig. 2 with the 

arrows of flow direction. It contains about 160 small 
rectangular ducts with 5 mm x 5 mm area per duct where the 
purpose is to allow certain amount of air per cubic area and 
direct it along the model. The arrangement are seems like the 
honeycomb typical arrangement along the full model of the 30 
cm x 5 cm x 20 cm rectangular for the outer casing. It also 
contains baffles to elongate the duct in order to elongate the 
airflow distribution. For this analysis, the full model was cut 
into half size as shown in Fig. 1 and only nine small 
rectangular ducts will be analysed. 

The purpose of downsize is the simulation and analysis 
would be much easier and practical to conduct, as it will 
represent the full-size model based on the similarity concept. 
The materials that been chosen for the ducts is high in thermal 
conductivity as it will absorb more heat of the airflow and 
those type will give different results from each other due to 
the properties itself. 

 

 
Fig. 2 Full model of multiple rectangular ducts 

B.  Turbulence Model  
In this modeling one of the classical models are in this two-

equation model Standard k-ε model and Realizable k-ε model. 
The realizable k-ε model has been choosing as it is consistent 
with the physics of turbulent flows. The transport equation of 
Realizable k-ε model is given by [10]:  
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where Gk represents the generation of turbulent kinetic energy 
due to the mean velocity gradient, Gb is the generation of 
turbulent kinetic energy due to buoyancy, Ym represents the 
contribution of fluctuating dilatation in compressible 
turbulence to the overall dissipation rate.   

III. RESULT AND DISCUSSION 

A.  Simulation Result  
Three types of analysis of simulation results in the terms of 

temperature, pressure and velocity distribution were presented 
in the form contours and vectors plot to illustrate the flow. 
The results are based on the initial boundary conditions of 80 
m/s of inlet velocity, 323 K of inlet temperature.  

The first part will discuss about all the analysis from inlet to 
outlet. Another discussion part will focus on the 180° sharp 
bend region with same base of boundary conditions where this 
part could be considered as critical part because from the 
previous theoretical studies, this region gives the drastic 
impact to the results of any types of distribution analysis in the 
CFD simulation. The final part is the presentation of 
simulation in Iso-surface type where the distributions are more 
clearly and accurate in view. 

Figs. 3 – 4 show the contour plot of static and total 
temperature distribution along the model where the range of 
the temperature value is from 323 K to 298 K along the 
channel. The changes of the temperature value were more 
effective when the flow pass through every corner or bend 
region of the duct. From this result, it shows that the 
temperature will decrease drastically when the turbulence take 
place.  This result was supported by the results presented in 
Fig. 5. This figure presented that the value of the turbulent 
kinetic energy (m2/s2) increased after the flow reached first 
corner of the model in the range of 99.3 m2/s2 to 422 m2/s2.  

The velocity magnitude is shown in Fig. 6. From this 
contour plot it shows the velocity in z-direction will increases 
drastically when the flow passing through the corner but 
slightly decreased in the few centimetres ahead but the 
decreasing does not affect much to the temperature and 
pressure properties. This velocity shows that the force 
convection will take place throughout the channel.   

From this simulation result of entire region it is clearly 
shown that the sharp bend gives significant effect of turbulent 
heat transfer in order to decrease the temperature.  

Square cross-section = 5 mm x 5 mm 

Size: 15 cm × 5 cm × 20 cm 
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Baffle 
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Fig. 3 Total temperature inside the dutcs 

 

 
Fig. 4 Static temperature inside the ducts 

 

 
Fig. 5 Turbulent Kinetic Energy inside the dutcs  

 

 
Fig. 6 Velocity Magnitude of the flow 

B.  The Effect of 180° Bend Region  
The most critical region to analyse is 180° bend region 

since from the previous studies, especially for the sharp bend 
[8].  As we can see in the Figs. 7 – 9, and were discussed in 
the Fig. 3 - 6, all the value of the analysis are drastically 
change when the flows pass through this region in order to be 
directed to the outlet region. 
 The types of analysis were also in the same form as the first 
part that were discuss above which are in the form of 
temperature, pressure and velocity distributions. In this part of 
simulation, the distribution of Kinetic Energy, pressure and 
velocity viewed in plan. The simulation results shows that the 
effect of turbulent due to high velocity flow will affect the 
changes in temperature distribution. This shows the 
effectiveness of the bend region in order to create an obvious 
impact of turbulent flow. 
 

Flow 

Flow 

 

Fig. 7 Turbulent Kinetic Energy at 180° Bend 

 

Fig. 8 Velocity Magnitude at 180° Bend 

 

Fig. 9 Total Pressure at 180° Bend 
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C.  Velocity and Turbulent Profile 
In all analysis the flow channelling takes place near the wall 

and both sharp 90° and 180° bend region, due to the presence 
of constrained flow areas. Strong radial flow from the middle 
to the wall is also noticeable. It was also noticed that velocity 
increased even by 2 times the inlet velocity in some 
constrained areas of the rectangular duct as we can see in Fig. 
6 and  Fig. 8 in the 180° bend plan view.  

Important objective of the optimum velocity inlet is to 
create a turbulence region with proper combination of 
boundary conditions variables. In the theory, velocity 
condition and profiles are corresponding to the turbulent flow 
created as can be seen in Fig. 5 and Fig. 7 where turbulent 
flow approach the maximum value in both 90° and 180° bend 
region as the value of velocity increased. In comparing the 
velocity and turbulent profile, then it could be summarize that 
the correlation between turbulent flow and velocity field exist.  

In turbulent flow, the forces driving the secondary motion 
are concentrated in the region close to each corner. These 
motions were generate by gradients of the normal turbulent 
stresses. The turbulent shear stress is the essential element in 
the production of the turbulent kinetic energy and such 
determines the overall turbulent energy level of the flow.  The 
secondary motions concentrated near the duct corners are 
strong and their effect on the streamwise flow is large. 

D.   Temperature Contours 
The temperature contour plots for isosurface simulations 

using realizable k-ε model as shown in Fig. 10 and Fig. 11 
was to illustrate on how temperature field changed with the 
velocity flow rate and the existence of high turbulent flows. 
This concept becomes clear when comparing the simulation 
results for temperature, velocity, turbulent and pressure 
contour and while analyzing the kinetic energy profiles (Fig. 
12) that shows an increasing of kinetic energy in both 90° and 
180° bend region as Re increases, then the correlation 
between heat transfer and flow field improves. The large-scale 
of turbulent flow in both 90° and 180° bend region the 
temperature field also shows oscillating behaviour and the 
heat transfer is decreased in those bend regions. Analysis also 
shows the active heat transfer region, corresponding to the 
maximum turbulent and velocity flow and minimum pressure 
is convey along the duct at a constant inlet velocity. In Fig. 
11, the total temperature from the starting point of the 180° 
bend drops from 315 Kelvin to 307 Kelvin (about 2.5 % of 
temperature drops) at the end of the 180° bend respectively in 
condition of the increasing of velocity (about 27 % increased) 
and turbulence flow along that bend region. In the straight 
region, the correlation between heat transfer and flow field is 
not so good along the duct compare to the bend region (about 
0.63 % of temperature drops). The power required for a given 
heat transfer rate can be reduced by decreasing the velocity of 
flow. However, a reduction in fluid velocity means that the 
required surface area must be increased, and hence a 
compromise must be made. Therefore, it can be concluded 
that there is strong relation of heat transfer rate between 
velocity and turbulent flow characteristics as the conforming 
to the theory and previous studies related to this topic. These 

results also can be use as a validation in the comparison of the 
theory and previous study.  
 

 
Fig. 10 Total Temperature in Whole Region 

 

 
 

Fig. 11 Total Temperature in 90° and 180° Bend Region 
 

 
 

Fig. 12 Turbulent Kinetic Energy in 90° and 180° Bend Region 

IV. CONCLUSION 
From this analysis the result suggests that the flows will 

maintained turbulent along the ducts when the inlet velocity is 
at least in the range of 20 m/s – 80 m/s.  A result also shows 
that the correlation between flow structure and heat transfer is 
found to be strong. It is found that the onset of flow 
oscillations is important as it dramatically enhances heat 
transfer. As mention before the temperature drop about 2.5% 
at the end of 180° bend while the velocity increases about 
27%. Here the significant correlation between the sharp bend 
of the duct and velocity throughout the duct are shown. 
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