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Abstract: Computational study was carried out to determine average heat transfer coefficients and friction
factors for turbulent flow through rectangular ducts with ribs. A commercial finite volume package ANSYS
FLUENT 12.1 is used to analyze and visualize the nature of the flow across the ribbed duct The fluid in the duct
was air, and the average heat transfer coefficients were determined by measuring the overall heat transfer
coefficients of the duct. To attain fully developed conditions at the entrance and exit, the duct was built with
additional lengths before and after the test section. The walls of the air side were ribbed with an array of short
ribs. The second wall of the duct was well insulated and can be considered adiabatic. The results are presented
in dimensionless form, in terms of Nusselt numbers and friction factors as functions of the Reynolds number. It
was found that the ribs increase both the heat transfer and the pressure drop compared with a smooth duct.
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l. Introduction

The rectangular duct geometry is commonly employed in engineering applications, such as compact heat
exchangers, solar collectors, and others. A survey of the available published literature on the heat transfer and
pressure drop characteristics of rectangular ducts reveals a great lack of information about turbulent conditions.
With regard to laminar heat transfer and pressure drop, the situation is better. Turbulent heat transfer and fluid
flow characteristics of air in rib-roughened tubes, annuli, ducts and between parallel plates have been studied
extensively because of their important applications. Such a heat transfer enhancement method is widely used in
cooling passages of gas turbine blade, compact heat exchangers, fuel elements in advanced gas-cooled reactor
electronic cooling devices, etc. Taking the cooling passages is usually approximated by a rectangular duct with a
pair of opposite rib-roughened walls.

Sparrow and Haji-Sheikh [1] report analytical results for laminar fully developed heat transfer in isosceles
triangular ducts for a large range of apex angles. The thermal boundary condition was constant heat flux at the
triangle walls. In addition, pressure drop coefficients are presented. Schmidt and Newell [2] also give results that
can be applied to laminar flows. Several thermal boundary conditions were considered. All the situations were
concerned with fully developed flows. One of the most extensive sets of results in noncircular ducts is that of
Shah and London [3]. Only laminar flows were studied. With regard to turbulent flows, Eckert and Irvine [4] and
Altemani and Sparrow [5] appear to the only authors with information about triangular ducts. In [4],
measurements of heat transfer and friction characteristics were made in a narrow isosceles triangular duct with an
apex angle of 11.46 °. In [5], experiments were performed in an equilateral triangular duct. Entrance-region and
fully developed heat transfer characteristics were determined; friction factors were also measured. The heating
arrangement was designed to yield the following thermal boundary conditions: uniform heat input per unit axial
length and circumferentially uniform temperature on two heated walls, the third wall being insulated. Braga and
Saboya reported average heat transfer results and friction characteristics for isosceles triangular ducts with an
apex angle of 120° [6] and for equilateral triangular ducts [7]. The thermal boundary conditions in both cases
consisted of uniform temperature on two heated walls while the third wall was insulated Chaube et al. [8]
conducted a CFD based analysis of heat transfer and fluid flow characteristics of an artificially roughened solar
air heater. Kumar and Saini [9] performed a CFD analysis of fluid flow and heat transfer characteristics of a solar
air heaters having arc shaped artificial roughness on the absorber plate. Karmare and Tikekar [10] carried out
CFD investigation of fluid flow and heat transfer in a solar air heater duct with metal grit ribs as roughness
elements on the absorber plate. Yadav and Bhagoria [11] presented the numerical prediction of fluid flow and
heat transfer in a conventional solar air heater by CFD. A commercial finite volume package ANSYS FLUENT
12.1 was used to analyze the nature of the flow across the duct of a conventional solar air heater. Yadav and
Bhagoria [12] presented a detailed literature survey about different CFD investigations on artificially roughened
duct.

The present research was undertaken to determine average heat transfer coefficients and friction factors for
turbulent flows in ribbed duct. Computational study was performed by using a ribbed duct. The thermal boundary
conditions were constant temperature over the surfaces of walls the second wall being insulated. The FLUENT
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software solves the mathematical equations which governs fluid flow, heat transfer and related phenomena for a
given physical problem.

Il.  Computational Analysis

The following assumptions are imposed for the computational analysis.

1) The flow is steady, fully developed, turbulent and two dimensional.

2 The thermal conductivity of the duct wall, absorber plate and roughness material are independent of
temperature.

3) The duct wall, absorber plate and roughness material are homogeneous and isotropic.

4) The working fluid, air is assumed to be incompressible for the operating range of solar air heaters since
variation in density is very small.

(5) No-slip boundary condition is assigned to the walls in contact with the fluid in the model.

(6) Negligible radiation heat transfer and other heat losses.

The computational domain used for CFD analysis is shown in Fig. 1.

Figure 1 computational domain

Outlet

The geometrical and operating parameters for roughened duct are listed in Table 1.

Table 1 Range of parameters for CFD analysis.

Geometrical and operating parameters Range
Entrance length of duct, ‘L;’ 245 mm
Test length of duct, ‘L,’ 280 mm

Exit length of duct, ‘L3’ 115 mm

Width of duct, ‘W’ 50 mm

Depth of duct, ‘H’ 20 mm
Hydraulic diameter of duct, ‘D’ 28.6 mm
Rib height, ‘e’ 0.5-2 mm

Rib Pitch, ‘P’ 15 mm

Reynolds number, ‘Re’ 3800-18000 (6 values)

After defining the computational domain, non-uniform mesh is generated. In creating this mesh, it is desirable to
have more cells near the plate because we want to resolve the turbulent boundary layer, which is very thin
compared to the height of the flow field. After generating mesh, boundary conditions have been specified. We
will first specify that the left edge is the duct inlet and right edge is the duct outlet. Top edge is top surface and
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bottom edges are inlet length, outlet length and solar plate. All internal edges of rectangle 2D duct are defined as
turbulator wall. Meshing of the domain is done using ANSYS ICEM CFD V12.1 software. Since low-Reynolds-
number turbulence models are employed, the grids are generated so as to be very fine. To select the turbulence
model, the previous experimental study is simulated using different low Reynolds number models such as
Standard k- model, Renormalization-group ke model, Realizable ke model and Shear stress transport k-o model.
The results of different models are compared with experimental results. The RNG k-¢ model is selected on the
basis of its closer results to the experimental results. The working fluid, air is assumed to be incompressible for
the operating range of duct since variation is very less. The mean inlet velocity of the flow was calculated using
Reynolds number. Velocity boundary condition has been considered as inlet boundary condition and outflow at
outlet. Second order upwind and SIMPLE algorithm were used to discretize the governing equations. The
FLUENT software solves the following mathematical equations which governs fluid flow, heat transfer and
related phenomena for a given physical problem.

I1l. Results And Discussion

The computational model studied in the present study includes a segment of the inlet plenum and the test
section. Inlet for the computational domain is the inlet to the domain, so that more realistic flow with entry
effect can be simulated for the test section. The flow is assumed to leave the test section to ambient with a zero
static pressure boundary condition at the outlet. Fig. 2 shows the plot between Reynolds number and average
Nusselt number for different values of rib height. The average Nusselt number increases with increase of
Reynolds number due to the increase in height of rib. It can be seen that the enhancement in heat transfer of the
roughened duct with respect to the smooth duct also increases with an increase in Reynolds number. It can also
be seen that Nusselt number values increases with the increase in relative roughness height (e/d) for fixed value
of roughness pitch (P). This is due to the fact that heat transfer coefficient is low at the leading edge of the
square rib and high at the trailing edge. Higher relative roughness height produced more reattachment of free
shear layer which creates the strong secondary flow. The roughened duct with relative roughness height of 0.07
provides the highest Nusselt number (Nu= 154.4) at a Reynolds number of 18000. The roughened duct with
relative roughness height (e/d) of 0.0175 provides the lowest Nusselt number at a Reynolds number of 3800.
The maximum enhancement of average Nusselt number is found to be 3.05 times that of smooth duct for
relative roughness height of 0.07 at a Reynolds number of 18000.

Figure 2: Nusselt number vs Reynolds number
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The heat transfer phenomenon can be observed and described by the contour plot of temperature. The intensities
of temperature are reduced at the flow field near the rib and wall and a high temperature intensity region is
found between the adjacent ribs close to the main flow which yields the strong influence of turbulence intensity
on heat transfer enhancement.
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Figure 3: Contour plot of turbulence intensity
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IV. Conclusion

The following conclusions are drawn from present analysis:

1. The use of artificial roughness on a surface is an effective technique to enhance heat transfer to fluid
flowing in the duct. Artificially ribbed ducts have enhanced rate of heat transfer as compared to the
smooth duct.

2. The RNG k-¢ turbulence model gives very close results to the experimental results. RNG k-¢ turbulence
model has been validated for smooth duct and grid independence test has also been conducted to check
the variation with increasing number of cells.

3. Nusselt number increases with an increase of Reynolds humber. The maximum value of average Nusselt
number is found to be 154.4 for relative roughness height of 0.07 at a higher Reynolds number, 18,000.
The maximum enhancement of average Nusselt number is found to be 3.05 times that of smooth duct for
relative roughness height of 0.07.
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