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Abstract

Computational study was carried out to determine heat transfer and friction factors for turbulent flow through rectangular ducts
with reveres pentagonal shape at same height, reveres pentagonal shape at uniformly varying height, Triangular shape at same
height, Triangular shape at uniformly varying height . A commercial finite volume package ANSYS FLUENT 14.5 is used to
analyze and visualize the nature of the flow across the ribbed duct. The fluid in the duct was air, and the heat transfer and friction
factor were determined by measuring the overall heat transfer coefficients of the duct. To attain fully developed conditions at the
entrance and exit. The walls of the air side were ribbed with an array of short ribs. The other 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 reveres pentagonal rib shape at same height and reveres
pentagonal ribs shape at uniformly varying height increase both the heat transfer and the pressure drop compared with a smooth
duct. And It was found that the Triangular shape at same height, Triangular shape at uniformly varying height increase both the
heat transfer and the pressure drop compared with a smooth duct. Compare to both cases is best of the Triangular shape at
uniformly varying height.
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I. INTRODUCTION

Rectangular ducts are widely used in heat transfer devices, for instance, in compact heat exchangers, gas turbine cooling systems,
cooling channels in combustion chambers and nuclear reactors. Forced turbulent heat convection in a square or rectangular duct
is one of the fundamental problems in the thermal science and fluid mechanics. Since the discovery of electronic devices and
computer, the technology has come a long way. Faster and smaller computers have led to the development of faster, denser and
smaller circuit technologies which further has led to increased heat fluxes generating at the chip and the package level. Over the
years, significant advances have been made in the application of air cooling techniques to manage increased heat fluxes. Air
cooling continues to be the most widely used method of cooling electronic components because this method is easy to
incorporate and is cheaply available. Repeated ribs or tabulators have been used as the promoters of turbulence to enhance the
heat transfer to the flow of coolants in a channel. These roughness elements break the laminar sub-layer of the flow. The heat
transfer is enhanced as well as the pressure drop, an important parameter in the analysis of the overall performance of such
flows. Investigations have been conducted to predict the effect of the number of ribbed walls on heat transfer and friction
characteristics. In applications such as cooling of gas turbine airfoils, rib tabulators are cast mostly on two opposite sides of the
cooling channels, since the heat transfer takes place from the inner walls of the pressure and the suction sides of the blade.
However, in some cases, rib tabulators are cast on one side or four sides of the cooling channels. While turbine blade internal
cooling has been widely studied in the past, other applications such as electronic equipment, heat exchangers, and nuclear
reactors may utilize the results of enhanced internal cooling in channels with one, two, three, or all four rib-roughened walls. The
results with four-ribbed wall channel are also used to validate the assumptions made in the past to develop semi-empirical
correlations for friction and heat transfer roughness functions.J.C. Han, J.S. Park, M.Y. Ibrahim.[1]- Fig. 5.1 shows the geometry
of the cooling channel analyzed in this study; the channel was roughened by square ribs. The channel aspect ratio (AR =W/H)
was 2.0, and the hydraulic diameter (Dh) was 34 mm. In total, 10 ribs were placed on one wall in the computational domain. The
pitch-to-hydraulic diameter ratio (p/Dh) was 10.0 and the rib height-to-hydraulic diameter (h/Dh) was 0.047, which are the same
as that used by Han et al.C.G. Spezial, S. Sarkar, T.B. Gatski [2]- Turbulence was analyzed using the Reynolds stress model with
the Speziale-Sarkar-Gatski (SSG) pressure—strain model. The SSG model for the pressure—strain correlation terms in the
transport equations for the Reynolds stress components was developed by considering the invariance with dynamical systems
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theory. The SSG Reynolds stress model was expected to provide accurate predictions especially for flows with a strong
streamline curvature.M.E. Taslim, S.D. Spring [3]-Previous works- showed that, when the rib cross section is changed from a
square to a rectangle (i.e., the rib width to- height ratio (e/h) increases or decreases from unity), the area averaged Nusselt
number decreases at Reynolds numbers of 5000-50,000. The heat transfer coefficient for the isosceles triangular rib (Case 2) is
known to increase as the rib width-to-rib height ratio is increased from 1.0 to 2.0 at Reynolds numbers of 20,000-60,000. M.E.
Taslim, S.D. Spring [4]- showed that the heat transfer enhancements with these triangular ribs were higher than those with the
rectangular ribs for the entire range of tested rib width-to-height ratios at Reynolds numbers of 4000-16,000.C.O. Olsson, B.
Sunden[5] tested two ribbed radiator tubes with airflow. The air heat transfer data were taken with constant wall temperature and
the data provide the axially averaged heat transfer coefficient over the tube length. The enhanced tubes showed higher friction
factors than the smooth tube in both laminar and turbulent regions. However, as the Reynolds number decreased in the strictly
laminar region, the friction factors tended to converge and approach the smooth tube value. Also, the laminar-turbulent transition
Reynolds number decreased as the friction factor increased. Similar to the friction behavior, the Colburn j factors also tended to
converge at low Reynolds numbers, and approached the smooth tube value.J. C. Han, L. R. Glicksmanand W. M. Rohsenow[6]-
Based on the law of the wall similarity and the application of a heat-momentum transfer analogy. general friction and heat-
transfer correlations have been obtained by taking into account the effect of geometrically non-similar parameters. Friction and
heat-transfer correlations agree wellwith other investigators. Although discrepancies are evident when the correlations are
compared to dam reduced by use of the Hall type transformation. A performance comparison shows that the repeatedrib
roughness with a 450 flow attack angle gives higher heat transfer for the same ft-iction power than repeated-rib roughness with a
900 flow attack angle or sand-grain roughness.Akira Murata,Sadanari Mochizuki[7]- Effect of rib orientation and channel
rotation on heat transfer in a two-pass square channel with 1800 sharp turns was numerically investigated by using the large eddy
simulation with a Lagrangian dynamic subgrid-scale model. In the stationary condition, the heat transfer in and after the turn was
increased, and it was dominated by the sharp-turn induced flow field. In the rotating condition, the highest rotating speed caused
deteriorated heat transfer on the pressure surface of the straight pass.M. Amro, B. Weigand, R. Poser ,M. Schnieder [8]- The
present study investigates the internal cooling in a triangular channel with a rounded edge as a model of a leading edge cooling
channel for a gas turbine blade. A transient liquid crystal method is used to measure the heat transfer. Experimental results are
reported for a number of new 3D rib configurations for Reynolds numbers between 50 000 and 200 000. From the experimental
results it has been found that 600. ribs provide in general higher heat transfer enhancements than 45 deg. ribs. However, this
results in extremely high friction factors for the 600. ribs..W. Chang,T.-M. Liou, K.F. Chiang, G.F. Hong [9]- A novel heat
transfer enhancement (HTE) roughness with V-shaped ribs and deepened scales is devised. Performances of heat transfer and
pressure drop in a rectangular channel fitted with such HTE surfaces are experimentally examined for both forward and
backward flows in the Re range of 1000-30000. Relative to the smooth-walled pipe flow conditions, HTE ratios for the present
test channel with forward and backward flows, respectively, reach 9.5-13.6 and 9-12.3 for laminar flows and 6.8-6.3 and 5.7—
4.3 for turbulent flows.Pongjet Promvonge , Chinaruk Thianpong[10]- The rib cross-sections used in the present study are
triangular (isosceles), wedge (right-triangular) and rectangular shapes. Two rib arrangements, namely, in-line and staggered
arrays, are introduced. Measurements are carried out for a rectangular channel of aspect ratio, AR=15 and height, H=20 mm with
single rib height, e=6 mm and rib pitch, P=40 mm. The flow rate is in terms of Reynolds numbers based on the inlet hydraulic
diameter of the channel in a range of 4000 to 16,000.

As summarized above, many researchers have investigated internal cooling channels having a variety of ribs over the last few
decades. However, the heat transfer performances of many other rib shapes have not yet been reported. In the present work, the
flow structures, heat transfer characteristics, and thermal performances of rib-roughened rectangular channels were evaluated
using three-dimensional RANS analysis; new rib shapes;(Case 1) reveres pentagonal shape at same height and reveres
pentagonal shape at uniformly varying height, (Case Il) Triangular shape at same height and Triangular shape at uniformly
varying height.

1. 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.
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Fig. 1: Computational domain (Case I)

Triangular shape at same height Triangular shape at uniformly varying height

Fig. 2: Computational Domain (Case 1)

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 bottom edges are inlet length, outlet length. All internal edges
of rectangle 3D duct are defined as turbulator wall. Meshing of the domain is done using ANSYS 14.5 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-o model,
Renormalization-group k-¢ model, Realizable k-¢ model and Shear stress transport k-0 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
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equations. The FLUENT software solves the following mathematical equations which governs fluid flow, heat transfer and
related phenomena for a given physical problem.

Table-1
properties of the working fluid (air) and Rectangular duct
Properties Working fluid (air) | Top plate(aluminum)
Density (kgm™) 1.225 2719
Specific heat c, 1006.43 871
Viscosity (Nsm™) 1.7894x10° --
Thermal conductivity k (Wm™k™) 0.0242 202.4
Table-2

Calculation Parameter of at same Height Case (I)
Re no | pressure drop Pa | nusselt no.=hl/k | friction factor f | objective function Ff
2.0551836 0.016179308

4000 0.1271217841 2.307854636

8000 7.0929518 0.020529396 | 11010768 2.330483209

12000 | 14062802 0.022676229 |, 1976912718 2.3560458
Table-3

Calculation Parameter of at Uniformly Varying Height Case (1)
Re no | pressure drop Pa | nusselt no.=hl/k | friction factor f | objective function Ff
1.916368 0.016181294

4000 0.1273140007 2.30901726
8000 6.6133466 0.020527079 0.109774701 2.338101343
12000 13.244226 0.02267566 0.09772581173 2.356323477
Table No.-4
Calculation Parameter of at same Height Case (11)
Re no pressure drop Pa nusselt no.=hl/k friction factor f objective function Ff
2.0551836 0.01627716
4000 0.1365362218 2.3634801
7.0929518 0.020430432
8000 0.1177356503 2.4837801
14.062802 0.022414996
12000 0.10376587 2.4038947
Table-5

Calculation Parameter of at Uniformly Varying Height Case (I1)

Re no | pressure drop Pa | nusselt no.=hl/k | friction factor f | objective function Ff
4000 2.2032502 0.016385512 0.146330335 2.4186931
8000 762783 0.020436946 | 4 1266140742 2.44299009
12000 15105382 0.022387851 0.1114588136 2.46189742

111.RESULTS AND DISCUSSION

In the present work, CFD Analysis measurements of both heat transfer and pressure loss in channels with different rib shapes are
presented. Measurements were conducted in a channel of aspect ratio, AR=1 for four rib arrangements with each rib shape, over
a range of Reynolds numbers as mentioned earlier. 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
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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 Traingular ribs and high at the reverse pentagonal . 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 1.598 provides the highest Nusselt number (Nu= 0.02267566) at a Reynolds number of 12000. The
roughened duct with the ratio of pitch to width of rib is 14.3366 provides the lowest Nusselt number at a Reynolds number of
4000. The maximum enhancement of average Nusselt number is found to be times that of smooth duct for AR=1 at a Reynolds
number of 18000.
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Figure 2: Nusselt number vs Reynolds number (Case I)
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Fig. 3: Nusselt number vs Reynolds number (Case 1)
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Fig. 5: Contour plot of turbulence intensity (Case I)

1VV. CONCLUSION

The increase in heat transfer is accompanied by an increase in the pressure drop of the fluid. For the one-ribbed wall channel, the
degree of enhancement of the friction factor, relative to the smooth channel. when ribs are present on uniformly varying height at
walls, the friction factor ratio f/fO is greatly enhanced (from 2.41 to 2.46), becoming about higher as compared with the one-
ribbed wall channel. Values of f/fO tend to slightly increase with increasing Reynolds number Friction factor and heat-transfer
correlations agree well with other investigators. although discrepancies are evident when the correlations are compared to dam
reduced by use of the Hall type transformation. Nusselt number increases with an increase of Reynolds number. The maximum
value of average Nusselt number is found to be 0.02267566 for the ratio of pitch to width of rib is 14.33 at a higher Reynolds
number, 18,000.
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