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Abstract. This paper demonstrates the 2D numerical investigation to
determine outcome of corner modification on the heat transfer and
flow parameters of fluid flowing past static equilateral triangular
prism. For this purpose, the corners are modified in such a way that
1/8 of the side length of prism is chamfered and rounded. Prism is
placed in incompressible flow in such a way that one of its vertices
is facing the upstream. Flow velocity varies as Reynolds number
range from 50 to 150 with an increment of 20. Drag and lift
coefficients are sensitive to corner profile of prism. At Re of 110,
rounding caused a maximum of 6.5% and 12.6% reduction is
observed after chamfering the corners of prism. Increasing Re caused
Root mean square value of lift coefficient (CLrms) to increase. At Re
of 150, chamfered corners increased the Crrms by 22.3% whereas
rounding enhanced it by 21.6%. Time-averaged streamlines
suggested the reduction in the wake width behind the prism with
increasing Re and changed corner profile. Forced convective heat
transfer from sharp, rounded and chamfered prisms is discussed in
terms of time and space averaged Nusselt number which enhanced
by 5% after corner modification of prism. Lastly, mean spread of
heat transfer coefficient over prisms is presented and discussed.
Keywords: corner modification, equilateral triangular prism,
rounding, chamfering, streamlines, drag coefficient, lift coefficient,
Nusselt number, surface heat transfer coefficient

1 Introduction

Fluid-structure interaction is crucial in understanding, designing and optimizing many
engineering systems such as wind turbines, ships, offshore structures and aircraft wings that
are more efficient and durable. The study of this interaction is of supreme importance to
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tackle natural disasters by understanding the behavior of waves and the response of structures
to extreme events like tsunamis, hurricanes and earthquakes. When fluid flows over a
structure with sharp corners such as a square, rectangular or triangular prism, fluid separates
from the surface leading to large pressure differences and turbulence which ultimately
increases the drag on the surface. Sharp corners can also lead to the formation of vortices that
can cause vibration in structure which leads to fatigue failure or damage over time. Fluid
cavitation is another problem in which bubbles and voids are formed in the fluid due to low
pressure caused by sharp corners. Therefore, to mitigate these problems caused by sharp
corners of structures, several studies have explored the corner modification effect on the heat
transfer and fluid flowing past a structure. Tamura and Miyagi[1] reported the outcome of
corner rounding and chamfering for square cylinder in air cross flow and concluded a
reduction in drag forces due to wake width reduction. Alonso and Meseguer[2] studied the
effect of corner roundness by rounding two corners of triangular prism and placed it in such
a way that rounded corners came upstream at higher Reynolds number. It was observed that
corner roundness significantly reduced the galloping instability of prism. Also, a direct
relationship between corner roundness and reduction in instability was observed. Ambreen
and Kim[3] numerically observed the decrease in coefficient of drag and amplification of
heat transfer properties at 55<Re<200, when corners of square prism was modified to
rounded, chamfered and recessed corners. Daemei and Eghbali[4] numerically proved 50%
reduction in wake region by modifying the corners of a triangular building to rounded,
chamfered and recessed corners subjected to air cross flow. Effect of corner roundness was
deeply studied by Alam et al.[5] where a square cylinder was modified to a circular one.
Results suggested an enhancement of 37% in heat transfer properties as a result of corner
roundness. Li et al.[6] further reported reduction in wind load over buildings having square
cross section as a result of corner modification i.e., (chamfered and recessed). Du et al.[7]
numerically analysed six shape modifications of square cylinder and concluded that
aerodynamic forces are reduced in case of round corners and convex sides whereas round
cornered concave sides enhance the aerodynamic forces/wind loading.

To the best of author’s knowledge, vertex modification effect on heat transfer and flow
of incompressible fluid past a stationary equilateral triangular prism has not been explored
till now. Therefore, this research work aims at determining the outcome of corner rounding
and chamfering on the forced convection and incompressible transient flow of fluid past a
static equilateral triangular prism, positioned in such a way that one of its vertices faces the
upstream, at a range Reynolds number i.e., 50<Re<150.

2 Problem Statement

2D numerical investigation is done to determine the corner alteration effect on the properties
of flowing fluid and heat transfer from a static equilateral triangular prism. For this purpose,
the corners are modified in such a way that 1/8 of the side length of prism is chamfered and
rounded. Prism is placed in incompressible flow in such a way that one of its vertices is facing
the upstream. Flow velocity varies as Reynolds numbers range from 50 to 150 with an
increment of 20. Outcome of corner modification on fluid flow past the prism are
demonstrated in the form of time and space averaged coefficient of drag (Cpmean) and root
mean square value of coefficient of lift (Crrms), Strouhal number (St) and time averaged
spread of pressure coefficient (Cpmean) On the prism surface. Moreover, time-averaged
velocity streamlines are presented and discussed. Forced convection heat transfer from sharp,
rounded and chamfered prisms is discussed in terms of time and space averaged Nusselt
number and time-averaged distribution of surface heat transfer coefficient.
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3 Governing Equations

The equations responsible for flow and heat transfer from prism are as follows:
Continuity Equation:
Ju 4 v 0 1
ox dy @
Conservation of inline momentum:
6u+8u2+6vu_ 6p+ 1 62u+62u
at  odx dy  Ox Re\dx? 0dy?
Conservation of transverse momentum:
ov N ovu N v’ dp N 1 (9%v N 0%v 3)
at  ox dy Ay Re\dx? dy?
Energy Equation:
(')T+ 8T+ T 62T+62T 4
ot T Yax TVay T %\ axz T 9y2 )
where, u and v refer to non-dimensional streamwise and transverse components of
velocity normalized by free stream velocity i.e., U.. T is non-dimensional temperature
normalized by free stream temperature (T..) and a refers to thermal diffusivity.

(2)

3.1 Boundary Conditions

At inlet: U=Uy,,v=0,T =T, (5)
At outlet: p=0 (6)
At surface of prism: u=0,v=0,T =T, = constant @)

where, T, refers to the wall temperature of prism.

(a) (b) (©)

Fig 1. Illustrative diagram of stationary prism having (a) sharp, (b) chamfered and (c) rounded
corners

4 Independence Study

For domain size independence, numerical simulations are performed on three different
circular domains i.e., S=80s, 160s and 240s where ‘s’ refers to the edge length of triangular
prism. Radial x circumferential nodes and time step size (At) are fixed at 204 x 240 and
0.0001 respectively. Mesh is built in such a way that it is concentrated near the wall of prism.
Maximum deviation between S1 and S2 is found to be 18% in Crrms Whereas it is 2%
between S2 and S3. Hence, the results are converged at S2.

Grid independence study is performed by choosing optimal mesh concentration where
results are converged. For this purpose, three grids are tested i.e., Coarse (G1, circumferential
x radial = 180 x 210), Medium (G2 = 204 x 240) and Fine (G3 =235 x 280) for fixed Domain
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size of S2=160s and At of 0.0001. Results suggest a maximum difference of 10.8% between
G1 and G2 in the Crrms. Crrvs deviation between G2 and G3 is 2.8%. Hence, for better
accuracy of results, G2 is chosen for further simulations.

After domain size and grid independence study, time step size independence is performed
by testing three different time step sizes i.e., At of 0.00005, 0.0001 and 0.0005 at fixed
domain size of 160s and grid of 204x240. Maximum deviation between Atl and At2 is 20.4%
in Crrms. Between At2 and At3, maximum deviation in Crrms 1S 3.1%. Hence, results are
proven to be converged at At2.

Hence, through a careful independence study, a computational domain of 160s having
grid of 204 x 240 concentrated near the prism wall simulated at a time interval of 0.0001 is
chosen for extended thermal and fluid flow analysis past stationary equilateral triangular
prism with sharp, rounded and chamfered corners.
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Fig 2. Complete grid with zoomed in view of prism with sharp, chamfered and rounded corners.

5 Validation of Numerical Model

This section validates the computational model devised after careful independence study.
Here, the results for flowing fluid across a static sharp cornered equilateral triangular prism
are compared with the results obtained by Tu et al. [8] for 50<Re<150 in terms of Cpmean,
Crrums and St where prism is placed in such a way that one of its vertices face the upstream.
Furthermore, heat transfer from sharp cornered triangular prism is validated with following
expression presented by Chatterjee and Mondal [9], where Nusselt number is expressed in
terms of Reynolds number for 50<Re<150 and Pr=6.9.
Nuypqn = 0.539 x Re%5808 x prl/3 ©))

Figure 3(a) compares the Cpmean for sharp cornered prism with that of the available
literature and maximum deviation of 3.9% is observed at Re of 150. Maximum deviation of
2.5% is found in Cyrms, when compared with the literature in Figure 3(b). Similarly, in Figure
3(c), present results are compared with that of existing literature comparison of present results
for Strouhal number that yielded a maximum deviation of 5% at Re of 160. Comparison of
NUmean is shown in Figure 3(d) where present results deviate from the results obtained by
Chatterjee and Mondal [2] by 4% at Re of 50. There is a very insignificant difference in the
results previously published and the present ones. So, it can be stated that the present
numerical model is in line with the existing literature.
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Fig 3. Comparison of present results with available literature of (a) Cpmean, (b) CLrums, (¢) St and (d)
Numean

6 Results and Discussion

In this portion, the outcome of corner modification on the properties of flowing fluid and heat
transfer from static equilateral triangular prism is discussed where the velocity of incoming
flow changes as Reynolds number varies in the range of 50 to 150 with an increment of 20.
Here, fluid flow is analyzed on the basis of Cpmean, Crrms, St, time-averaged velocity
streamlines and time-averaged coefficient of pressure Cpmean Spread on the surface of prisms
at described range of Reynolds numbers. Heat transfer properties are assessed on the basis of
space and time-averaged Nusselt number and time-averaged heat transfer coefficient spread
on the surface of all the three prisms.

6.1 CDmean, CLRMS, St and Numean

In Figure 4(a-c), change of Cpmean, CLrms and St respectively with respect to Reynolds
number (Re) for static equilateral triangular prisms having sharp, rounded and chamfered
corners is shown. In Figure 4(a), it is observed that within the examined range of Reynolds
number, Cpmean increases with increase in Re. For sharp cornered prism, Cpmean is consistently
higher as compared to chamfered and round cornered prisms. After rounding the corners,
maximum reduction of 6.5% is observed at Re of 110. However, chamfering reduced the
mean value of drag coefficient to about 12.6% at Re of 110. Variation of Crrms With respect
to Reynolds number for sharp, rounded and chamfered prisms is shown in Figure 4(b) where
CrLrys 1s observed to increase with increasing Re. It may be noted that at 50<Re<110, there
is no significant difference in Crrms for sharp, rounded and chamfered prisms. But as Re
increases further, i.e., within 110<Re<150, the value of Crrms for chamfered and rounded
prism surpasses the value of Crrms for sharp cornered prism. For sharp cornered prism,
maximum Cprums is observed at Re of 150 where its value corresponds to 0.37 which is
enhanced by 22.3% and 21.6% after chamfering and rounding the corners respectively.
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Figure 4(c) presents the change that occurs in Strouhal number with respect to Re for sharp,
rounded and chamfered prisms. St is found to increase with increasing Re. After corner
modifications, a decrease in the non-dimensional vortex shedding frequency is observed
within 50<Re<110. Maximum reduction in St is found to be 4.36% and 5.57% at Re of 50
after rounding and chamfering the corners respectively. As Re increases further, i.e. within
110<Re<150, Strouhal number is found to be increased by 1.77% at Re of 150 when corners
are rounded. Chamfered corners provided 6.58% increase in vortex shedding frequency at Re
of 150. Figure 4(d) shows the change that occurs in time and space averaged value of Nusselt
number (Numean) in terms of Reynolds number for sharp, rounded and chamfered cornered
prisms. With increasing Reynolds number, the value of Numean also increases. For sharp
cornered prism, maximum value of Numean lies at Re of 150 where its value corresponds to
18.019. After rounding and chamfering the corners of prism, Numean is observed to increase
by 5%. There is no significant difference between the values of Numean for chamfered and
rounded prisms at examined range of Reynolds number.

19— 0.5 1
|—m— Sharp |—&— Sharp /‘l
1.8 {-{—®— Chamfered > b 04 —®— Chamfered| )i/
(a) |—4— Rounded . ( ) “* 1 |-A—Rounded m
17 e // i o
< , 503
il6 // A > - = g %/
S =
/n/ /"/ “ o2
15
| e /
141 0.1
4
3 0.0
50 60 70 80 90 100 110 120 130 140 150 50 60 70 80 90 100 110 120 130 140 150
Re
022 20 T Re
|—®— Sharp [ —m— Sharp /.ll
| [®— Chamfered —aA 18 {-|—®— Chamfered
(C) 020 |—&— Rounded (d) —&— Rounded /“
g A 1 g
018 - "
- / 2 J//I
2} A / E 14 7 '/
0.16 z v s
/ 7 12 A
0.14 /4 10 /
-
.12 8
50 60 70 80 90 100 110 120 130 140 150 50 60 70 80 90 100 110 120 130 140 150
Re Re

Fig 4. Variation of (a) Cpmean, (b) CLrms and (¢) St and (d) Numean with respect to Reynolds number
for stationary equilateral triangular prisms having sharp, rounded and chamfered corners

6.2 Cpmean distribution on the surface of prisms

Figure 5(a-c) shows the time-averaged distribution of pressure coefficient at various
Reynolds numbers on the surface of equilateral triangular prism having sharp, rounded and
chamfered corners respectively. It is evident that Cppean is sensitive to both Reynolds number
and corner profiles. In Figure 5(a), Vertex B faces the incoming flow of fluid. Here, the value
0f Cpmean 1S maximum as it is the forward stagnation point. Along the edges B-A and B-C,
Cprmean reduces and achieves a negative value indicating the formation of wake region. At the
rear edge i.e. A-C, with increasing Reynolds number, the value of Cpmean becomes more
negative. For round and chamfered cornered prism, as shown in Figure 5(b) and (c), the
forward stagnation point is not as distinct as in the case of sharp cornered prism because of
corner profile i.e., roundness and chamfering of corners respectively. However, it is still
evident that it lies between C and D points as Cpmean is maximum between C and D. It is to
note that for all prisms, the maximum value of Cpmean at forward stagnation point of prisms

6
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decreases as Reynolds number increases from 50 to 150. The value of Cpmean at rear edge of
prism also gets more negative with increasing Reynolds number. After corner modification,
it is observed that maximum Cpmean at forward stagnation point is lower for rounded and
chamfered prism than that in case of sharp cornered prism.
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Fig 5. Cpmean spread on the surface of static equilateral triangular prisms having (a) sharp, (b) rounded
and (c¢) chamfered corners at various Reynolds numbers

6.3 Time-Averaged Streamlines:

In Figure 6, the time-averaged velocity streamlines for sharp, rounded and chamfered
cornered prism at 50<Re<150. The flow around the edges of prism produces vortices which
can cause forces on prism. Because of these vortices, flow separates from the surface of
prism, leading to large pressure differences. In case of a prism having equilateral triangular
cross section, fluid flow can typically be divided into two regions: the flow over the prism
and the flow under the prism. The flow over the prism can produce large wake region behind
the prism, while flow under the prism causes vortices to form at corners of prism. In Figure
6, for sharp, rounded and chamfered prisms, it is evident that maximum length of wake region
is obtained at Re of 50. As Reynolds number increases from 50 to 150, length of wake region
significantly reduces to a minimum length at Re of 150. Wake region is also sensitive to
corner profile of prism as it is seen in Figure 6 (from left to right), where rounding and
chamfering the corners of prism, reduced the region where flow separates from the surface
of prism. It is because of the fact that rounded and chamfered prisms do not have sharp
corners where flow separates from the surface. Instead of that, due to modified corner
profiles, flow follows the rounded and chamfered profile and flow separation is delayed.

Hence, time-averaged streamlines are sensitive to both, Reynolds number and corner
profiles.
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Fig 6. Time Averaged Streamlines for static equilateral triangular prism having (a) sharp, (b) rounded
and (c¢) chamfered corners at various Reynolds numbers

6.4 Mean heat transfer coefficient (hmean) spread over prisms

Figure 7(a-c) shows the distribution of hmean On prism with sharp, rounded and chamfered
corners respectively. It is evident from the Figure 7(a) that hmean is highest at the vertex B that
is upstream the fluid as fluid is totally in contact with prism there. As flow moves away from
the upstream point, towards the edges B-A and B-C, huean starts declining and then reduce to
its local minima at the downstream edge of prism i.e., A-C, where fluid separates from the
prism and recirculation occurs. In Figure 7(b), for rounded cornered prism, transitioning from
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one point to the other is smooth because of corner curvature. In figure 7(c), for chamfered
cornered prism, it is seen that maximum hmean is found at upstream corners i.e., C and D
because vertices provide more skin friction than edge C-D. Hence, instead of one peak value
of hmean for sharp and rounded prisms, two peaks are observed in case of chamfered prism.
Moreover, as Reynolds number increases, hmean €xperiences a significant enhancement in
case of all the three prisms.
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Fig 7. Time-averaged spread of heat transfer coefficient over stationary equilateral triangular prism
having (a) sharp, (b) rounded and (c) chamfered corners at 50<Re<150

7 Conclusions:

Following conclusions are drawn after careful numerical analysis of a stationary equilateral
triangular prism with sharp, rounded and chamfered corners placed in an incompressible fluid
flow at 50<Re<150 in such a way that one of its vertices faces the upstream.

1. Cpbmean and Crrums are sensitive to corner modification of prism. Maximum reduction in
Cbmean 1s found to be 6.5% and 12.6% at Re of 110 after rounding and chamfering the
corners respectively. Crrus is observed to enhance by 21.6% and 22.3% when corners
of the prism are rounded and chamfered respectively.

2. Reisinversely related to Cpmean 0n the surface of prism. The profile of Cpmean distribution
on the surface of rounded and chamfered prism is seen to be lower than that on the
surface of sharp cornered prism.

3. Time averaged streamlines are sensitive to both Reynolds number and corner profile of
equilateral triangular prism. With increasing Reynolds number, wake width is found to
reduce. Rounding and chamfering delayed the fluid separation and consequently reduced
the wake width behind prism.

4.  Numean is directly related to Reynolds number and it increases by 5% as a result of corner
modification of prism at Re of 150.

5. hmean distribution on the surface of prisms suggested a higher value of himean at vertices as
compared to edges. hmean €nhanced with increase in Re.
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