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ABSTRACT: Heat transfer characteristics of cylindrical bluff bodyfinds importance in the design of thermal systems.
For a heated cylinder, flow becomes complicated due to developed buoyancy forces.Contamination of the thermal
buoyancy in low Reynolds number forced flow significantly influencesthe wake dynamics, flow field and heat
transfer.Cross-section of the cylindrical body also decides heat transfer from the body. Heated circular and square
cross-section bluff-bodies are mostly studied. Heated triangular cross-section cylinder has very limited available
literature. Present paper first discusses the fundamental terms related to the effect of thermal buoyancy on the fluid
flow around cylindrical bluff-bodies. Then the paper reviews recent literature for the flow past a triangular cross-
section cylinderin mixed convection regime considering the effect of buoyancy. The review has been presented for
cross-buoyancy, aiding-buoyancy and opposing-buoyancy flow configurations. Effect of buoyancy parameter i.e.
Richardson number (Ri) on Struchal number, drag coefficient, lift coefficient, critical Reynolds number,local and
averaged Nusselt number have been discussed.Effect of Richardson number on the flow field has been illustrated by
instantaneous streamlines.

KEYWORDS:Triangular cylinder, vortex shedding, thermal buoyancy, mixed convection.

I. INTRODUCTION

Heat transfer behavior of cylindrical bluff-bodies has been the topic of great significance due to its engineering
applications in heat exchangers, electronics cooling, nuclear reactors and design of thermal systems.Researchers have
extensively studied the flow past circular and square cross section cylinders. Triangular cylinder being a sharp edged
bluff body has potential to change the flow and temperature field significantly.Rai and Singh (2017) presented a
comprehensive review of unsteady flow and heat transfer around a triangular bluff-body. The authors discussed basic
terms and parameters related to fluid flow and heat transfer around cylindrical bluff-bodiesand presented recent review
of flow past a triangular cross section cylinder in great detail. Rai and Singh (2017),in their review covered
investigations of flow across unheated triangular cylinder and heated triangular cylinder without considering the effect
of thermal buoyancy. In the present paper, effect of thermal buoyancy on the wake behavior of a triangular cylinder is
reviewed. Therefore,related basic terms and parameters are omitted here and can be viewed in Rai and Singh (2017).
However, basic theory and definition related to effect of buoyancy are discussed below.

1.1 Heat transfer from a cylindrical bluff-body

When a cylindrical bluff-body is heated and its temperature is higher than the temperature of the surrounding fluid,
heat transfer takes place between the body and the surrounding fluid primarily by convection mode.Natural
convectiontakes place when fluid motion is caused by thermal buoyancy forces that result from the density variations,
due to variations of temperature in the fluid. Heat induced thermal buoyancy force in natural convection heat transfer
is characterized by a non-dimensional number known as Grashof number (Gr). It isdefined as:
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Grashof number (Gr) = P7gB(Tw—Teo)d*

2
Where,g = gravitational acceleration,
Tw = Surface temperature of the body, T,, = free stream temperature , d = Projected width of the body. Forced convection
between a heated body and surrounding fluid takes place when fluid is forced to flow over the heated body by some external
source such as fans, blower, or pumps and creating an artificially induced convection current. Heat transfer characteristics of a
heated bluff body is expressed by quantitative parameter known as Nusselt number (Nu = hd/k).

1.2 Mixed convection heat transfer and Richardson number
When dealing with forced convection, the effects of natural convection are ignored. Similarly, forced convection is assumed to be
negligible while dealing with natural convection. These are simplifying assumptions. However, in some situations free and forced
convection effects are comparable. Mixed convection is a kind of heat transfer due to combined effect of natural convection and
forced convection. This situation arises when the flow velocity is low and high temperature gradients are available in the flow field.
The mixed convection heat transfer is characterized by a non-dimensional parameter called Richardson number (Ri). This show
relative importance of natural convection to that of forced convection heat transfer. It is defined as the Ratio of Grashof number to
the square of the Reynolds number of the flow field.

Richardson number (Ri) =Gr/Re?
In this equation, Gr characterizes the natural convection whereas Re characterizes the forced convection. If Ri =0 or Ri—0, then
heat transfer is assumed to take place by forced convection. For mixed convection, both natural convection and forced convection
effects must be considered in heat transfer calculations and Ri is of the order 1.

1.3 Effect of fluid flow direction on mixed convection heat transfer

In mixed convection heat transfer, the influence of heating depends upon the direction of free stream flow relative to the direction
of buoyancy force (direction of gravity). There are three different types of mixed convection flow configurations that have been
studied in literature. These are given as under:

Aiding buoyancy: This situation occurs when the buoyancy force (B) is in the same direction as of the forced motion (U, T..). The
angle between forced flow and buoyancy force is zero. Vertically upward flow (T,,) over a heated body (T,>T.,) is an example of
aiding buoyancy. Figure 1.1 (a) shows the vertically upward flow over heated triangular cylinder with vertex of the cylinder facing
the flow. Due to heating of the cylinder, buoyancy force is also in vertically upward direction. This is a case of aided buoyancy
configuration.

Opposing buoyancy: It occurs when buoyancy force is in the opposite direction to that of forced motion. The angle between forced
flow and buoyancy force is 180°. Vertically downward flow on a heated body or vertically upward flow on a cooled body(T,< T.,)
is example of opposing buoyancy. Figure 1.1 (b) shows the vertically upward flow over cooled triangular cylinder. This is the
example of opposing buoyancy configuration.

Cross-stream buoyancy: It occurs when the buoyancy force is in the perpendicular direction to that of the forced motion. Figure
1.1 (c) shows horizontal flow over heated or cooled triangular cylinder. The buoyancy force is either in vertical upward or vertical
downward direction. Hence, flow direction is always normal to the buoyancy force direction and it is the example of cross
buoyancy configuration.

Tw< T= pe—— Tw>Teor Tu<Ta

TR /4
g : \\/ |
AT T 11 R Ao

Tee, U a Tie; U q B
Figure 1.1: Schematic diagram of mixed convection configurations (a) aiding,(b) opposing and (c) cross buoyancy [g: gravity, B: buoyancy].
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Il. LITERATURE REVIEW

Present paper reviews recent literature related to the effect of thermal buoyancy on the wake behaviour of a triangular
cylinder. The review has been presented for cross-buoyancy, aiding-buoyancy and opposing-buoyancy
configurations.The behavior of flow and heat transfer parameters e.g.Struohal number, drag coefficient (Cg), lift
coefficient (C)), critical Reynolds number, local and time-averagedNusselt number have been discussed as a function
Richardson number (Ri).

2.1Mixed convection flow past a triangular cylinder in cross-buoyancy configuration

Abbassiet. al. (2001) numerically investigated the mixed convection of air in a horizontal channel with built in
triangular cylinder having an aspect ratio of 0.5. The channel washeated from bottom wall with Grashof number (Gr)
ranging from 0 to 1.5 x 10" and Reynolds number based on the cylinder base was 100. Figure 2.1shows that at
Grashof number (Gr) = 0, the Von karman vortex street is centered at the axis channel. However, as Grashof number
increases upto 5 x 10°, convective cells appear alternatively form near the bottom and top walls along the curvatures
of the Von karman street. On further increasing the Grashof number to 1.5 x 10*, thermal buoyancy force becomes
important and fluid particles rise from the bottom to the top of channel. Von Karman street was seen to leave the
channel axis and approach the bottom wall. The convective cells near the hot bottom wall were crushed by vortex
street and the convective cells near top wall increased in the size due to sufficient space available.

e

22 24 26 28

16 18
_ (©
Figure 2.1: Flow structures at different Grashof numbers, (a) Gr = 0, (b) Gr =5 x 10* and (c) Gr = 1.5 x 10*, Abbassiet. al. (2001).

Abbassiet. al. (2002) in a later study extended the study of laminar flow and heat transfer across a differentially
heated horizontal channel with built in in triangular prism. The Reynolds number and Grashof numbers was in the
range 30 to 200 and 0 to 1.5 x 10, respectively.In figure 2.2, the authors showedthat for Grashof number less than 5 x
10° averaged Nusselt number is almost constant and have the value nearly equal to that of forced convection. For
Grashof number ranging from 5 x 10° to 10*, averaged Nusselt number starts to increase slowly due to appearance of
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convective cells. When the Grashof number exceeds the value of 10* the slanting of vortex Street to the hot wall
increases the heat transfer considerably.
3.0
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Figure 2.2: Variation of averaged Nusselt number with Grashof number (Gr) for Re 100, Abbassiet. al. (2002).

Hassabet al. (2013) experimentally studied the mixed convection heat transfer from three different sized equilateral
triangular cylinders of side length 37, 50 and 70 mm. In the experiments, the Grashof number, Reynolds number and
attack angles were ranging from 26.32x10* to 213.46x10%, 75.3 to 1251.6, and 0° to 180°, respectively. The authors
reported that heat transfer isprimarily by convection through side walls of the triangular cylinders. Average Nusselt
number increases by increasing the triangular side length at the same Reynold number and Richardson number.

Chatterjee and Mondal (2015) numerically simulated 2-D unconfined laminar flow behind a long heated equilateral
triangular cylinder to study the effect of cross buoyancy on the vortex shedding behavior. The Reynolds number range
was 10 < Re < 100 and Richardson number range was 0 < Ri < 1. Figure 2.3 demonstrate the effect of thermal
buoyancy on overall streamlines pattern.Figure shows that increased heating causes an upward drift of the streamlines
in the wake zone, symmetry is lost and instability is intensified.

(b)
Figure 2.3: Instantaneous streamlines at Re = 100 for different Ri, () Ri = 0, (b) Ri = 0.5 and (c) Ri = 1.0, Chatterjee and Mondal (2015).

Figure 2.4(a) shows time variation of lift coefficientfor Re =100 at different Richardson numbers.Time signal of lift
coefficienthas sinusoidal variation and amplitude of fluctuation increases with increased heating. Figure 2.4 (b) shows
the variation of time average lift coefficient with Reynolds number for different Richardson numbers. The average lift
coefficient is zero at Ri=0 due to symmetric wake about the wake centerline. Heating induces asymmetry in the wake
resulting in non-zero lift coefficient for Ri> 0. Increased heating produces stronger negative vortex and cylinder
experiences a downward lift i.e. negative lift coefficient.

Figure 2.5(a) shows the variation of average drag coefficient with Reynolds number for different Richardson
number. It was observed that at relatively lower Re, the drag coefficient was much higher for all Ri.However as
Reynolds number increases, it value drops (for all Ri) due to flow separation. In vortex shedding regime (Re > 40), the
drag coefficient again increases with Re for all Richardson number. The drag coefficient decreases monotonically with
increase in Richardson number. Figure 2.5 (b) showthe variation of Strouhal number with Reynolds number for
different Richardson number. Strouhal number increases with Reynolds number and it is higher for high Richardson
number.
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Figure 2.4: (a) Time variation of lift coefficients for Re = 100 at different Ri and (b) Variation of time averaged lift coefficient with Re for different
Ri,Chatterjeeand Mondal (2015).
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Figure 2.5: Variation of (a) Time averaged drag coefficient and (b) Strouhal number with Re for different Ri, Chatterjee
andMondal (2015).

Figure 2.6 (a) shows the variation of averaged Nusselt number with Richardson number for different Reynolds
number. Averaged Nusselt number slightly increases with Richardson number and is higher for higher Reynolds
number. Distribution of local Nusselt number along the surface of cylinder is shown in figure 2.6 (b) at Re = 100 for
different Richardson numbers. The figure shows that more heat transfer rate is experienced by the lower slanted surface
(AC) of the cylinder as Ri increases. However, heat transfer rate decreases with Ri on upper slanted side (AB). The rear
face (BC) experiences a change in symmetric to unsymmetrical distribution of Nusselt number as Ri increases from 0
to 1.

Rasool et. al. (2015) investigated the effect of cross-buoyancy mixed convection for a confined equilateral triangular
cylinder at a fixed blockage ratio of 25%. The Reynolds number was ranging from 1 to 150 and Richardson numbers in
the range from Ri = 0 to 2. The authors reported critical Reynolds number for the onset of periodic unsteady flowfor Ri
= 1and 2. Figure 2.7 shows the temporal history of lift coefficient for the Reynolds number 61 and 62 at Ri = 1 (a and
b) and for the Reynolds number 90 and 91 at Ri = 2 (¢ and d). The figure shows that lift coefficient decays with time
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1 and at Re = 90 for Ri

= 2. However, lift coefficient becomes periodicat Re =
2. Therefore, critical Reynolds number exists between Re =61 and 62 for Ri
=2. The authors referred the value of critical Reynolds number for Ri
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Figure 2.6: Variation of (a) Averaged Nusselt number with Ri for different Re and (b)Distribution of local Nusselt number along the surface of the
cylinder at Re = 100for different Ri, Chatterjeeand Mondal (2015).
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Dulhani and Dalal (2015) computationally studied the effect of thermal buoyancy on the wake dynamics and heat
transfer characteristics of an isolated triangular cylinder at Reynolds number of Re = 80-160 and Richardson number -
1< Ri< 1. The authors observed that upon application of buoyancy symmetry about mid plane is lost. The asymmetry
increases with increase in heating/cooling. Figure 2.8(a) shows time averaged drag coefficient (Cp) with respect to
Richardson number at different Reynolds number. Figure shows that an increase in Reynolds number increases the Cp.
However, increase in extent of heating or cooling, the drag coefficient decreases. Figure 2.8 (b) shows the variation of
coefficient of lift (C.) with Richardson number at different Reynolds number. Due to buoyancy, asymmetry is induced
in the flow field leading to non-zero lift force. Monotonic variation of C, with Richardson number was seen. The
authors also that averaged Nusselt number is nearly insensitive to Richardson number.
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Figure 2.8: Variation of (a) averaged drag coefficient (Cp) and (b) averaged lift coefficient (C,) with Richardson number at different Reynolds
numbers, Dulhani and Dalal (2015).

2.2 Mixed convection flow past a triangular cylinder in aided-buoyancy and opposing-buoyancy configurations

Chatterjee and Ray (2014) numerically studied the effect of thermal buoyancy on the boundary layer separation over a
triangular cylinder placed in a unconfined vertical channel. The Reynolds number and Richardson number was in the
range 5 < Re < 30 and -0.5 < Ri < 3.5. The authors used a working fluid withPr = 50. The effect oftwo different
orientations i.e. vertex of the triangular cylinder facing the flow and base of the triangular cylinder facing the flowwas
studied under adding/opposing buoyancy configurations.Figure 2.9 and 2.10 shows the effect of Richardson number
(Ri> 0) for vertex facing the flow and base facing the flow geometry, respectively at Re=30. For Ri=0, steady twin
vortices was seen for both the orientations. With increase in Richardson number, recirculation region progressively
diminishes at downstream of the triangular cylinderfor both the orientations. The authors have shown that at some
critical Richardson number, recirculation length becomes zero. This phenomenon is known as onset of flow
suppression (OFS). At Re =30, OFS for vertex facing the flow geometry was at Ri,=1.2 and for base facing the flow
geometry, OFS was at Ri., =0.25. However, at OFS, the flow was not completely attached on the surface of the body
and small bubbles were seen close to the corners. The size of these bubbles progressively reduces with increased
heating. At much higher heating of the object, complete flow suppression (CFS) occurs. At Re=30, CFS for vertex
facing the flow geometry was at Ri.=3.5 and for base facing the flow geometry, CFS was at Ri, =0.5. The results
indicate that vertex facing the flow geometry requires more heating for the suppression compared to the base facing the
flow geometry. The authors also reported that opposing buoyancy condition (i.e. negative Richardson number)
destabilizes the flow and initiates vortex shedding. At Re = 30, the critical Richardson number for which twin vortex
pattern is changed to the vortex shedding is -0.10 for vertex facing the flow geometry and -0.15 for base facing the
flow geometry.
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Figure 2.9: Streamlines at Re = 30 for vertex facing the flow orientation at different Richardson numbers,(a) Ri

(d)Ri = 1.0, (e)Ri=1.2,(HRi=1.5and (g) Ri =2, Chatterjee and Ray (2014).
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Figure 2.10: Streamlines at Re = 30 for base facing the flow orientation at different Richardson numbers, (a) Ri =0, (b) Ri =0.1, (c) Ri =0.2, (d)
Ri=0.225, () Ri=0.25, (f) Ri=0.4and (g) Ri=0.5, Chatterjee and Ray (2014).
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Varmaet. al.(2015) numerically investigated mixed convective flow and heat transfer past a triangular cylinder
placed symmetrically in a vertical channel at Re = 100 and for three blockage ratio i.e. p = 1/3, 1/4 and 1/6. Effect of
aiding and opposing buoyancy were studied by varying Richardson number in the range -1.0 < Ri < 1.0. The authors
showed that at Ri = 1, the flow is steady for p = 1/3, whereas periodicity is seen in the flow for = 1/4 and 1/6. The
drag coefficient increases with increase in Ri for all blockage ratio. Similarly, Strouhal number increases with increase
in Ri for all blockage ratio. Average Nusselt number increases almost linearly with Ri for different blockage ratio.

I11. CONCLUSION

This paper reported a detailed review of influence of thermal buoyancy on the wake characteristic of heated

triangular cylinder. The studies presented pertain to cross-buoyancy, aiding-buoyancy
configurationsin mixed convection heat transfer regime. The effect of buoyancy has been
buoyancy parameter i.e. Richardson number (Ri). Flow and heat transfer behavior have been
Richardson number. A few investigations relating the orientation of triangular cylinder with

and opposing-buoyancy
explored by varying the
presented as a function of
respect to incoming flow

are included. Major conclusions derived from the detailed review can be summarized as under.
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1) In cross-buoyancy configuration,increased heating causes an asymmetry in the wake, symmetry is lost and
instability is intensified. The average lift coefficient changes from zero at Ri = 0 to non-zero atRi> O.
Increased heating produces stronger negative vortex and cylinder experiences a downward lift i.e. negative lift
coefficient. The drag coefficient decreases monotonically with increase in Richardson number. Strouhal
number increases with increase in Richardson number. Averaged Nusselt number slightly increases with
Richardson number,Chatterjee and Mondal (2015).

2) In cross-buoyancy configuration, critical Reynolds number for onset of periodic unsteady flow exists between
Re = 61 and 62 for Ri =1 and between Re = 90 and 91 for Ri = 2, Rasool et. al. (2015).The value of critical
Reynolds number for Ri = 0 was 59 as reported bySrikant et. al. (2010).

3) In cross-buoyancy configuration, on superimposing the positive or negative cross-flow buoyancy, symmetry
of wake about mid plane is lost. The asymmetry increases with increase in heating/cooling. With increase in
extent of heating or cooling, the drag coefficient decreases. Due to positive or negative buoyancy, asymmetry
is induced in the flow field leading to non-zero downward or upward lift force. Averaged Nusselt number is
nearly insensitive to Richardson number,Dulhani and Dalal (2015).

4) In aided-buoyancy configuration for steady flow regime (Re = 30), with increase in Richardson number,
recirculation region progressively diminishes at downstream of the triangular cylinder for vertex facing and
base facing the flow orientations, both. At some critical Richardson number, recirculation length becomes zero
and the phenomenon is referred as onset of flow suppression (OFS). At much higher heating of the object,
complete flow suppression (CFS) occursand flow is completely attached on the surface of the body.Base
facing the flow and vertex facing the flow orientation of triangular cylinder respond in a different manner to
flow instability as well as thermal buoyancy.In opposing buoyancy configuration, negative Richardson
number destabilizes the steady flow and initiates vortex shedding,Chatterjee and Ray (2014).

5) In aided-buoyancy configuration for vortex shedding regime (Re = 100), at Ri = 1, the flow is becomes steady
forblockage ratio (B) = 1/3, whereas periodicity is seen in the flow for B = 1/4 and 1/6, Varma et. al.(2015).
Hence joint influence of buoyancy and blockage ratio controls the wake behaviour.
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