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ABSTRACT

In this paper, the forced convective heat transfer of turbulent fluid flow is studied numerically in a
rectangular elbow at a prescribed uniform wall temperature and specified inlet conditions. The analysis of
the turbulent flow has been carried out in two dimensional Cartesian co-ordinates considering steady,
incompressible and non-reacting fluid flow through the elbow for the sake of simplicity. The working
fluid is air and it is admitted through the inlet of the duct at a temperature less than the wall temperature.
The velocity, temperature and local average Nusselt number distributions in the whole flow field are
estimated numerically by solving the Navier-Stokes and the Energy equations along-with standard

K —¢& turbulent model using FLUENT 6.3.26.

Keywords: Rectangular Elbow, Turbulent Flow, x — & Equation

1. INTRODUCTION
The turbulent forced heat transfer in ducts is

encountered in different Industrial applications. Laminar
fluid flow with convective heat transfer through
rectangular duct is usually encountered in a good number
of engineering applications such as solar collectors,
concentrators, heat exchangers and cooling of modern
electronic equipments etc. The analysis becomes
complicated when the flow become turbulent. The
analysis of such a flow in a rectangular elbow is important
in connection with several Engineering applications like
heat exchanger, fluid transport ducting system, air
conditioning devices etc. The analysis of such flow is
complicated owing to the complicacy of the geometry.
Apart from this, the presence of non-uniformity of the
flow enhances the severity of the problem concerned to be
analyzed.

Review of literatures reveals that many attempts have
been made to numerically simulate forced convective
turbulent flow in the horizontal and vertical straight ducts
of constant cross section. Cheng et al. [1] studied
numerically combined free and forced convection heat
transfer through horizontal rectangular
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channel under buoyancy conditions of axially uniform

heat flux (UHF) and peripherally uniform wall
temperature (UWT) for steady fully developed flow by
using the methods of Patankar and Spalding [2]. Cheng
and Weng [3] carried out numerical study on vertical
rectangular duct with one wall uniform high temperature
for developing flow of mixed convection. Payvar [4]
demonstrated his numerical results for heat transfer
enhancement in laminar flow of viscoelastic fluids
through rectangular ducts. Yang and Kuan [5] obtained
the mean and turbulent flow wvelocities of gas and
particulate phases inside a curved 90° bend. Gas-liquid
two phase turbulent flow simulation for a 90° bend elbow
was reported by Spedding and Benard [6]. An
experimental investigation of turbulent fluid flow through
a rectangular elbow with estimation of coefficient of
friction was made by Mandal et al [7]. A comparative
numerical study between three types of turbulent models
e.g. standard k-¢, k-w and Reynolds Stress models with
flow visualization for only the turbulent air flow in a two-
dimensional rectangular elbow has been subsequently
made by the same authors [8]. Ozisik [9] derived some
expressions for friction factor, pressure drop and heat
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transfer coefficient for the turbulent forced convection
flow in circular ducts only. The turbulent flow and forced
convective heat transfer in both straight and wavy ducts,
with rectangular, trapezoidal and triangular cross-sections,
under fully developed conditions, were numerically
predicted by Rokni and Gatski [10]. Majumder and Sanyal
[11] studied the relaminarization of Turbulent fluid flow
numerically. The developing mixed convection heat
transfer in inclined rectangular ducts with wall
transpiration effects had been numerically investigated by
Jang et al. [12].

In the present paper, the turbulent fluid flow with
forced convective heat transfer is studied numerically in a
two-dimensional rectangular elbow having a prescribed
uniform wall temperature (UWT) and different inlet
conditions.

2. GEOMETRICAL DESCRIPTION
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Fig 1. Schematic Diagram of the two dimensional
rectangular elbow

The geometry is shown in figure 1 and the dimensions
are L;=0.10 m, L,=0.05 m, L3=0.25 m, height, H=0.20 m
and width W=0.05 m. The three part lengths of the elbow
are considered sufficient to ensure thermally fully
developed conditions at the duct out let.

3. MATHEMATICAL MODELING

The Navier—Stokes equations and the Energy equation
in two-dimensional Cartesian co-ordinate system are
solved to determine the velocity and temperature fields.
The standard x — & turbulent model equation along with
the standard model constants is also considered to be used
for the steady, incompressible and non-reacting fluid
having constant density p, viscosity u in a two-
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dimensional rectangular elbow. These equations are as
follows:

3.1.1. Navier-Stokes Equations
Continuity Equation

dapu) | a(pv) _
o +_ay =0 (1)

Momentum Equation
X- Component:

pufrrvi)=-2ru(GEes) @

p(uz—:+va—v)=—g—z+y(%+%) 3)

3.1.2. Energy Equation

The temperature distribution of the fluid is described
by the energy equation in two-dimensional Cartesian co-
ordinate system.

pCpua= kaz?+ u(—)z (4)

3.1.3. Kk —¢& turbulent model Equation
k Equation

ok  _ 0k ((h_ti (317k) o 7 (vt ok )
—TUy— =V\—Tt— ) — Tt —\——)— €
at + Uy dxy t dxy + dx;/ dxy + dxy \oj 0xp +

vW2k (5)

¢ Equation

Oe | o 08 _ g2y O (veOe £, (2%
o T W ax; vWie+ axy (05 Bxk) tove (6xk +
Uk OXIOUION - 22k
(6) N

Here, C;,C,, 0} and o are the empirical turbulence
constants, and some typical values of these constants in
the standard kK — & model are recommended by Launder
and Spalding [13] which are given below-

C) =144, 0 =10,Cp=192 o =13
AT
G= Ve (6xk + 6xl-)6xk (7)
3.1.4. Nusselt number
N, = Qconvective __ hZ—;.A _h 1 dar 8
U™ Qcondutive  k.(Tp-T;) k (Tp-T;) "dy (®)

In this case, the convective Nusselt number Nyony) €an be
computed from the definition of the local Nusselt number,

_ gDy
Nu= k(T —Tp) ©)
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Where q is the convective heat flux [W/m?] depending on
the quantity to be evaluated. The bulk mean temperature
Ty at the duct cross-section is given by,

TMMﬁéﬁfﬂny@Hm%@M (10)

Where u(X) is the average fluid velocity at any cross-
section of the duct.

The average Nusselt number for each cross-section along
the heated wall is then evaluated from

Y=1

x —oNy
Nu(avg) = % (11)

Where N is the number of Nu nodal values on the heated
wall.

3.2. Boundary Conditions

All the equations given in articles 3.1.1 to 3.1.3 are
solved for the following cases of the different boundary
conditions:

(i) A steady fully developed turbulent of a viscous
incompressible Newtonian air flow is admitted in an
elbow duct of rectangular cross-section.

(i) u (0,y) = u(y,0)= 0; Uiniet= 5 m/s
(iii) Tinter= Tr =300K; Twan > Tt ; Twan = 330K
(iv) Outflow is fully developed; No-slip at walls

3.3. Fluid Properties

The fluid is supplied through the duct at a prescribed
uniform speed 5m/s and at a temperature 300K. The fluid
used is air of density p = 1.225kg/m® and viscosity p =
1.7894X10" kg/(m.s). The duct material is considered
Aluminium metal of thickness 0.02 m, density p =
2719kg/m?® and thermal conductivity k = 202.4W/m-K.

4, RESULTS AND DISCUSSION

In the Fig 2 & 3, it has been shown that a simple
uniform air flow through the inlet of an elbow is
producing several re-circulation bubbles residing at
different zones of the elbow. From the schematic views of
velocity vector and streamlines contour diagrams; it is
obvious that near the corners, there are strong
recirculation flows which change the configuration of the
main flow field
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Fig 3, Velocity Vector

Here, in the lower part of the upper horizontal limb
there exists a large recirculation bubble along with
recirculation bubbles at corner zones.

Outiet

Inlet, Tf

Fig 4, Temperature Contour

Fig 4 and 5 show the temperature contour in between
the temperature range 300-330K.

In the Fig 6, 7 and 8, velocity profiles at different
positions corresponding to three parts of the elbow
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Fig 5, Flooded temperature Contour

have been shown. Fig 6 shows no re-circulation in the
lower horizontal limb, whereas re-circulations are
prominent at the positions Y=0.07m and Y=0.19m
respectively at the vertical limb and similar phenomenon
occurs at position X=0.17m of the upper horizontal limb.
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Fig 6. Velocity distribution at different X (A)
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Fig 8, Velocity distribution at different X(C)

In the Fig 9, 10 and 11 temperature variations at
different heights and distances have been illustrated. In
the lower limb at X=0.1m temperature is almost constant
irrespective of the height whereas it increases at other
distances as shown in the Fig 10.
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Fig 9. Temperature distribution at different X(A).

At the middle limb temperature remains almost
constant at various horizontal distances as shown in the
Fig 10. In the upper limb in Fig 11, temperature is
constant along the horizontal axis and it increases almost
asymptotically.
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Fig 7. Velocity distribution at different Y (B)
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Fig 10. Temperature distribution at different Y(B)
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Fig 11. Temperature distribution at different X(C)

Fig 12 and 14 represent the length wise distribution of
top-wall based Nusselt number of the lower horizontal
limb and upper horizontal limb respectively
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Fig 12. Nu at different position X(A)
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Fig 13. Nu at different Position Y(B)
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Fig 14. Nu at different Position X(C)

Fig 13 illustrates Nusselt number distribution along the
left vertical wall of the vertical limb of the elbow duct. In
the Fig 12, Nusselt number is maximum at the entrance
region and decreases along the length of the lower limb.
Similar phenomenon is observed in the upper horizontal
limb as shown in Fig 14. However, local Nusselt number
gets some higher value at a smaller region as shown in the
Fig 12 and then it decreases in the similar manner as
earlier.

5. CONCLUSIONS

The detailed velocity distribution has shown the
presence of strong re-circulations at different zones of the
geometry considered. The recirculation bubbles strongly
affect the main flow. Temperature remains almost
constant at the recirculation zones. The augmentation of
Nu mainly takes place in the entrance region and then
decreases along the elbow length.
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7. NOMENCLATURE

Symbol | Meaning Unit
Cqq Empirical Constant -
C., Empirical Constant -
S
Cﬂ Empirical Constant -
U Average velocity along X | (m/s)
axis.
v Average velocity along Y | (m/s)
AXis.
U, Average inlet velocity (m/s)
k Turbulent Kinetic energy (m%/S?)
L, Length of the bottom (m)
limb
L, Depth of the duct (m)
Ly Length of the upper limb | (m)
Re Reynolds number -
il Dynamic viscosity Kg/(m.s)
B, Molecular or laminar (N-s/m?)
viscosity X
&, Turbulent viscosity (N-s/m°)
Byr Effective viscosity (N-s/m?)
e T.urlf)ule.nce kinetic energy (M?sd)
dissipation rate
0y Prandtl number of the -
turbulent Kinetic energy
o, Dissipation Energy } ,
p Density (Kg/m)
S Station position (m)
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