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Using the standard k-& turbulence model, an incompressible, axisymmetric
turbulent flow with a sudden expansion was simulated. Effect of Prandtl
number on heat transfer characteristics downstream of the expansion was
investigated. The simulation revealed circulation downstream of the expan-
sion. A secondary circulation (corner eddy) was also predicted. Reat-
tachment was predicted at approximately 10 step heights. Corresponding to
Prandtl number of 7.0, a peak Nusselt number 13 times the fully-developed
value was predicted. The ratio of peak to fully-developed Nusselt number
was shown to decrease with decreasing Prandtl number. Location of maxi-
mum Nusselt number was insensitive to Prandtl number.
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Introduction

The axisymmetric sudden expansion flow is encountered in numerous applica-
tions, including orifices, burners, and industrial duct and pipe systems. From a funda-
mental point of view, it is one the most popular flows involving separation and
reattachment. Many studies have been conducted to examine physics of the flow. For ex-
ample, it has been shown that with increasing expansion ratio, turbulence intensity down-
stream of the expansion increases and the reattachment length moves downstream of the
expansion [1]. So [2] has reported that inlet Reynolds number has little or no effect on
reattachment length. Shahnam and Morris [3] have reported that a decrease in the expan-
sion ratio increases the circulation region. Laser-Doppler velocymeter (LDV) measure-
ments of Durrett ef al. [4] have clearly identified a weak secondary recirculation zone
(corner eddy).

As pertaining to the heat transfer aspect of the flow, the experimental work of
Baughn et al. [5] has shown that the local Nusselt number in the separated, reattached,
and redevelopment regions were up to 9 times higher than those for fully-developed
flows in pipes having the same diameter as the pipe downstream. Maximum and average
heat transfer enhancements were shown to increase strongly with decreasing expansion
ratio. Location of the maximum Nusselt number moved downstream as the expansion ra-
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tio increased, and unlike maximum normalized turbulence intensity, which was insensi-
tive to Reynolds number, the peak values of Nusselt number correlated fairly well with
the Reynolds number based on the upstream pipe diameter irrespective of the expansion
ratio. For a given expansion ratio, they reported that the ratio of peak to fully-developed
Nusselt number decreases as the Reynolds number increases. They also reported that a
minimum Nusselt number takes place around one step height downstream of the expan-
sion for expansion ratios below 0.5, suggesting the presence of a secondary circulation.

Said et al. [6] have numerically investigated flow and heat transfer characteris-
tics of pulsating flow downstream of an abrupt expansion for different frequencies (5 to
35 Hz), Reynolds numbers (5 and 10-10°), expansion ratios (0.2 and 0.6), and Prandtl
numbers (0.7 and 7.0). They reported that the influence of pulsation on the time-averaged
Nusselt number is insignificant for fluids having a Prandtl number less than unity, while
the increase is around 30% for fluids having a Prandtl number greater than unity. For all
pulsating frequencies, the variation in the time-averaged Nusselt number, maximum
Nusselt number, and its location with Reynolds number and diameter ratio exhibit similar
characteristics to steady flows.

Evidently, the axisymmetric sudden expansion flow has been receiving much at-
tention. Nonetheless, there still remain some aspects of the flow, in particular, the heat
transfer aspect that needs to be investigated. For example, no work has been reported on
the effect of Prandtl number on heat transfer characteristics downstream of the expansion
over a wide range. In this work, therefore, experiment of Baughn et al. [5] was numeri-
cally extended to study such effect. An incompressible, axisymmetric, steady turbulent

flow with a sudden expansion
was simulated. Prandtl num-
bers in the range between 0.2

|<— 40H —| and 7.0 were investigated.

- The wall heat flux was fixed at
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Figure 1. Schematic of the axisymmetric sudden sion. Schematic of the sudden

expanison expansion is shown in fig. 1.

The mathematical model

The mathematical model consisted of the following steady Reynolds-averaged
conservation equations in Cartesian tensor form.

Continuity equation
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Mormentum equations
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For the Reynolds stresses, the Boussinesq hypothesis [7] was invoked:
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Energy equation
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Turbulence model

The standard k-¢ turbulence model [8] was used. The model is well suited for
high Reynolds number internal flows and has been validated for many industrial

flows.
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Production of turbulence kinetic energy is given by:
Gy = —pii; i (7)
=—QUu.-u . ——
k PU; J aXi
And the Eddy viscosity is:
k2
u, =pC, — ®)
£
Wall treatrment

The non-equilibrium wall function by Kim and Choudhury [9] was imple-
mented. For more details, the reader is referred to Fluent 6.2 user guide.
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The numerical procedure

Fluent 6.2 was used as the solver. The structured grid was built using Gambit
2.0. The mesh consisted of approximately 30,000 structured cells. The simulation was
carried out using SIMPLE [10] and second-order schemes. The linearized equations were
solved using Gauss-Seidel method, in conjunction with an algebraic Multigrid scheme
[11]. Due to small overall temperature changes in the fluid, properties were assumed con-
stant. The heat transfer coefficient was calculated using the bulk temperature as defined
in experiment of Baughn et al. [5].

Uncertainty analysis

There are mainly two sources of uncertainty in Computer fluid dinamics,
namely modeling and numerical [ 12]. Modeling uncertainty is approximated through ex-
perimental validation while numerical uncertainty can be approximated through grid in-
dependence. Numerical uncertainty has two main sources, namely truncation and
round-off errors. Higher order schemes have less truncation error, and as was outlined
earlier, the discretization schemes invoked were second-order. In explicit schemes,
round-off error increases with increasing iterations, and is reduced by increasing signifi-
cant digits (machine precision). However, having used Gauss-Seidel iterative procedure
in a steady-state simulation renders the calculation insensitive to round-off error.

A comparison between the current simulation and experiment of Baughn et al.
[5]is depicted in fig. 2. Here, the Nusselt number has been normalized by the fully-devel-

oped value obtained using Dit-

tus-Boelter correlation [13]. This

normalization was used in the ex-

o  Exp. (Baughn etal) periment of Baughn et al., and is
....... 10,000 cells intended to compare the local
i 28:888 g:”z Nuss'elt nqmber in presence of ex-
pansion with that of a fully-devel-

oped straight pipe. The numerical
prediction with 30,000 cells is in
good agreement with experimental
data which was reported with an er-
ror of +5%. Therefore, we assume
the modeling uncertainty to be
+5%. The numerical error is ap-
proximated by the difference be-
tween 20,000 and 30,000 cells,
which is about 2%. Hence, we con-
clude that the overall uncertainty is

determined by the modeling uncer-
Figure 2. Normalized Nusselt number tainty of +5%.
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Results and discussion

Distribution of the normal-
ized turbulence kinetic energy
near the wall, along with the fric-
tion coefficient is depicted in fig.
3. For incompressible flows, flow
parameters are independent of the
Prandtl number. Hence, only one
case is shown here, namely Pr =
= 0.7. Maximum turbulence ki-
netic energy is shown to occur at
7 H (step height) downstream of
the expansion, whereas reat-
tachment is around 10 H. Maxi-
mum friction coefficient is shown
to take place at 4 H, which is be-
fore maximum turbulence, sug-
gesting that turbulence is not the
major contributor to shear stress
in the circulation region.

Nusselt number distribution
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Figure 3. Distribution of the normalized turbulence
kinetic energy near the wall, along with the friction
coefficient downstream of the expansion

downstream of the expansion is depicted in fig. 4. Including the experimental data of
Baughn et al. [5] for air, the profiles cover Prandtl number range from 0.2 to 7.0. Nusselt

number profiles are shown to in-
crease with increasing Prandtl
number. For Pr = 0.7, maximum
Nusselt number takes place
around 7.0 H, which is the same
location for maximum turbu-
lence, suggesting that turbulence
plays a major role in enhancing
heat transfer. The ratio of peak to
fully-developed Nusselt number
is predicted to decrease with de-
creasing Prandtl number. This is
due to increasing conduction
role relative to turbulence and
mean flow convection.

The streamlines downstream
of the expansion are depicted in
fig. 5. Manifested in closer
streamline spacing, velocities
are relatively higher at the begin-
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Figure 4. Nusselt number distribution downstream of

the expanison
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ning of expansion, while they decrease toward the separated region where the streamlines
are far apart. Circulation is shown to expand well into the large pipe. By entraining main-
stream into the boundary layer, circulation enhances mixing, and hence heat transfer
downstream of the expansion. While a secondary circulation (corner eddy) has been pre-
dicted in this simulation, the minimum Nusselt number at the corner reported by Baughn
et al. [5] has not been resolved. This suggests that a finer mesh maybe needed to resolve
the secondary circulation more accurately, for which one would need to resort to
higher-order turbulence models.
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Figure 5. Streamlines downstream of the expansion

Conclusions

Using the standard k-¢ turbulence model with a non-equilibrium wall function,
an incompressible, axisymmetric turbulent flow with a sudden expansion was simulated.
Effect of Prandtl number on heat transfer characteristics downstream of the expansion
was investigated. The simulation revealed circulation downstream of the expansion. A
secondary circulation (corner eddy) was also predicted. Reattachment was predicted
around 10 step heights. The ratio of peak to fully-developed Nusselt number was pre-
dicted to decrease with decreasing Prandtl number. This simulation shows that the stan-
dard k-¢ turbulence model with a non-equilibrium wall function can predict average flow
and heat transfer charactersitics in axisymmetric turbulent flows with sudden expansions.

Nomenclature

Cy  — friction coefficient (= 7,,/0.5 pU2,), []

C — empirical constant = 0.09

Ci:  — empirical constant = 1.44

Co, — empirical constant = 1.92

cp — specific heat at constant pressure, [kJkg '"K™']
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D — pipe diameter downstream of expansion, [m]

d — pipe diameter upstream of expansion, [m]

E — specific energy, [Jkg ']

H — step height, [m]

h — heat transfer coefficient (= ¢/(Ty, — Tou), [Wm’zK’I]
K — turbulence kinetic energy, [m”s ]

k — fluid thermal conductivity, [Wm 'K ']

kn — normalized turbulence kinetic energy (= &/Um), []
Nupg — Nusselt number obtained by the Dittus-Boelter correlation (= 0.023 Re*® P4, []
Nuy — local Nusselt number (= hD/k), []

Pr — fluid Prandtl number, []

Pr, — turbulent Prandtl number (= 0.85), [-]

p — pressure of the fluid, [Pa]

q — heat flux through the wall, [Wm ]

Re — Reynolds number (= pU,,,D/u), [-]

T — temperature, [K]

Tbulk — (:4XQ/RC}1CP + Tin)a [K]

T; — inlet temperature, [K]

Ty — wall temperature, [K]

U, U; — velocity of the fluid, [ms']

Un — area-averaged velocity downstream of expansion, [ms™]
X, X — Cartesian coordinates, [—]

Greek symbols

=

TT ™

— Kronecker delta

turbulence dissipation rate, [m”s ]
dynamic viscosity of the fluid, [kgm 's™']
— eddy viscosity, [kgm 's™']

oy, 0, — empirical constants in turbulent model, [—]

— density of the fluid, [kgm °]

pu;u; — Reynolds stresses, [Pa]

Tw

wall shear stress, [Pa]
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