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Abstract

This paper presents a new numerical approach for computing flow and convective heat
transfer of wrbulent boundary layers. Turbulent flow is calculated using a nonlinear K-¢
model (proposed by Speziale, 1987). The closure of the energy equation is presented at the
two-equation level of turbulence modeling (proposed by Nagano and Kim, 1988). The results
concentrate on the time-mean quantities such as skin friction coefficient (C) and Stanton-
number (St). It is shown that wrbulent boundary layer characteristics can be found using fully
developed duct flow having a cross-section of a large aspect ratio. )
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Nomenciature

AR Aspect ratip.

Ce Skin friction coefficient =————-.

Qs pV’

L, Reference length.

Pr Prandtl number.

Qo Wall heat flux.

qT Averaged wall heat flux.

VL,
Re Reynolds number = .
H
. pVv. 6
Ro Reynolds number based on momentum thickness = .
7
4.
St Stanton number = .
p Cp Vr (Tw - Tr)

T, Reference temperature.

T. Wall temperature.

v, Free stream velocity

i Dynamie viscosity.

P Alr density.

9 Boundary fayer mementum thickness.

Tw Wall shear stress.

? Averaged wall shear stress.

1. Introduction

The accurate prediction of the flow and thermal quantities of the boundary layvers over
aflat plate is a very important aspect in the design of gas turbine blading. The quality of these
predictions can influence the aerodynamic efficiency and. through its effect on the cooling
design, both the cycle efficiency and the hardware durability. Several attempts have been
made 10 investigate flow and heat transfer for turbulent boundary lavers as well as examining
available mrbulence models for applicability to this problem.

Chambers and Wilcox (1977) made an examination of four types of two-equation
wrbulence closure models for boundary layers. They stated that two-equation models have
a wider range of applicability than mixing length models. Kader (1981) discussed the different
approaches to calculate temperature and concentration profiles in fully turbulent boundary
layers. Sherma et al. (1982} investigated experimentally the development of boundary layers
over the suction sides of two specific turbine airfoils. The obtained data were intended 10 be
used to develop an improved turbulence meodel suitable for application to turbine airfoil
design. Blair (1982) carried out experimental study to investigate the influence of freestream-
turbulence on boundary layer transition in favorable pressure gradients. Schneider and Wasel
(1985) studied numerically the breakdown of the boundary-layer approximation for mixed
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convection above a horizontal plate. They concluded that the boundary layer breakdown is due
1o the increase of adverse hydrostatic pressure accompanied with the increase of boundary-
layer thickness. Laassibi et al. (1992) made an adaptation of the classical K-e model for the
simulation of a thermally siable stratified turbulent boundary layer. They proposed a new
relation concemning the turbulent Prandt]l number. Lindberg (1994) studied three-dimensional
boundary layer with different K-¢ near-wall models. He found that damping functions based
on direct simulation data and experiments are better than those based on tral and error.
Menter (1994) proposed two new two-equation eddy-viscosity turbulence models. The new
modifications lead to major improvements in the prediction of adverse pressure gradient
flows.

The principal motivation for the present work is the noticed similarity between
the governing equations solved for both the fully developed flow through straight non-circular
ducts and the turbulent boundary layers. These equations are “parabolic” in nature. Based on
the author’s experience with rectangular ducts (1990), he noticed that as the aspect ratio
increases the behavior of the flow approaches that of a turbulent boundary layer. Thus, the
idea of utilizing the nonlinear K-g model which is used for rectangular ducts for solving
turbulent boundary layers can be approached. This approach is validated by the resulis of an
experimental investigation carried out by the author during his presence in London University
(1989). Wherever possible, results of both flow and thermal fields are compared with previous
experimental and theoretical data available in the literature.

2. Governing Equations
2.1. Nonlinear K-c model
This model was proposed by Speziale (1987) and developed by the author (1990).
Generally, a two-gquation model uses the concept of eddy viscosity (v;) so as to describe the
magnijtude of turbulence intensity and its spatial extent. In the K- model, the velocity scale of
turbulence is represented by K" determined from the turbulence kinetic energy (K). The
length scale is given by the eddy length scale Le = K° /e, the complete model is:
- Continuity Equation:
gu I2A% W
- o+ I o+
ax gy Jz
- Momentum Equations:

é’ W o o’
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- K-equation:
JK ég .. v, K 1
U= —l-¢+ -G (3

ax ox, o, dx £

¥ 1



M. 15 O. E. Abdellauf

- g-equation:
ée v, £ G
— = [y —_ C i _C’ 4
U 5 é,[ ) Gy ~Cad @

“} is a turbulence generation term.
i
- Turbulent viscosity equation:
C K
=4 5
Where Cp ts a model constant.

_— U
Where G=—- p uu, i
ere Py, ’(5x

-The nonlinear representation of Reynolds stresses ( — u,u, )is presented in detail in

Abdellatf (1990). In the above set of equations, the values of the constants are; g, = 1.3,
Ce=1.44,Ca=1.92,C, =0.09, K= 0.42.

2.2 Two-Equation Model for Temperature Field
This model was proposed by Nagano and Kim (1988) and developed by
Abdel Gawad (1998). When temperawure is regarded as a passive scalar, the transport
equations are expressed as:
- Energy equation:
U, 2= 9 2 6)

Jn -
ox, &x, 02x,

- Temperature variance {1*) equation:

é‘t'_é' ¢ T \/:

. t————25 - 7
J é‘x é’xj Zh J] X ‘(; ?
- Temperature variance dissipation rate { ¢, ) equation:
JE é a, e T —— 22U,
;o =—[le+—)——]-C,/f r -C,f, ,
5% h}[( aﬁ) ] ;,.( )u o2 p( s ua
(&)’ g c?lT :
-CDI fDIT—Cm fms—-'raa, (l—f‘l)(—" - Y
fl K i ka
_ (8)
- Turbulent heat flux { — u t)equation:
— aT
- ujt = a, (ﬂ__) (9)
OXJ
- Eddy diffusivity for heat (o,) equation:
ZLo= ¢, 1 Re, (10)
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K 1
€ &

Where Re, = K({

3w

In the above model, the values of the constants and the mode] functions which account for
wall-proximity effects are, Abdel Gawad (1998):

C, =011 f, = (I - exp(-2(PD)" Sty" /(305C)Y, o, = 1.0, £, = 1.0, f, = 1.0,

f, = 10,f, = 1.0, A =305,C, =22,C,, =08C, = 18C, =072

3. Computational Details

The integration of the governing equations are carried out using a finite difference
discretization on a staggered grid using a modification, Abdellatif (1990}, of the SIMPLE
technique proposed by Launder and Spaldings (1972). Convergence is measured in terms of
the maximum residual in each iteration. The maximum residual allowed for the convergence
check is set to 10”. Extensive study conceming the grid independence was performed.

4. Results and Discussion
Alr is chosen as a test fluid with a molecular Prandil number (Pr) of 0.71.

4.1. Preliminary Results

In this section preliminary results conceming the case of a straight rectangular duct with
different aspect ratios are presented. This step is made to make sure that the numerical scheme
and turbulence models behave ina good manner. Another benefit is to observe the dramatic
change of flow and thermal quantities, with increasing the aspect ralio, towards the turbulent
boundary layer behavior,

Figure {1} represents the normalized wall shear stress (i) distribution along the long

Tw

wall of the rectangular duct for different aspect ratios (AR) in comparison with the
experimental data of Knight et al. (1985) at the corresponding Reynolds numbers (Re) of the
experiments. These experimental results are the only avatlable in the literature which cover a
wide range of aspect ratios. Good agreements are noticed between the predictions and the
experimental data.

q,

Figure (2) shows the distribution of normalized wall heat flux (=>) along the long side

i N

of the rectangular duct for the same aspect ratios at a Reynolds number of 6.5 x 10, 1t can be
seen that the increase of the aspect ratio forces the heat transfer 10 be. more uniform in the

middle region and increases its rate in this area (the maximum of (&) = 1.1 for the square

»

duct, whereas, the maximum of (&) = 1.3 at aspect ratio (10)). Unfortunately, there are no
W

available numerical or experimental data for the thermal field in rectangular ducts in the

available literature to compare with.
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Figure (3) shows the variation of skin friction coeffictent (Cy) and Stanton number (St)
with a wide range of Reynolds number. The presented values of (Cy) and (St) are averaged
over the four walls of the duct cross section. Very good agreement is noticed with the
empirical formulae (Cebeci and Bradshaw (1988), White (1991)) especially for higher
Reynolds numbers. The Reynolds analogy is maintained. From the above discussion, we can
conclude that the results of the present medeling approach are satisfactory. Thus, it is safe to
move to the next siep of investigating the turbulent boundary layer.

4.2 Turbulent Boundary Layer

By increasing the aspect ratio (AR) 1o 10:1, flow represents the case of turbulent
boundary layer over a horizontal flat plate with zero pressure-gradient and no freestream-
turbulence.

Figure (4) represents the predicted values of skin friction coefficient (Cy) at different
Revnolds numbers (Rp). Rs is the flow Reynolds number based on the boundary layer
momentum thickness (8). The predictions are in a very good agreement with the empirical
formulae of Coles (1962). This result is a very encouraging one.

Figure (5) shows the predicted results of the Stanton number (St) at the same Reynolds
numbers (Rg). Comparison is made with the experimental data found by the author. Generally,
the same trend is well kept. The noticed difference between the predictions and the
experimenial data decreases with the increase in Rg. At Rp = 1667, the difference is about
16.22%. Whereas, at Ry = 5444, the difference reduces 1o 4.6%. As reported by other
investigators (Hirota et al., 1994), errors are expected in such kind of measurements. In their
research, they estimated the error to reach * [4% because of the difficulty of accurately
measuring the mean temperature profile near a solid boundary to estimate the wall heat flux. It
seems that measurements become more accurate as the Reynolds number (Rg) increases which
means an increase in the boundary layer thickness.

5. Conclusions

A turbulence-modeling scheme is used 1o model the flow and thermal fields of
convective turbulent boundary layers. It has been proved that the approach of utilizing the
numerical code of a fully developed rectangular duct flow to predict the turbulent boundary
laver is a good idea. This means, if we are interested in turbulent boundary layers, that this
approach of increasing the aspect ratio is suitable without the need to construct a new code for
boundary layers only. Concentration was applied to the quantities that have certain imponance
in acrual engineering applications.
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