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Abstract: Interaction between the injected flow from the porous wall and the main flow can reduce drag effectively.
The phenomenon is significant to the flight vehicle design. The intensive flux of injection enhances difficulty of nu-
merical simulation and requires higher demands on the turbulence model. A turbulent boundary layer flow with
mass injection through a porous wall governed by Reynolds averaged Navier-Stokers (RANS) equations is solved
by using the Wilcox's kw turbulence model and the obtained resistance coefficient agrees well with the experimen-
tal data. The results with and without mass injection are compared with other conditions unchanged. Velocity pro-
file. turbulent kinetic energy and turbulent eddy viscosity are studied in these two cases. Results confirm that the
boundary layer is blowing up and the turbulence is better developed with the aid of mass injection, which may ex-
plain the drag reduction theoretically. This numerical simulation may deepen our comprehension on this complex
flow.

Key words: mass injection; boundary layer blowing up; drag reduction; turbulence model; Reyndds averaged Navi-

Vol. 32 No.

er-Stokers (RANS)

CLC number: O35 Document code: A

0 Introduction

Flows through porous wall with mass injec-
tion, or termed as blowing, are encountered in
many engineering applications such as boundary
layer controlling, transpiration cooling and resist-

[5) The mass injection can impres-

ance reducing
sively reduce resistance experienced by turbulent
flow in pipes, and drag encountered by ships and
airplanes, as well as the efficiency losses of tur-
bines and turbo compressors™®. Thus turbulent
boundary layer flow with mass injection has great

engineering significance. Since the prediction of
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the effects of mass injection on slender aerody-
namic body is of technological interest, several
studies of boundary layers with mass injection

t 71 An interesting aspect

have been carried ou
of the study of flows with mass injection is the
phenomenon of boundary layer blow off®. When
the additional fluid is injected into a boundary lay-
er, the injected fluid simply fills the region near
the wall and significantly alters profiles of the
flow variables. Due to the integration of the fluids
near the wall, usual methods for handling two-

point boundary conditions would become invalid,

especially when the blowing parameter is large™.
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This failure can be attributed to poor convergence
and instabilities of the numerical methods™’.
Generally, the problem of porous wall with
mass addition needs more attention to the drag re-
duction effect in engineering application, and on
the other aspect, to understand the behavior of
such complex flow. The simplest case is a turbu-
lent boundary layer occurring on a flat plate at ze-
ro incidences. This flow model is, however, of
great practical importance and it can be used in
the calculation of the f{rictional resistance on
ships, lifting surfaces, the blades of turbines and
rotary compressorst®.  Therefore, numerical
work is taken to investigate the two-dimensional
turbulent boundary layer flow over a smooth and

permeable flat surface with mass injection.

1 Equations and Turbulence Model

Two-dimensional steady and incompressible
boundary layer flow is governed by
W IV _
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where U, V are the stream-wise and normal aver-
aged velocity components; p, P the fluid density
and pressure; v, yr the molecular and turbulent
eddy kinetic viscosity.

Kolmogorov and Saffman creatively and inde-
Wilcox has

continually refined and improved the model during

pendently developed the k-w model.

the past three decades and demonstrated its accu-

racy for a wide range of turbulent flows o1,

(121 is chosen,

Here the latest version of k-« model
which considers the turbulent eddy viscosity™? as

follows

Vfﬁﬁ@:mm@%,g%g) ()

Reynolds stress for incompressible flow is

Ty =21 Sy 4
Turbulence kinetic energy equation is
dk U, . J . kN Jk
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Specific dissipation rate is

E)w: . 9U,7 2+Q dk dw
T Sl P R R P e
k\ d
J [(qua*) ﬂ} (6)
dx; w ) dx;

Closure coefficients and auxiliary relations are
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It can be easily verified that the quantity y, is
zero for two-dimensional flows. In the porous
wall, the boundary condition is
U=0, V=V, an
On the contrary, the boundary condition of
solid wall is non-slip, i. e.
U=0, V=0 12
For the model equation, the boundary condi-
tion is specified as
_ b
pd’

where d is the distance of the nearest grid to the

k=0, w (13)

wall,

2 Numerical Test
2.1 Flow parameter

The flow parameters in the numerical calcula-
tion are listed in the following. Surface mass flux
m = p. V. is constant as 0. 042 97 kg/(m* « s),
where p ,, is the transpired air density and V,, the

wall; Free

Both the
transpired and free stream air temperature T,
density p and pressure P are 297.8 K, 1. 193 kg/
m’, 101 984 Pa, respectively. The schematic dia-

normal velocity from the porous

stream air velocity U..is 9. 397 m/s.

gram of boundary layer with mass injection

is shown in Fig. 1. Air viscosity coefficient v is
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1.458X10°°%, the length of the flat L=5 m, and
the Reynolds number based on the free stream air
velocity and flat length is 3. 23107,

These parameters are the same as those in
the experiment conducted by Andersen'®. His
work measured resistance coefficient along the
flat. Hence, the measured resistance coefficient
can be used to validate our numerical calculation.
The coefficient is defined by C; :er/pU?,‘, where
v =w1dU/dy
termined by the derivative of velocity and eddy

,—o . This physical quantity is de-

viscosity, so it is an appropriate candidate for

checking numerical simulation.

2.2 Numerical method and mesh convergence vali-

dation

On the basis of laminar flow, we supplement
codes of Wilcox's kw model™ to calculate the
flow. Iterative algorithm is used to solve the
equations, in the sequence of momentum equa-
tions, continuous equation and turbulence model
equations. In the discrete equations, the second-
order upwind difference scheme is used for the
convection term. The others are calculated by
using the second-order central difference scheme.
Uniform incoming velocity, free outflow, no-slip
wall and zero normal gradient are defined for the
boundary conditions, respectively. In order to
check the convergence of meshes, three nested
grids with nodes number of 301X 101, 151 X 51,
75X 25 are used to discrete the computational zone
with the dimension of 5 mX0.12 m. The friction-
al resistance coefficient along the plate is shown in
Fig. 2. It is shown that the numerical results are
independent of the grid density. In the following
calculation, the middle density grid, 151X 51, is
selected.

Local frictional coefficient is compared with

the experimental result, as shown in Fig. 3. The
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Fig. 2 Comparison of local frictional coefficient along

the plate with three mesh density

numerical result is very close to the experimental

t%, especially in the latter part of the wall.

resul
It clearly indicates the high precision of the nu-
Therefore, Wilcox' s kw

model "#is suitable for turbulent boundary calcu-

merical method.

lation with mass injection.
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Fig. 3 Comparison of local frictional coefficient along

the plate between numerical and experimental

results

2.3 Drag reduction analysis

To investigate the effect of mass injection on
drag reduction, results with and without mass in-
jection under the same condition are compared.
The comparison of local frictional coefficient along
the wall is shown in Fig. 4. The resistance in solid
case is almost four times more than that in porous
case. We can discover impressive resistance re-
duction realized by mass injection.

The averaged stream wise velocity profiles of
the two cases at x=1 m are shown in Fig. 5. The
velocity without mass injection develops much

faster than that with mass injection, which leads
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to a higher drag value.
2.4 Turbulence quantities

Turbulent kinetic energy is directly propor-
tional to turbulence development level, which is
almost equal to zero in the zone of laminar flow.
The contour lines of turbulent kinetic energy in
the case with mass injection are shown in Fig. 6.
According to the turbulent kinetic energy distri-
bution, the flow structure in the boundary layer
flow is developed in the middle part of the layer.

Profiles of dimensionless turbulent kinetic
energy at x=1 m in the cases with/without mass
injection are shown in Fig. 7. It is obvious that
the flow is more turbulent in the case with mass
injection.

Contour lines of ratio between eddy coeffi-
cient and molecular viscous coefficient in the case
with mass injection are shown in Fig. 8. The tur-

bulent eddy coefficient is a key value in the Reyn-
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Fig. 6 Contour lines of turbulent kinetic energy in the
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Fig. 7 Profiles of dimensionless turbulent kinetic ener-

gy at x=1m
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Fig. 8 Contour lines of ratio between turbulent and

molecular viscous coefficients in the case with

mass injection

olds-averaged numerical simulation. Greater value
indicates that turbulence is better developed,
which is in consistent with the above analysis.
Profiles of dimensionless turbulent eddy vis-
cous coefficient at x=1 m in the cases with/with-
out mass injection are compared in Fig. 9. The

distance from the wall is normalized by boundary
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