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Numerical Dissipation in F3D Thin-Layer Navier-Stokes
Solution for Flows with Wall Transpiration
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Numerical boundary conditions for mass injection/suction at the wall are incorporated in the thin-layer
Navier-Stokes code, F3D. The accuracy of the boundary conditions and the code is assessed by a detailed
comparison of the predictions of velocity distributions and skin-friction coefficients with exact similarity
solutions for laminar flow over a flat plate with variable blowing/suction, and measurements for turbulent flow
past a flat plate with uniform blowing. In laminar flow, ¥3D predictions for friction coefficient compare well
with exact similarity solution with and without suction, but the code produces large errors at moderate-to-large
values of blowing. These errors are attributed to the numerical dissipation due to Steger-Warming flux-vector
splitting in the upwinding (streamwise) direction. This numerical dissipation is shown to yield a slight Mach
number dependence of skin-friction coefficient due to blowing in turbulent flow. Predicted surface pressures for
turbulent flow past an airfoil with mass injection are in qualitative agreement with measurements for a flat plate.

Nomenclature
A,B,C,M  =flux Jacobians
a =velocity of sound
C =blowing parameter for similarity in laminar
flow
Cxx =local skin-friction coefficient
D,,D; =explicit and implicit dissipation parameters
D,;,D,; =numerical dissipation due to flux-vector

splitting in £ and ¢ directions

=normal distance from the wall

=total energy per unit volume

= pyWp/ (Poolhcs)

=inviscid flux vectors in £, 5, and { directions

=stretching parameter

= At or At/2 for first- or second-order time
accuracy

=grid indices in &, , and { directions,
respectively

= Jacobian of transformation

=mixing length constant

=reference length

=mixing length

=Mach number

=Prandtl number

= static pressure

=vector of conservative flow variables

=gas constant

=Reynolds number

=viscous flux vector

=temperature

=time
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UV,W = contravariant velocities

u* = friction velocity

Uo = freestream velocity

U, v, w = Cartesian velocity components in x, y, and 2,
directions, respectively

Wy =blowing velocity normal to the wall

X, Y52 = Cartesian coordinate directions

a = dissipation coefficient

B = smoothing coefficient for the boundary layer
At =time increment

Ax, Az =local grid spacings in x and z directions

) =three-point central difference operator

6”,6@ =backward and forward difference operators
H =midpoint operator

vy = specific heat ratio

€ =smoothing parameter for artificial dissipation
€ =eddy viscosity in inner region

7 = similarity variable, zVu./vX

m = dynamic viscosity

v =kinematic viscosity

£ =transformed coordinates

p = density

g =modified spectral radius of C

Tw =wall shear stress -

® =local vorticity

Subscripts

b = blowing/suction

w =wall

X =local (streamwise)

% = freestream

Superscript

=dimensional quantities

Introduction

ECONDARY flow from surfaces arises in numerous ap-
plications, such as thermal protection systems (transpira-
tion, film, and ablation cooling), boundary-layer control (lift
increase or drag reduction), thrust vector control, and surface
venting. The degree of interaction between the secondary flow
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and the main flow depends on a wall-blowing parameter F =
pwWs/(Polh). At large values of F, the flowfield is altered
significantly, resulting in large changes in surface pressure,
friction, and heat transfer.

To numerically simulate such physical processes, the
" ‘boundary conditions of mass injection/suction and heat trans-
fer at the surface are incorporated into the widely used three-
dimensional, thin-layer, compressible Navier-Stokes code,
F3D, developed by NASA Ames.! This code is used to simu-
late the Space Shuttle aerodynamic flowfield.? The simulation
of venting from various surfaces such as the wing leading edge
of the Shuttle Orbiter has motivated the present investigation.

In a recent paper, Roth® has applied the F3D code to study
the influence of thin-layer approximation on the three-dimen-
sional structure of a subsonic round jet issuing normally
through a flat plate into a crossflow. The maximum velocity
ratio considered is 6. Only laminar flow is considered. The
effect of thin-layer approximation in both one and two direc-
" tions is evaluated. The present paper focuses on the validation
of the code for two-dimensional flow with blowing/suction at
the surface, in both laminar and turbulent flow.

Numerical Algorithm

The accuracy of the F3D code is tested against available
exact solutions for steady, two-dimensional laminar flow and
measurements for turbulent flow past a flat plate. Addition-
ally, numerical solutions for boundary-layer equations are
obtained to provide an additional check on the accuracy of the
implementation of wall boundary conditions and turbulence
model. The boundary-layer solution algorithm is built into the
overall F3D code. A brief description of the F3D code and the
boundary-layer code is given next.

F3D Code

The compressible thin-layer Navier-Stokes code, ‘F3D, de-
scribed in Refs. 1 and 2, solves the three-dimensional, un-
steady flow governing equations in conservative form in gen-
eralized coordinates (£, 7, ¢) that are transformations of the
rectangular Cartesian space (x, ¥, z). Thin-layer approxima-
tion is used in the { direction (normal to the body) in which
viscous terms are retained, whereas in the £ and 5 directions
(parallel to the body) all viscous terms are neglected. The
algorithm is based on an implicit Beam-Warming* type two-
factor approximately factored scheme. Steger-Warming flux-
vector splitting® and upwind differencing are considered in the
streamwise direction. Central differencing is applied in the
remaining spatial directions, with artificial dissipation added
for maintaining stability. Numerical dissipation is inherently
present in the upwind difference scheme, so that stability is
ensured without an artificial dissipation needed in that direc-
tion. The differencing method is second-order accurate in
both space and time. Only a brief outline of the governing
equations and the algorithm is presented here.

In the F3D code, the dimensionless variables are defined as

x’ y' z’ t'ud
x=z7, }’=z—,, Z=z‘,, l‘=L,
’ ’ vl ! pl
P e MTar VTar Vel P oz
e’ _R’
Cpeald’ &
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The resulting thin-layer Navier-Stokes equations written in
generalized curvilinear coordinates are

3,0 +8;F +3,G +3.H =Re '3, (1)
where
o oU
pu oulU+&:p
o=J"'\pv |, F=J7' | pvU+é&p
pw owU+§.p
e (e+p)U—§&.p
oV oW
ouV +n.p ouW +{p
G=J"| pvW+np , H=J"! VW +p
oWV +u,p owW +(p
e+p)V—np e+p)W—-(p
0
myug+ (V3)mydy
S=J"1u myve + (YB)myg,
mywg + (A)maf,

mymz + (A)ma(Sut + &y + §w)

with the contravariant velocities
U=§+Eu+Eyv+Ew
V=n+ndu+nv+9w
W=¢§ +§‘qu+ &Y+ Ew
and
my={3+ 5+
my= e+ Vet Gwe
my=[u?+v2+ w21+ Pr-Yy—1)"Y(a?),
where &, §,, &;, &, etc., denote the metrics of the transforma-
ti_on. Perfect gas and a constant Pr are assumed in the analy-
Sls".l"he pressure is related to the conservative flow variables Q
by the equation of state
p=(y—Dle—Y2pu?+v*+w?)] e
The final discretized equations in F3D are of the form
LiL,AQ"+ ' = — At (32F )"+ O[(F )"+ 8,G"+ 3, H"
—Rg“%’);S"} -D.1,+D,1)0" 3)

where the forward and backward operators L, and L, are
given by

L, =I+h6§(A +)"+hB;C"—hRe“3§\I‘¥M”J—Di I
L2=I+~h6{(A Y+ hé,B"~D;l,
The flux F in the £ direction is eigensplit into F+ and F -,
which are then differenced with the use of backward and

forward difference operators 5’5’ and &/, which can be of second
order (three point) or first order (two point). The 5X 5 ma-
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trices A, B, C, and M result from local linearization of the
fluxes F, G, H, and § about the previous time level n. The
quantities D; and D, are the implicit and explicit dissipation
operators in the central space differencing directions 5 and ¢,
to suppress high frequency oscillations. The explicit artificial
dissipation operator, which influences the accuracy of the
steady-state solution, for example in the z direction, is of the
form

J (4a)

D, l.=(At)] e [Saas 45— 33}
e

l+a

where « is a dissipation coefficient proportional to the abso-
lute value of a normalized second difference of pressure,
expressed as

1+ M2 18p |
= — 4
“ < 16 > [(1+89p ] (“4b)
and o is a modified spectral radius of C given by
alUl+V(G5+ 5+ )2 +0.01 (4c)
o YD B2 +vi+w?
=1 -+ —— 4
e p 1-8 7 (4d)

The second-order smoothing controls numerical oscillations
in regions with steep gradients (large «) such as shocks, and
the fourth-order smoothing is effective elsewhere. A value of
B =1 reduces the numerical smoothing in the boundary layer
near the surface. Second-order upwinding is considered in all
of the present calculations.

Boundary-Layer Code

The boundary-layer code solves the three-dimensional, un-
steady flow boundary-layer equations in conservative form in
generalized coordinates (£, 9, {). The solution is iterated over
time. During each time step, a solution is obtained by march-
ing along the £ direction. At each £ =const station, the mo-
mentum and energy in the (3-¢) plane are solved for using an
implicit method involving the inversion of tridiagonal ma-
trices. The solution is then corrected by the application of the
continuity equation. The method is second-order accurate in
space and time.

Boundary Conditions

Wall Boundaries

Necessary modifications to the F3D code are made to in-
clude the boundary condition for wall blowing/suction. The
contravariant velocities U and V tangential to the surface are
taken as zero to satisfy the no-slip condition at the wall, and
“the contravariant velocity W normal to the surface is speci-
fied. Zero normal pressure gradient at the wall is considered to
specify the surface pressure p,,. Mathematically,

U=0, V=0 (5a)

W=VGT+85 + DMF (el p) (5b)
o _

P 0 (5¢)

where
F=pwwb/(pcnuco)

For the case of adiabatic wall, the density at the wall p,, is
obtained by extrapolation in the normal direction, and the
wall temperature is computed from the equation of state. In
the case of wall heat transfer, the wall temperature 7, is
specified, and the density at the wall is computed from the
equation of state, knowing the surface pressure and surface

temperature. The total energy per unit volume e,, is computed
from the known p,, and p,,.

Inflow, Outflow, and Free Boundaries

Freestream conditions are specified at the inflow boundary.
The top (free) boundary and the outflow variables are ob-
tained from the interior solution by linear extrapolation. All
boundary conditions are applied explicitly.

Turbulence Model

The turbulence model is also modified to reflect the changes
in turbulence structure due to blowing. In the existing Bald-
win-Lomax model,® the Van Driest damping constant is ex-
pressed as a function of the blowing velocity to freestream
velocity ratio, in accordance with Cebeci-Smith model.”

The eddy viscosity in the inner region ¢, is computed from

6 =Llol (6a)

where lwl is the absolute magnitude of local vorticity, and the
mixing length £ is described by

{=Kd[l—exp(—d*/A*)] (6b)
where
a* =puu*d/ py =D, 7,/ oy (60)
A+ =26 exp[5.9(u,./ Wywy ] (6d)
wy = wp/u* =F(pe/ py)(Ue/u*) (6e)
u*=r,/p, Gy
where K =0.4.

Results and Discussion

All of the calculations are made for steady-state conditions.
Local time stepping is thus employed to accelerate conver-
gence. A value of Pr=0.72 is considered.

Two-Dimensional Flat Plate

The accuracy of the numerical boundary conditions incor-
porated in the thin-layer Navier-Stokes code is tested in lami-
nar and turbulent flow past an adiabatic flat plate over a wide
range of Reynolds number Re from 5x10° to 10® and a
freestream Mach number from 0.2 to 2.0. The reference length
L' is taken as 1.0 m.

Experience has shown that, in the case of blowing, numeri-
cal instability sets in if the blowing boundary condition is
applied right from the leading edge. The problem is overcome
by implementing the blowing condition from the third grid
point in the streamwise direction.

Laminar Flow

In laminar flow, the computational fluid dynamics results at
Re=2x10* and M, =0.5 are checked with exact similarity
solutions® for incompressible boundary layers with constant
properties. The solution is presented as

u/te=1(n,C) Q)

where C = 2F~ Re, and x is the distance from the leading edge.

Thus, by keeping a constant value of C, nonuniform blow-
ing along the wall is maintained to insure similarity. Positive
values of F or C represent blowing of fluid into the main flow,
and negative values indicate suction from the main flow. In
the case of blowing, the secondary fluid is assumed to be the
same as the main fluid. For purposes of comparison, solutions
from a boundary-layer version of the code (based on space
marching) are also generated.
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Fig.1 Typical grids for flat plate calculation: a) 25 x 3 X 61 grid for
the F3D solution, and b) 25 X 3 X 41 grid for boundary-layer solution.
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Fig. 2 Effect of artificial sinoothing paraméter on F3D solution for
laminar flow past a flat plate at Re =2 x 104,

Figures la and 1b show typical grids for use in Navier-
Stokes solution (25 X 3 x 61 grid) and boundary-layer solution
(25%3x41 grid), respectively. The plate length (x direction)
and width (symmetric y direction) are taken as 1.25 and 2.0,
respectively. The grid is clustered in the x direction, with the
second grid point at a distance of 0.02 from the leading edge
and a stretching factor f=1.075. The stretching factor f is
defined as the ratio of two consecutive spacings and becomes
Ax;/ Ax;; for the x direction, and Ax;/Ax;_, for the z direc-
tion.

For the Navier-Stokes solution, the grid is exponentially
clustered in the normal direction up to z =0.05 with 41 cells,
resulting in a variable stretching (maximum of 1.16 at the first
cell and 1.01 for the 41st cell). Beyond z =0.05, the grid is
stretched at a constant ratio of 1.2, resulting in z,,,, =0.8. The
second grid point is at a distance of 0.00007 from the wall. The
artificial smoothing parameter e (in the central differencing
direction) in Eq. (4a) is decreased from 0.15 to 0.001. Figure
2 displays the dependence of ¢pVRe,/2 with e for C =0 and
+1.0. The solution (taken at x = 0.645) becomes independent
of e for e less than about 0.001. Thus a value of ¢=0.001 is
considered adequate in the present work. The value of 3=1.0
in Eq. (4d) is found to yield a more accurate result than with
B=0, so that 8=1.0is used in the present study. The solution
converges in about 500 iterations.

The value of z,,,, is taken to be 0.1 for the boundary-layer
code, with exponential clustering, with the second grid point
at a distance of 0.000141 away from the wall. This value for
Zmax 1S. based on a boundary-layer thickness of 0.035 at
Re =2x10% The boundary-layer solution converges fast in
less than 50 iterations.

To test the similarity law, Fig. 3 displays the velocity distri-
butions from the F3D solution at several streamwise positions.
Similarity is seen to be preserved for x in excess of about 0.2,
for values of C <0.5.

The computed velocity profiles from the Navier-Stokes so-
lution (taken at x =0.645) and the boundary-layer solution
(taken at x = 1.042) for various values of C are compared in
Fig. 4 with exact similarity solutions. At C =0, the exact
solution is given by the familiar Blasius profile. The results
from the Navier-Stokes code exhibit velocity overshoots,
which are known to be characteristic of Navier-Stokes solu-
tions.? The maximum overshoot is seen to be of the order of
4%, In the case of suction, both Navier-Stokes and boundary-
layer solutions agree well with the data. In the case of blowing,
the Navier-Stokes solution is seen to be inaccurate even at
C = +0.5, whereas the boundary-layer solution is accurate up
to C = +1.0. According to the exact similarity solution, the
laminar boundary layer separates at C =1.238. Overall, the
solution from the boundary-layer code is better than the
Navier-Stokes solution for the simulation of laminar
boundary layer with mass injection.
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Fig. 3 Velocity profiles from F3D solution for laminar flow past 2
flat plate at Re =2x10% a) C= —5.0,b) C=0, ¢) C = +0.5, and d)
C=+1.0.
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Fig. 4 Comparison of velocity profiles from F3D solution with similarity solution and boundary-layer solution for laminar flow past a flat plate
with mass transfer at the wall: a) C=~-5.0,b) C=-1.5,¢) C=0,d) C= +0.5, and ¢) C=+1.0.
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Fig. 5 Effect of grid size on F3D solution for laminar flow past a flat
plate at Re =2x10% a) C =0, and b) C = +1.0.

Grid independence of the F3D solution is examined by
increasing only the resolution in the z direction, in which
significant flow gradients exist. Starting with the 25 x 3 x 61
grid, the z direction grid points are doubled, inserting a grid
point in the middle of every grid cell of the original grid
(25 x 3 x 61), so that a finer grid of 25 x 3 x 121 size is gener-
ated. Figures 5a and 5b depict the velocity distributions for the
two grids at C = 0 and + 1.0, respectively. The solutions are
seen to be very close for the two grids, both for C = 0 and 1.0.
The friction factors differ by only about 1%. This ensures grid
independence of the numerical solutions.

The study has also provided useful insight into the role of
grid clustering and grid stretching in the normal direction,
where severe gradients exist in the boundary layer. The rate of
grid stretching in the normal direction is found to have an
important effect on the velocity profiles, friction, and heat

transfer. Stretching factors in excess of about 1.2 have re-
sulted in large errors in the velocity profiles and friction coef-
ficients. A maximum stretching factor of 1.2 is thus consid-
ered appropriate in the present work. These observations are
consistent with recent findings by von Lavante!© that, with a
stretching factor of 1.3, the accuracy of the second-order van
Leer’s flux-vector splitting scheme is reduced to less than the
first order, resulting in a diffusion of the boundary layer. The
results are not quite sensitive to grid stretching in the stream-
wise direction for the flat plate, where streamwise gradients
are small.

Table 1 compares the predicted values of cfx\/R_ex/2 with
exact solution as a function of the parameter C. The results
are also presented in Fig. 6. The data for the exact solutions
are obtained from Kays.!! Computations from F3D yield an
error of 13% at C = 0, and the error increases with increasing
C for positive values of C—40% at C = + 0.5, and 86% at
C = +0.75. Thus even at moderate values of blowing (say,
C = +0.5), the error is seen to be significant. In the case of
suction, however, F3D is accurate within 6%. On the other -
hand, the boundary-layer code results are in an error of 5%
for C < 0.75 and a maximum error of 7% at C = + 1.0.

The inadequacy of the F3D solution for laminar flow with
high lateral flux for C >0 is perhaps due to the observation!?
that upwmdmg in the flux-vector splitting schemes (Steger-
Warming® and van Leer'®) produces large numerical dissipa-
tion in the boundary layer, as compared to that in flux differ-
ence splitting schemes such as those of Roe!4 and Osher.!* This
dissipation, although necessary in modeling shocks, is undesir-
able for smooth flows, such as boundary layers. The flux-vec-
tor splitters ignore (cannot preserve) contact discontinuities
that can be thought of as forming the shear layer but diffuse
the linear discontinuities in which there is no intrinsic steepen-
ing mechanism counteracting the numerical diffusion. The
flux-vector split formulas do not lead to vanishing dissipation
in any steady wave, unlike flux difference splitting.!? In view
of these factors, it appears that the numerical dissipation due
to splitting in F3D affects the accuracy of the solution and
tends to broaden (diffuse) the boundary layer and increase the
friction coefficient (see Table 1).

A quantitative description of numerical dissipation present
due to Steger-Warming splitting in both £ and ¢ directions for
viscous regions with no mass transfer at the wall has been
recently reported by MacCormack and Candler!¢ along with
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Table 1 Comparison of csvV Rex/2 from exact solution
‘with F3D and boundary-layer codes

Error, Boundary Error,
C Exact F3D % layer %
-5.0 2.590 2.4281 6.3 2.4782 4.3
-1.5 0.945 0.9362 0.93 0.9026 4.5
-0.5 0.523 0.5464 4.5 0.5059 3.3
0.0 0.332 0.3762 13.3 0.3177 4.3
0.5 0.165 0.2318 40.5 0.1601 3.0
0.75 0.094 0.1745 85.6 0.0897 4.6
1.0 0.036 0.1292 259.0 0.0387 7.4
1.238 0.0 —_ — 0.0080 —
3 T T T T T T T
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2 F £
o
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-Fig. 6 Comparison of local friction coefficient variation with blow-
ing or suction for laminar flow past a flat plate.

proposed improvements, which are further discussed by van
der Vegt.!” Dissipation errors and improvements in Osher’s

flux difference splitting!® and van Leer’s flux-vector splitting!?-

are presented by Koren.!® Von Lavante!? has analyzed dissipa-
tion in Roe flux difference splitting.

McCormack and Candler'® show that in the absence of no
blowing at the wall, the numerical dissipation for Steger-
Warming flux vector splitting in the normal direction ¢ is given
by

Dyrxa(ix+1— uix),  for wy =0 ®)
Because the streamwise velocity gradients in the boundary
layer in the normal direction are significant, considerable ex-
change of tangential momentum between the cells (i, k + 1)
and (i, k) is numerically produced. It has been shown that large
numerical errors occur for laminar flow past a flat plate at
M, = 0.6 and Re, = 4.6 x 10°.

However, in the F3D code the inviscid flux is split only in
the £ direction. By analogy with Eq. (8), the numerical dissipa-
tion in this case can be expected to be of the form

Dy rxa(Wip1p — Wir)s for w, =0 (%a)

Since the normal velocity gradients in the streamwise direc-
tion are small in the boundary layer, the numerical dissipation
due to flux-vector splitting in the £ direction given by Eq. (9a)
is small. This result is in fact confirmed by the present results
for laminar flow described earlier, where for C = 0 the numer-
ical results from F3D agree reasonably well with the similarity
solution.

The present results for flows with blowing (C > 0) suggest a
more complicated dependence of the numerical dissipation on
the blowing velocity and may be roughly described by

D, rxaf(w), for wy >0 (9b)
The solution error due to numerical dissipation increases
strongly with an increase in w,, as demonstrated in Table 1.
This dissipation cannot be decreased by decreasing the value
of ¢, since already a very small value of ¢ = 0.001 is employed
here, below which the solution becomes independent of €. A
detailed assessment and possible control of the numerical dis-

sipation due to flux splitting in F3D in the presence of blowing
are beyond the scope of the present work.

Turbulent Flow

“Turbulent flow computations at Re = 105 with umform
blowing past an isothermal wall (7,,/T, = 1) are compared
with available measurements of skin-friction coefficient for
various values of blowing at different Mach numbers. Thé
results are presented as

Cre/Cpe0 = FF/Cry0) (10)

where ¢y, and ¢y, are, respectively, the local friction coeffi:
cients with and without blowing, at the same Re, (same body
station). The data for the ratio are known to be independent
of Mach number, Reynolds number, and the ratio of waiI
temperature to freestream total temperature. As done in lami:
nar flow; the comparisons are made at x = 0.645 for the F3ib
solution and x = 1.042 for the boundary-layer solution. -

For the F3D solution, the 25 x 3 x 61 grid employed for
laminar flow is considered for turbulent flow also. Exponen:
tial clustering is employed up to z = 0.05, beyond which the
grid is stretched at constant ratio of 1.2. The distance of the
first grid cell from the wall is fixed at 0.00007. The corre*
sponding value of d* is found to be in the range of 1-3, such
that the first grid cell lies within the viscous sublayer. Thls
insures proper grid resolution in the wall region. As in the cdse
of laminar flow, the numerical smoothing parameter in the
F3D solution is chosen as 0.001. No significant overshoot. in
the velocity is noted for the turbulent flow prediction by th'e
F3D code, the maximum being of the order of about 1%..

For the boundary-layer code, the 25 X 3.x 61 grid descrlbed
for laminar flow is considered for turbulent flow also. The
value of z,, is held in the range of 0.05-0.09. It is generally
increased with an increase in F (0-0.01) and Mach number
0.2-2).

In the absence of mass transfer at the wall (F = 0), F3D and
the boundary-layer code are respectively found to be within 1
and 4% of the friction coefficient from a recommended corré-
lation®:

crx/2 = 0.0296 Re,t_o'2 11
1.2 Y —
1 b o 19 .
Data "*, M_=0-6
o8 L A BLM =02
0O BLM =2
g o
S8 [ 1
x
&
04 [ 1
02 1
a)v 0 ; 1 I ) { I
10 1 2 3 4 5 6
2F/cfx0
1.2 T T T AR RN AR
1 r —®—pata'®, M_=0-6
s —&—F3D, M_=0.5
0.8 ——F3D, M_=2 1
g - ]
Q: 0.6 ‘:
" ]
0.4 [ 1
0.2 F ]
b) 0 L 1 | I Linaal

-1 0 1 2 3 4 5 6

2Flcb(o

Flg 7 Effect of blowing on local skin-friction coefficient in turbn-
lent flow over a flat plate at Re =10%; a) boundary layer code; and b)
F3D code.
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Fig. 8 Two—drmensronal grid (139 X 3 % 70) for an airfoil with blow-
mg downstream of leadmg edge

o
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Fig.9 Effect of siot width on incremental surface pressure distribu-
tion due .to blowing with discrete mass injection. at Mo =1.25,
Re= 8x 108,

valid in the range of 5 X 10°<Re; < 107

The predictions agree well with the measurements” over the
range of blowing velocities and ‘Mach number consrdered
(Figs. 7a and 7b). Although the boundary layer version yiélds
a friction coefficient ratio, cfx/cfx 0, independent -of Mach
number as indicated by the data, the Navier-Stokes version
shows a small dependence of Mach nuniber, espec1ally at large
blowing velocities. As the Mach number increases, the predic-
tions become closer to the data. This trend appears to be
consistent with the observation that the numerical dissipation
inherent in the flux-vector splitting schemes scales with the
speed of sound;!? as demonstrated by MacCormack's for
Steger-Warming splitting,’ and by Koren!? for van Leer’s flux
splitting sclieme.!?

“To study the effect of grid size, F3D solutions for turbulent
flow are generated using a 25 X 3 X 121 grid described for
laminar flow comparisons. The results from the fine grid are
close to those obtained using a 25 X 3 x 61 grid as presented in
Fig. 7b, thus confirming the influence of Mach number on the
friction coefficient ‘

Two-Dnmensnonal Flow Past an Alrfonl

A two-dlmensronal airfoil (Fig. 8) with an adiabatic wall
using a 175 x 3 x 70 grid is cons1dered to study the effect of
blowing at a dlscrete streamwise station on local surface pres-
sure distribution in turbulent flow at a freestream Reynolds
number of 8 x 109 and Mach number of 1.25. The reference
lenth L’ is taken as 1000 in. Two widely different slot widths
(7.6 and 0.31 in.) are considered. The results (Fig. 9) indicate
a characteristic rise in surface pressure upstream of mJectron
and a subsequent fall in pressure downstream of injection.
The peak’ values of pressure and the streamwise extent of
1nfluence on surface pressure depend on slot width: The down-
ward force upstream of injection is roughly balanced by an
upward force downstream of injection. These results are in
qualitative agreement w1th avarlable data.?

Conclusnon

In laminar flow with and without suction, F3D compares
satlsfactorlly w1th the exact solution for a flat plate. However,
more accurate schemes with lesser riumerical dissipation need
to be developed for predicting laminar flows with moderate-
to-large values of blowing. The slight Mach number depen-

pp. 263-293.

dence in the reduction of the skin-friction coefficient due to
blowing, computed by the F3D code, is attributed to the
numerical dissipation present in the flux-vector splitting
scheme. The computed surface pressures for turbulent flow
past an airfoil with mass injection are in qualitative agreement
with the data.
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