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also been obtained from these data. The three skewness factor
profiles are shown in Fig. 3a with the same peak and valley
profile shifts as described earlier. The smooth-plate profiles
agree well with most data in the literature except that the
values for the three locations nearest the wall appear to be
somewhat too large because of wall proximity effects (see
Alfredsson et al.’é). At y/8 = 0.02, the skewness factor in-
creases dramatically spanwise from the peak to the valley. The
smooth-plate skewness factor values lie between these two ex-
tremes. At about /8 = 0.04, the unshifted data collapse ap-
proximately to a single curve, indicating that the effects of the
riblets on this statistic are confined to the region very close to
the surface. This was also seen in Fig. 1a for the mean veloc-
ities. The flatness factors above the three surfaces are shown
in Fig. 3b and exhibit similar trends. For the unshifted flatness
factor profiles, above y/8 = 0.04 all of the data collapse to a
single curve.

The extremely large positive skewness and flatness values
seen in Figs. 3a and 3b in the riblet valley around the midlevel
(y/8 = 0.02), when considered together with the small turbu-
lence intensity values in that region in Fig. 2, indicate rare but
large amplitude positive streamwise velocity fluctuations due
to occasional penetration of fluid from higher in the flow.
Below the midlevel, however, the intensity and the skewness
and flatness factors in the valley decrease prempltously, show-
ing that the streamwise velocity fluctuations there are almost
symmetric and of extremely small magnitude deep within the
grooves.

IV. Conclusions

The effects of the riblet surface on the mean and fluctuating
streamwise velocity field are clearly exhibited in the R, = 103
boundary-layer data shown earlier. The most dramatic effects
are confined to within about 4% of the boundary layer above
the riblets measured from the midlevel of the grooves. The
local wall shear stress varies greatly in the spanwise direction,
from about 85% greater than the smooth-plate value at the rib-
let peak for flow with the same freestream velocity, to van-
" ishingly small at the riblet valley. The turbulence intensities
and skewness and flatness factors of the streamwise velocity
fluctuations all indicate that the turbulence nearly vanishes be-
low. the midlevel of the grooves. Occasionally, relatively large
positive streamwise fluctuations occur in the region between
the midlevel and peak of the grooves due to the penetration of
the higher velocity fluid from above. However, unlike the ver-
tical momentum transport over the smooth surface, this high
momentum fluid rarely gets close to the riblet surface except
near the peaks. Thus, the wall stress is lower than the flat-plate
value over much of the span. When the resulting spanwise av-
erage shear stress is sufficiently lower than that for the smooth
plate, more than compensating for the increased wetted sur-
face area of the riblets, net drag reduction occurs.
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Introduction

HE efficient design of aerospace vehicles requires an
understanding and appreciation for the many factors af-
fecting the vehicle’s performance. One of the more significant
of these factors is the transition of a moving fluid from a
smooth, laminar state to one of turbulence. The control of this
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transition can lead to such things as reduced skin. friction and
improved surface heating characteristics. Yet as significant as
transition’s effects are, the underlying mechanisms of its
causes have eluded theoretical description for over a century.

Direct numerical simulations of the transition process have
been achieved by several authors (see, e.g., Refs. 1-5). Most
of the computational work to date has relied heavily on spec-
tral methods and addressed temporal effects only. However,
due to the difficulties encountered when using spectral meth-
ods for solutions with discontinuities, as in compressible flows
and for flows over realistic geometries, interest has risen for
developing other numerical approaches that may be used in
studying the mechanisms of transition. Typical of these are
fourth-order methods.%” However, such methods have not
been applied to complex geometries. Unless fourth-order
methods extend to the calculation of the metrics, fourth-order
accuracy cannot be maintained.

The objective of this work is to use finite volume methods
that are widely used for computational fluid dynamics (CFD)
in studying spatially and temporally evolving transitional flows.
The first test for such approaches is the ability to predict the
locations of branch 1 and branch 2 of the neutral stability
curves for subsonic and supersonic flows over a flat plate. To
achieve this goal, schemes are developed with both central and
upwind differencing. The compressible Navier-Stokes equa-
tions are soived with a Runge-Kutta time-stepping scheme.
Disturbances are determined using linear theory and superim-
posed at the inflow boundary. Time-accurate integration is
then used to allow temporal and spatial disturbance evolution.
Characteristic-based boundary conditions are employed. Spe-
cial emphasis is placed on determining grid and initial distur-
bance amplitude requirements for such simulations.

The second-order-accurate central differencing follows the
approach of Jameson et al.® and uses fourth difference explicit
damping. Use of such damping is not necessary when the
Reynolds number is of the order of 10%. However, it is neces-
sary when Re is 10% or higher in order to control odd-even
decoupling. When using such damping, one must insure that
it does not affect the skin-friction coefficient. Roe’s upwind
scheme? is also used with accuracy of third order, i.e. k = — 5.

Procedure

The application of the method to the transition problem
involves three basic steps. The first is to compute a mean flow.
For this part of the calculation, temporal accuracy is not
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Table 1 Critical points and amplifications (M = 0.3)

Branch I, Branch II, Amplification,
vV Rey v Rex (An/Ay)
Linear theory (M = 0) 466 816 9.48
Spectral (M = 0) 468 813 9.26
Spectral (M =0.3) 451 791 —_—
Case 12 508 799 3.46
Case 2b 5i1 809 3.66
Case 3¢ 509 815 4.33
Case 44 511 796 2.87
Case 5¢ 539 882 6.20

Case 1: upwind difference, grid = 1200 X 38.

Case 2: upwind difference, grid = 1200 x 82.
®Case 3: upwind difference, grid = 1800 x 82.
dCase 4: upwind difference, grid = 1050 x 38.
Case 5: central difference, grid = 1050 x 38.

needed and the integration is used only to achieve a steady-
state solution. It is extremely important that, for the high
Reynolds number employed, a solution with smooth second
derivatives be obtained.!? Once the mean flow is obtained, the
most amplified mode of the disturbance is determined from
linear stability theory. A linear theory code developed by
Macaraeg et al.'® is used for this part of the procedure. This
code solves the compressible linearized disturbance equations
using a spectral technique, with the mean flow of the present
method as input. Solutions to this eigenvalue problem yield
the desired disturbance, written as

q' (6,2,t) = g(y)eix -9 M

In Eq. (1), x is the coordinate in the streamwise direction, y is
normal to the wall, and ¢ is time. The vectors g’ and g repre-
sent the primitive variables: temperature, pressure, and veloc-
ity. The eigenvalues are the wave number «, the flow Reynolds
number based on displacement thickness Res*, and the com-
plex frequency w. The linear theory code determines the most
unstable frequency and the eigenfunctions §. Only the real
part of the complex disturbance has physical significance and
is used.

The third and final step involves superimposing the distur-
bance on the mean flow at the inflow boundary of the compu-
tation domain. Thus, a disturbed property g is written as

q=0Q+q’ ?)

where Q, represents the mean flow profile. The governing
equations are then integrated in a time-accurate manner, al-
lowing the disturbance to continually propagate into the flow.
Once the disturbance has penetrated the entire field and
moved through the outflow boundary, sampling of the desired
properties is performed.

Results and Discussion

The results of varying the outflow boundary condition are
shown in Fig. 1. The grid contained 220 x 38 cells and ex-
tended 10% of the plate length upstream of the leading edge.
The mean flow case shown was for a Mach number of 0.3
and a Reynolds number based on the plate length of 1 x 106,
The results are given in terms of the skin-friction parameter
CrVRe, vs the streamwise coordinate x/L, where Cy is the
skin-friction coefficient. The cases of extrapolating the flow
properties along the Cartesian grid lines and along a constant
value of the Blasius similarity parameter » are compared with
the Blasius theory. Much better agreement with the theory is
seen for the extrapolation along the 5 lines, especially in the
last 30% of the plate, indicating the importance of the down-
stream boundary condition. This is particularly. important
since the mean flow provides the basis of the time-accurate
disturbance calculations. No special precautions were em-
ployed at the leading edge. Moreover, all subsequent calcula-
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tions used a steady solution appropriate for a semi-infinite flat
plate.

The present work models a vibrating ribbon experiment that
imposes a disturbance directly into the boundary layer, as
opposed to natural receptivity in which a disturbance exists in
the exterior flow and enters the viscous layer by natural
means. The square root of the inflow Reynolds number based
on x, VRe, was 4 x 10, whereas the outflow vV Re, was 10°.
The nondimensional frequency of the disturbance is defined as

WReV
F=Tt @
where wg, is the real part of w, v the kinematic viscosity, and
U, the freestream velocity. This nondimensional frequency
was chosen as 86 x 10~5. According to linear stability theory,
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Table 2 Critical points and amplifications based on pu
fluctuations (M = 1.6)

Branch I, Branch II, Amplification,
VRey vVRey (An/A4)
PSE? method 361 580 1.290
Case 1b 311 498 1.632
Case 2¢ 311 497 1.612
Case 34 306 480 1.418

3PSE = parabolic stability equations.
Case 1: central difference, ¥ = 5.00 x 1073,
SCase 2: central difference, e = 6.25 x 1073,
Case 3: upwind difference.

for this frequency and range of Reynolds numbers, regions of
stable and unstable flow should exist. The boundary where the
flow initially becomes unstable is known as branch 1 of the
neutral stability curve, whereas the boundary where it returns
to a stable condition is known as branch 2. Cases were consid-
ered at a freestream Mach number of 0.3. A small amplitude
disturbance of e = 10~ was used, where e is the maximum
amplitude of the input disturbance normalized by the
freestream velocity. Figure 2 shows the effects of grid resolu-
tion. As may be seen from the figure, grid refinement affects
the amplification but not the location of the critical points.
The grids used provided from 35 to 52 cells per disturbance
wavelength.

Next, comparison was made between using central differ-
encing and upwind differencing for the spatial discretization,
with the results shown in Fig. 3. The code developed for the
present method ran at a speed of 6 x 10-% CPU s/grid point/
time step on a Cray Y-MP for the central difference scheme as
compared to 12 x 10~% CPU s for the upwind difference
scheme. The two cases shown were calculated on a 1050 x 38
grid. The fourth-difference explicit damping coefficient for
the central difference case was 3.125 x 1073, Both of the
critical points for the central difference case were farther aft
than for the upwind case, and the amplification for this case
was much higher. This indicates that, although the central
difference case requires the addition of explicit damping, the
overall dissipation was less than the upwind method provided.

Table 1 gives a summary of the subsonic cases and compares
them with the results of linear theory and a spectral/spatial
simulation scheme.!! The branch 1 points in all cases fell aft of
the theoretical and spectral results, with the worst case being
the central difference value of +/Re, = 5.39 x 102. All of the
upwind cases predicted the branch 2 point within 3.1%. The
worst prediction for the branch 2 point was from the central
difference calculation. Also shown in the table are the total
amplifications between the two branches, with higher values
seen for finer grids and for the central difference calculation.

The final case investigated a supersonic flow at M = 1.6.
Figure 4 shows the fluctuations of the momentum variable pu
for central and upwind differencing. Because of the shifted
area of unstable flow, as predicted by theory for this com-
pressible case, the domain was set from /Re, = 2 x 10? to
7 x 102, The grid was 572 x 38 cells, resulting in 44 cells per
disturbance wavelength. The central difference results are
shown for two cases. The first is with ¢ = 5 x 103, where ¥
is the fourth-order explicit damping coefficient. The second
case is with an increase of 25% to ¢ = 6.25 x 10~3. Gener-
ally, the same trends are seen as in Fig. 3, with greater ampli-
fication and critical points farther aft resulting from the cen-
tral difference calculation.

Table 2 gives a summary for the supersonic cases. Also
shown for comparison are results obtained from solutions of
the parabolic stability equations (PSE) by Bertolotti.!? The
PSE are a numerically efficient equation set obtained after
making simplifying assumptions to the Navier-Stokes equa-
tions. As a result of these assumptions, the solution may be
marched in the streamwise direction. The critical points pre-
dicted by the Navier-Stokes methods were all forward of those
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Fig. 4 Maximum streamwise momentum disturbance fluctuation vs
Reynolds number at M = 1.6 and « = 0.11/5" for upwind and central
differencing on a 572 x 38 grid.

predicted by the PSE. The PSE also predicted a lower amplifi-
cation than the present methods.

In conclusion, the requirements of two finite volume
schemes as applied to the problem of fluid transition have
been investigated. Calculations have been performed in both
the subsonic and supersonic regimes. These schemes have been
shown to be capable of predicting regions of stable and un-
stable flow that agree reasonably well with linear theory for
low-amplitude disturbances. However, the resolution required
to obtain useful results is somewhat high due to the level of
accuracy of the numerical methods. Thus, there is a need to
employ more accurate methods.
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Introduction

ODY-CONFORMING coordinate transformations of a

fluid conservation law are generally used in computa-
tional fluid dynamics. The associated metrics must satisfy
certain geometric identities to maintain the global conserva-
tion for numerical solutions.! These metrics are called free-
stream capturing (or preserving) metrics. Numerical tech-
niques are known to capture the freestream on stationary
grids.>* However, the extension of such a formulation for
moving grids is not straightforward. The error introduced in
forming the time metrics has been overlooked because it is
negligible in most cases, but it can be significant in certain
applications such as helicopter rotor flows.’ Rigorous formu-
lations based on the types of grid motions were discussed in
Ref. 1, and demonstrated, for example, in Ref. 6. The present
study describes detailed formulas that can be used in both
finite volume (FV) and finite difference (FD) methods for
constructing freestream capturing metrics in space and time.

Finite Volume Formulation
Geometric Identities and Freestream Capturing
The integral form of a conservation law for a given cell can
be written as
IJ‘;MM‘ g
i

i “ ” | I \‘\ Hi \' j 2
j QdV—S QdV+§ <§ n Fdsdi=0 (1)
Vitp) St

ey 31

where V(¢) is the cell volume and ndS(¢) is a vector element of
surface area with outwardly normal n. Considering the Euler
equations, Q is a vector of conserved variables, viz., density,
momentum, and energy, and F is the flux tensor of Q. The
flux F can be decomposed into the flux in the stationary frame
F,, and the contribution due to surface element velocity v as

F=F5t_ VQ (2)
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