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Conclusions

The time domain code ASSPIN provides acousticians with a
powerful method of advanced propeller noise prediction.
With the exception of nonlinear effects, the code utilizes exact
solutions of the Ffowcs Williams-Hawkings equation with
exact blade geometry and kinematics. With the inclusion of
nonaxial inflow, periodic loading noise, and adaptive time
steps to speed up computer execution, the development of this
code is now complete. It is important to recognize that correct
blade coordinates and loads must be obtained by iteration
between an aeroelastic and an aerodynamic code. In addition,
the effects of other acoustic phenomena, such as reflections
from wing, nacelle, and fuselage, in aircraft tests must be
included in comparisons of measured and predicted noise
data.
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Comparison of Transonic
Flow Models

Kevin McGrattan*
New York University, New York, New York 10003

Introduction

URING the past 10 years, there has been much discus-
sion of the relative merits of the potential and the Euler
formulations of the equations of motion of transonic flow
over supercritical wing sections. To study the two models in a
common framework, a finite difference version of the Euler
solver! has been incorporated into the potential code that is
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described in Ref. 2. The purpose of this Note is to highlight
some of the more interesting discoveries of the study.

First, the Euler solver is less reliable than the potential
solver in predicting the wave drag. For computations of the
Euler equations with a boundary-layer correction, the stan-
dard pressure integration around the airfoil is faulty due to the
inaccuracy of the flow variables in the wake. As a possible
alternative, the Euler equations modified by artificial viscosity
terms can be combined to form an equation for the entropy
whose viscous terms provide a means of calculating the wave
drag. Instead of differencing uncertain values of pressure at
the tail and the nose, a positive definite quantity is integrated
over the region surrounding a shock.

For flows with relatively weak shocks, there is little differ-
ence between the Euler and the potential models because the
jump in entropy across a shock is of third order in the shock
strength. This suggests that in cases with weak shocks, there
should exist nonunique solutions of the Euler equations where
there exist nonunique solutions of the potential equations.
References 3 and 4 present nonunique solutions of the poten-
tial equation for airfoils at relatively high Mach numbers with
strong shocks. The authors claim that the phenomenon is
related to the isentropic assumption of the potential model.
However, a thin, supercritical airfoil will be presented which
not only yields a nonunique potential solution, but also a
nonunique Euler solution.

Wave Drag and the Entropy Inequality

The Euler solver described in Ref. 1 employs central differ-
ences for all spatial derivatives, and therefore explicit artificial
viscosity terms must be added to all four equations in order to
guarantee convergence. A check on the physical validity of the
additional terms is to show that the entropy inequality is
satisfied by the modified equations. From this an alternative
method of computing wave drag may be derived following the
idea presented in Ref. 5. This calculation involves the sum-
ming of a positive definite quantity over the region of the flow
in which the shock is smeared, avoiding the use of computed
flow variables near the tail which are subject to great uncer-
tainty when a boundary-layer correction is included.

Consider the Euler equations modified by the second-order
artificial viscosity terms:

P+ (pu) +(pv), =V -»Vp (1a)
(out); + (pu? +p)y + (puv), = V -»V (pu) (1b)
V) + (ouv), + (pv2+p), = V -2V (pv) (Ic)
(E), + (ouH), + (ovH), = V - vV (oH) (1d)

where the artificial viscosity operator is defined as
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These four equations may be combined to form a fifth equa-
tion for the entropy
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where the inner product ¢ -, - ) is defined like the preceding
artificial viscosity operator.

In steady state, Eq. (2) may be integrated over a region of
the flow domain D, and following an application of the diver-
gence theorem, it becomes

§qu -ndl = Hﬁeﬁuwuzm, dx dy

aD D
+§v{SVp+~--}-ndl 3)
3D

To prove that the modified Euler equations satisfy the entropy
inequality, take D to be the arbitrarily narrow strip of width e
surrounding a shock. As »—0, the second integral on the
right-hand side disappears since the integrand is bounded on
each side of the shock. The remaining equation asserts that the
jump in entropy across a shock is positive.

Equation (3) may be used again to derive a formula for the
wave drag. Taking D to be the entire flow domain, the left-
hand side reduces to an integration at infinity due to the no
flux boundary condition, ¢ - n = 0. The second integral on the
right-hand side may be neglected since » is small and the
normal derivatives of the relevant flow variables remain
bounded. Thus the equation

c
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provides a convenient formula for calculating the wave drag.

Its coefficient is given by the momentum flux integral
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where n, is the x component of the outward-facing normal
along any simple, closed contour enclosing the airfoil.

Let the freestream conditions be u, =1, v, =0, peo =1,
and p, =yM2Z. It is assumed that p and v recover their
freestream values in the narrow strip of particle paths extend-
ing from the back of the shock to infinity, but that p and u do
not. Bernoulli’s law allows u to be written solely as a function
of the entropy S where

u= \ﬁ+ 2vew {1 - exp(s — Sm)} ©
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Fig. 1 Convergence study for wave-drag calculations.
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Fig.2 Vortex: a) formation at the trailing edge, b) partial suppres-
sion, and ¢) complete suppression.

To first order in AS, this yields the relation

Ut ~ uw) = (_ em/cv)(s —Sx) (7)

Now the preceding drag formula (5) may be rewritten in terms
of the entropy gain across the shock

Cop =222 Sgpu (5 - 5. dy ®)
wqmcv

This formula is presented by Oswatitsch.® For computational
purposes, the entropy flux integral of Eq. (8) may be expressed
in terms of the double integral of Eq. (4) computed over the
region of the flow domain exhibiting large gradients in the
flow variables, namely the neighborhood of the shock. Thus,
finally
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A convergence study for this new formula is presented in
Fig. 1. Observe that for the NACA 0012 airfoil at zero angle
of attack and Mach number M =0.78, the wave-drag coeffi-
cient converges to a value of 0.0016, or 16 counts of drag. This
value is lower than that of the fully conservative (FC) potential
solver, which predicts 19.4 counts. This value is in turn lower
than the Euler value that is predicted from the pressure inte-
gral, which appears to be heading towards about 22.5 counts.
Because the Euler and the FC potential solutions are virtu-
ally identical at this Mach number, their wave-drag coeffi-
cients should be the same as well. However, the Euler coeffi-
cient from the entropy formula (9) is lower due to the
discretization error associated with the summation of the pos-
itive definite terms.” The wave drag from the presure integral
converges to a value slightly higher than that of the potential
scheme because of uncertainty in the pressure values in the
wake. The errors are due to radial stretching and the extra
artificial viscosity terms required to enforce the Kutta-
Joukowski condition, which will be described next.

2
Pl

Euler Nonuniqueness

References 3 and 4 present nonunique solutions of the po-
tential equation for cases in which the shocks are relatively
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strong. It is claimed that the cause of this phenomenon is the
isentropic assumption. However, in cases of weak shocks, the
main difference between the FC potential and the Euler mod-
els is not the isentropic assumption but rather the treatment of
the Kutta-Joukowski condition. The potential model explicitly
restricts the flow from turning around the trailing edge, and
the velocity potential throughout the entire flowfield is read-
justed at each iteration to account for the new value of circu-
lation about the airfoil. The Euler solver does not have a
similar mechanism of enforcing the Kutta-Joukowski condi-
tion.

Instead, the Euler solver relies on higher-order artificial
viscosity terms to restrict the flow from turning around the
trailing edge. Consider the modified Euler equations written in
idealized form

Wi +fW) +gW)y =V -0, VWw — V.3, VAW 10)

The second-order terms of the artificial viscosity are needed to
satisfy the entropy inequality in the neighborhood of a shock,
where the coefficient », is of first order in the grid spacing.
The fourth-order terms, whose coefficient »,4 is of third order,
are not only needed to stabilize the computation in the far
field, but also to suppress vortices at the trailing edge.

Figure 2a displays the flowfield that is established at the
trailing edge after only 19 iterations. This flow pattern resem-
bles those of actual physical experiments in which a small
vortex forms just above the trailing edge of the airfoil and is
then shed off as circulation is established around the airfoil.
Unfortunately, the computation fails during the next iteration
because of the cavitation created by a rapid increase in the
flow velocity around the tail of the airfoil. In Fig. 2b, after the
viscosity parameter », is increased, the vortex is suppressed,
and in Fig. 2¢ disappears after the value is increased even
further.

Also unlike the potential solver, the Euler solver also has no
simple way of adjusting the flow variables to account for
changes in the circulation around the airfoil other than
through the propagation of the information into the flowfield
from the solid and far-field boundaries. To imitate the poten-
tial solver as much as possible, a far-field boundary condition
has been included in the Euler routine which adds a circulation
to the freestream velocity vector.? In addition, the circulation
is relaxed in the far field to favor the existing circulation
established by the potential initialization. In this way the
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Fig. 3 Nonunique solutions to both the potential and Euler equa-
tions for a 3% thick symmetric airfoil.

drastic loss of lift is prevented during the time lag required to
propagate the updated circulation into the flowfield.

A thin, shockless airfoil that yields nonunique solutions of
both the potential and the Euler equations was designed using
the method of complex characteristics.® The objective was to
find an airfoil that gives rise to a large supersonic zone and
relatively weak shocks at high Mach numbers. Remarkably,
the potential solver yields a nonunique solution at the design
Mach number; and this nonunique solution is used as an
initialization of the Euler computation. The Euler solver does
not yield nonunique solutions as easily as the potential, and it
is difficult to determine just the right set of parameters which
do the job. Figure 3 displays the results. The Euler solver
yields a nonunique solution for a Mach number slightly above
design. The Euler residual, the root mean square of the quan-
tity dp/at, was reduced to the order of 10~%. The wave drag in
both cases is low, suggesting that the nonuniqueness has more
to do with the implementation of the Kutta-Joukowski condi-
tion than the isentropic assnmption.

Conclusions

The alternative wave-drag calculation for the Euler solver
serves two purposes. First, the existence of the positive defi-
nite term in the entropy conservation equation (2) verifies that
the Jameson Euler scheme satisfies the entropy inequality.
Second, this equation may be integrated over the entire flow
domain to yield the wave drag on the airfoil. In a two-dimen-
sional computation this method is faulty due to truncation
error; however, for a three-dimensional computation it might
serve as a useful tool in isolating the wave drag from the larger
induced drag. In either case, the idea is to look directly at the
shock for an assessment of its severity, rather than to rely on
a pressure integration about the airfoil.

The need to dissipate vorticity in the wake region necessi-
tates the addition of higher-order artificial viscosity terms.
This fact has repercussions for both the wave-drag computa-
tion and the nonuniqueness question. First, the addition of
extra terms in the wake calls into question the reliability of the
pressure integral (5) as a measure of wave drag. Second, the
explicit mechanism by which the potential solver enforces the
Kutta-Joukowski condition yields, as an unwanted side effect,
nonunique solutions for a certain range of Mach number. The
fact that the Euler solver does not have a similar mechanism
means that it will not as easily generate nonunique solutions.
However, because the fully conservative potential and the
Euler solutions are very similar in the presence of weak
shocks, there is no reason why a nonunique potential solution
with weak shocks should not have an Euler counterpart. In-
deed, such a nonunique solution exists for a thin, symmetric
airfoil. The exact cause of this phenomenon is yet to be
determined, but it is unlikely that it is due to the isentropic
assumption of the potential model.
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High-Velocity Measurements via
Laser Doppler Anemometer Using
Single- and Multiaxial-Mode Lasers
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Introduction

HEN a multiaxial-mode laser is used in a laser Doppler
anemometer (LDA) system the resulting signal contains
distinct frequencies other than the Doppler frequency.! The
other frequencies are the result of the Doppler signal ‘‘beat-
ing’’ with the axial modes of the laser. If the beat frequencies
are close to the Doppler frequency, it may not be possible to
separate them, by electronic filtering, for example. This prob-
lem is particularly relevant to high-velocity flows where
Doppler frequencies may be comparable to the intermode
frequency of the laser. The axial modes and related beat
frequencies can be eliminated by installing a tuned etalon to
achieve single axial-mode laser operation. Unfortunately, this
results in a large loss in incident laser beam power, which is
undesirable, particularly for high-velocity measurements.
Although the presence of ‘‘beat’’ frequencies in LDA sig-
nals has been experimentally verified, the impact they may
have on validated LDA measurements has not been investi-
gated. It is not clear that isolation of the Doppler frequency
from the beat frequencies or elimination of the beat frequen-
cies is necessary, in practice. To ascertain the practical effects
of multiaxial-mode laser operation on LDA measurements, a
sequence of experimental tests were run at relevant flow and
LDA operating conditions. From these tests, it is concluded
that the presence of the beat frequencies had no significant
effect on the measured mean velocities. Data rates were in
general higher during multimode operation and measured ve-
locity fluctuation intensities were marginally lower without
etalon mode selection.

Experimental Setup

A small-scale (~12X ~15-mm test section) wind tunnel
with a nominal test section Mach number of 2 was used for the
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experiments. The tunnel was small enough to be run from a
machine shop air supply. Measurements were made using the
514.5-nm channel of an argon-ion laser in a forward-scatter
LDA system with counterbased processing and with 1% com-
parison tolerance for the rejection of noisy bursts. A single
measurement was obtained per Doppler burst, based upon
eight fringes with a total of 1024 measurements acquired per
sample location. Polystyrene latex spheres of 0.54 um diame-
ter were used as the seed material for the tests.

The tests consisted of systematically varying the velocity at
the LDA measurement volume by traversing the measurement
volume along the axis of the tunnel. In this manner, a wide
range of mean flow velocities and corresponding Doppler and
beat frequencies were obtained. Measurements were made
with and without an etalon installed (termed single-mode and
multimode operation, respectively) and at two different laser
power levels (0.5 and 1.2 W on all lines for single-mode
operation; 1.0 and 2.0 W on all lines for multimode opera-
tion). Furthermore, a range of electronic filter bandwidths
were successively applied at each location to assess the effects
of selective filtering on the processed signal. The filter settings
include low-limit/high-limit filter combinations of 65/200,
50/200, 20/200, and 10/200 MHz. The etalon was carefully
tuned before initiating each set of tests.

Results

For the LDA used in the tests, the Doppler frequency vp and
the beat frequency »p closest to the Doppler frequency vary
with the flow velocity as indicated by the solid lines in Fig. 1.
(Frequency in megahertz is given on the right axis for conve-
nience.) vp and vp are widely separated for very low and very
high velocities; but they are comparable and in fact pass
through one another at a velocity of approximately 250 m/s.
(The reference velocity used on the abscissa in both figures is
the mean velocity in the tunnel obtained with etalon mode
selection, at the maximum power of 1.2 W, and the narrowest
permissible bandpass filter combination.) The electronic
bandpass filter limits were such that, for multimode opera-
tion, at most one beat frequency was possible in the processed
signal. All other beat frequencies were easily eliminated by the
filters. In many cases, the filters eliminated all beat frequen-
cies.

Figure 1 shows the mean velocity results (left axis) for both
single and multimode operation at 1.2 and 2.0 W, respectively.
The two groups of data form (within experimental error) two,
slightly displaced, parallel lines. It was found that the laser
power and, more importantly, filter bandwidth had no signif-
icant effect on the measured mean velocities for either group,
and in order to simplify the graph these variables were not
included in Fig. 1. The small displacement between the two
groups of data is not associated directly with the operation of
the etalon, but rather it is due to a change in alignment and
orientation of the LDA that was required when the etalon was
installed and tuned. Accounting for this fixed bias, there was

500
"
L 100
(O] —~
o 400+ N
~ VB YD leg T
E =3
3004 L 80
2z >
(&) L
9 2004 0%
2 >
H60 2
S 1004 &
o L 50
=
0 t 40

150 200 250 300 - 350 400 450 500
Reference Velocity (m/sec)

Fig. 1 Measured mean velocity (left axis) and Doppler and beat
frequency (right axis) vs tunnel reference velocity, 50/200 MHz band-
pass filter limits. e, 1.2 W, single mode; o, 2.0 W, multimode.



