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I. INTRODUCTION

The primary objective of this work is to investigate the ability of a numerical com-
putational technique to predict the transonic, viscous flow field around an axisymmetric
projectile at zero and 4° angle of attack. The quality of the prediction is assessed by com-
parison with wind tunnel measurements including boundary layer surveys. Although the
basic theory and algorithms needed for such computations have been available for 7 or 8
years, only recently have computer memory and speed improved to the point where three-
dimensional, transonic, Navier-Stokes computations with adequate resolution are feasible.
The results described here were performed on the BRL Cray 2 and Cray X-MP computers
using a version of the Pulliam and Steger! implicit, finite difference code.

These computations correspond to the test conditions and the model configuration
tested in the NASA Langley Transonic Pressure Tunnel in 1979-19802 but not previously
reported in detail. Preliminary results from these tests were reported3 in 1979, in which
a limited comparison was made with a potential flow theory. The experiment involved
measurements of the pressure distribution and boundary layer surveys on the afterbody
of an artillery projectile based on a slightly modified version of the U.S. Army’s M549.
Since these measurements are restricted to the afterbody, the pressure distribution data
over the entire identical body, obtained by Miller and Molnar,* is also used for comparison
with the numerical results. Their experiment considered a number of other problem areas,
such as: the effects of spin, large angle of attack (10°) and a rotating band protuberance.
These topics are not considered here since the discussion is limited to a smooth, non-
rotating body at a small angle of attack. Other transonic surface pressure distribution
measurements on a similar, but not identical, shape have been obtained by KayserS and
Kayser and Whiton.8

Earlier efforts to compute the flowfields around axisymmetric bodies concentrated on
applying small disturbance potential theory. For example, Krupp and Murman? success-
fully applied such an inviscid theory to airfoils and to several bodies of revolution at zero
degrees angle of attack. Their results were in quite good agreement with the pressure
measurements of McDivitt and Taylor®? and Drougge.1® Another full transonic potential
flow analysis coupled with a three-dimensional integral boundary layer calculation was
performed by Chow, et al.1? They compared their predicted results with the experimental
data of Shrewsbury!? on boattailed afterbody, wind tunnel models at zero angle of attack.
Reasonable agreement was cited at Mach number 0.8 but at 0.9 the discrepancies were con-
siderably larger. Bailey!? extended this approach to three-dimensions and the technique
was applied to projectile like configurations by Reklis, et al.l* Their calculations, however,
were only applied to circular-arc data® and to ballistic range data on overall pitching
moments. The ability of the theory to predict the pitching moments was not fully satisfac-
tory, in that the estimated critical Mach number was significantly higher than indicated
by the measurements. Stahara et al.!5 obtained better results using a modified form of the
transonic equivalence rule. A composite solution was described by Reklis, et al.16 in which
the 3-D small disturbance potential theory provided the inviscid pressure distribution for
a numerical three-dimensional boundary layer computation developed by Dwyer.1” These
results were compared to the data of Danberg.2 The predicted surface pressures on the
boattail were rather poorly estimated. although the three dimensional boundary laver re-

1
!
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sults agreed with the measurements where the inviscid pressure distribution was correctly
calculated.

Practical Navier-Stckes computations of transonic flows were significantly advanced
through the development of the implicit, approximately factored method based on the
work of Beam and Warming!® and subsequently incorporated in the code of Pulliam and
Steger.! The equations of motion, in this code, are written in generalized body oriented
coordinates. The thin shear layer approximation is used to simplify the viscous terms
and the resulting equations are linearized. Approximate factorization is carried out in
formulation of the algorithm so that block inversion techniques can be used separately in
the spatial coordinate directions. The Baldwin-Lomax algebraic turbulence model!? was
incorporated for high Reynolds number flows. This technique was applied, for the first
time, to the transonic boattail afterbody flowfield by Deiwert.?? He compared his results
with the experimental data of Ruebush,?! Benek,?? and Shrewsbury!? on afterbodies with
plume simulators. He found that qualitative agreement between the computations and
experiment was excellent but quantitatively there appeared to be areas where further
study was needed.

Computations have also been made by Sahu and Danberg?3 using a more sophisticated
turbulence model in which a two equation k-e model of Launder and Spalding? was used.
This computation was compared to the a = 0% experimental results of Danberg? and
the locally separated flow over an axisymmetric bump on which data had been obtained
by Johnson et al.?3Only a slight improvement in the flow computation was observed for
attached flows using the k-¢ model as compared to the Baldwin-Lomax algebraic model
although better results were obtained in the redevelopment region downstream of separa-
tion.

The Navier-Stokes technique was specialized to axisymmetric bodies with spin in the
eta-invariant code?® as well as generalized to three dimensions. These codes were applied
by Nietubicz et al.2627.2829 to projectiles and comparisons were made with the data of
Danberg, and Kayser. Nietubicz?® concluded that there was inadequate viscous resolution
particularly for spinning bodies because of limitations in capacity of the computers (e.g.,
Cray 1S). Kayser and Whiton® also applied the inviscid code of Reklis and the early
version of the Navier-Stokes codes to their data. They found that the inviscid codes did
well on the forebody, fair on the cylindrical section but still rather poorly on the boattail.

The most recent results presented by Sahu and Nietubicz ®and Sahu and Steger3! over-
come these objections by using the capacity of the Cray 2 and by using more advanced
algorithms incorporating vector splitting and upwind differencing.3? Improved grid resolu-
tion allowed Sahu® to obtain improved predictions of the 0° and 4° angle attack pressure
distributions of Kayser and Whiton.

The current work is a continuation of these validation studies of the Pulliam and
Steger technique but with the emphasis directed at evaluating current abilities to predict
viscous effects at angle of attack using the grid resolution capabilities of the Cray 2.

e 19
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II. EXPERIMENT

As indicated previously, there are two wind tunnel experiments, which concern the
same shape and size model, one by Danberg,? and the other by Miller and Molnar,* which
will be used to evaluate the results compuied here. The Miller and Molnar experiment
is well documented in their report but the other experimental results are not generally
available. Therefore the details of the experiment will be briefly discussed here.

1. FACILITY

The experiments, reported here, were performed in the NASA Langley Research Cen-
ter 8 foot Transonic Pressure Tunnel (TPT). A general arrangement and sketch of the
tunnel is shown in Figure 1. For the test of the boattail model, the tunnel was operated
at one atmosphere supply pressure (101.3 kPa) and at a supply temperature of 322.2 K
which resulted in a Reynolds number of 13x10° per meter. The TPT is of slotted wall con-
struction, as illustrated in Figure 2, to minimize reflected wave interference effects. The
interference of the model, which introduced 0.69 per cent blockage of the tunnel flow, was
monitored using tunnel wall static pressure taps. The model was sting mounted from the
NASA support sector and roll mechanism which allowed measurements at angle of attack
and in various roll positions.

The pressure distribution data reported here were obtained at tunnel Mach numbers
of 0.94 and 0.97"and at 0 and 4 degrees angles of attack. Boundary layer surveys were

made at six longitudinal stations near and or the boattail and at various orientations of
the model.

2. MODEL

The tests were made using a U.S. Army Ballistic Research Laboratory model of a typi-
cal modern artillery projectile as illustrated in Figure 3. The configuration differed from the
standard 155mm, M549 projectile in that the model was made 30 per cent larger(201.9mm
diameter) to obtain better wind tunnel simulation of the flight Reynolds number. In addi-
tion, the rotating bands were omitted and the boattail was slightly modified in length and
angle. The configuration consists of a blunted, secant-ogive nose followed by a cylindrical
section and a 0.5 caliber, 7 degree conical boattail. Turbulent flow was assured by using a
sand- grain roughness strip 5 cm from the blunted nose. The afterbody was instrumented

with 14 static pressure orifices located so as to define the flow conditions in the vicinity of
the boattail corner.

3. INSTRUMENTATION

A major concern in using total head probes at transonic speeds is the possibility of flow
interference; thus, every attempt was made to reduce exposure of the probing mechanism
to the main flow field although some disruption of the base flow was unavoidable. The

3




probe support designed for these tests is shown in Figure 4. The probe tip moves through
a T° arc during traverse of 2.5 cm normal to the surface. Four probes were used in these
tests. The radii of the probes, from their open tip to the center of rotation on the probe
support, are given in Table 1. Note that separate probe supports and their position on
the indexing rack were adjusted so that the movement of the tip was always normal to
the cylindrical or conical surface, depending on which tap position was being probed.
The probe travel was controlled by an electric motor driving a micrometer lead screw

TABLE 1: Probe Radii.

Tap No. | X/L | Rprobe
cm
3 0.870 | 20.52
4 0.902 | 20.52
6 0.924 | 16.79
7 0.946 | 16.79
8 0.967 | 14.35
9 0.989 | 11.93

located within the model. The speed control allowed positioning within +0.03 mm, when
measured directly outside the wind tunnel. The position of the probe arm was detected
using a Linear Variable Differential Transducer (LVDT). The entire system was statically
calibrated using an optical cathetometer which provided an overall position accuracy of
0.1 mm. The probe tip was electrically insulated so that wall contact provides a reference
position for calibration in the tunnel.

The probe tip was made of crushed hypodermic tubing with an opening of approxi-
mately 0.25 by 2 mm. The minimum distance from the wall for the probe centerline was
0.15 mm. Total head pressures were measured with a 0 to 70 kPa transducer and static
pressure measurements required a 0-35 kPa transducer within the/m\odel.

4. DATA REDUCTION

The total head pressure probe measurements were divided by the local wall static
pressure obtained without a probe on the model and this ratio was used to obtain a
local Mach number using either isentropic formulas in subsonic flow or the Rayleigh Pitot
formula in supersonic flow. This procedure assumes that the pressure is constant across
the boundary layer which is a valid approximation except just downstream of the boattail
corner where an expansion wave affects the static pressure distribution. The Mach numbers
were then used to calculate the local flow velocity assuming a linear Crocco temperature-
velocity relationship.This assumption was checked against a similar calculation using a
constant stagnation temperature and a nonlinear form of Crocco’s temperature-velocity
relationship. No significant differences were observed.

Additional details regarding the data reduction are given in the Appendix. This




appendix also contains tabulations of the reduced data, most of which have not been
documented previously.

III. COMPUTATIONAL TECHNOLOGY

The complete set of three dimensional, time dependent, generalized geometry, thin-
layer, Navier-Stokes equations for general spatial coordinates £, 5, ¢ can be written as!:

8,4 + OE + 8,F + 8,G = Re™* 8,8 (1)
where
€ =&(z,y,2,t) - longitudinal coordinate
n =rn(z,y,z,t) - circumferential coordinate
¢ =¢(=z,y,2,t) - nearlynormalcoordinate
T =t - time
and
P [ pU
1| e . 1| PuU+Ep
g=3|pv E==1 pU+&p
pw pwU +&.p
e L (e+p)U —éip
(2)
pV [ oW
.1 puV + n-p . 1 puW + (;p
F=7 pvV +n,p G=7 povW + (yp
pwV +n.p pwW + (.p
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and where i 0 -
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In equation (1), the thin-layer approximation is used and the viscous terms involving
velocity gradients in both the longitudinal and circumferential directions are neglected.
The viscous terms are retained, however, for velocity gradients in a direction nearly normal
to the surface where large flowfield gradients exist. The formulation retains the momentum
equation in all three coordinate directions. The retention of all three equations allows for
the approximate computation of three-dimensional and separated flow and thus differs
significantly from the boundary layer equations.

For this computation, the diffusion coefficients 4 and x contain molecular and turbu-
lent parts. The turbulent contributions are supplied through an algebraic eddy-viscosity
hypothesis which has been developed by Baldwin and Lomax.19

The velocities in the £, n, and ( coordinate directions can be written

U = &+ule+v6 +wé;
V = n+un: +vgy +wn,
W = G+ul+v( +w,

which represent the contravariant velocity components.

The Cartesian velocity components (u, v, w) are retained as the dependent variables
and are nondimensionalized with respect to a., (the free stream speed of sound). The local
pressure is determined using the relation

p = (7= 1)[e — 0.5p(u? + v* + w?)] (4)

where 7 is the ratio of specific heats. Density (p) is referenced to p,, and the total energy
(e) to pooa?,. The transport coefficients are also nondimensionalized with respect to the

correspondmg free stream variables. Thus the Prandtl number which appears in § is
defined as Pr = ¢pooloo/ Koo-
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At zero angle of attack, these equations are equivalent to the azimuthally invariant
(or generalized axisymmetric) flow, in which the §,F term can be simplified as H2?

8,4 +%E+0C+H = Elgacs 5)
where i o i
0
B =3 | pVIR(U - &) + Re(W = )] (6)
—pVR(V —n:) — p/R)
! 0 ]

then equation (1) is simplified and contains only two spatial derivatives but does retain
all three momentum equations thus allowing a degree of generality over the standard
axisymmetric equations. In particular, the circumferential velocity is not assumed to be
zero and cross flow components can be computed.

The numerical algorithm used is the Beam-Warming?!8 fully implicit, approximately
factored, finite difference scheme. The algorithm can be first or second order accurate in
time and second or fourth order accurate in space. Since the interest here is only in the
steady-state solution, equations (1 and 5) are solved in a time asymptotic fashion and first
order accurate time differencing is used. The spatial accuracy is fourth order. Details of
the algorithm are described in References 1, 18 and 34.

To suppress high frequency oscillations that appear in regions containing severe pres-
sure gradients e.g., shocks or stagnation points, artificial dissipation terms are added for
both zero and four degree angle of attack computations. In the present application, a
switching dissipation model¥ is used which is a blend of second and fourth order dissipa-
tion terms. Incorporation of this dissipation model has resulted in improvements to the
quality of the results and has made the code more robust.

1. COMPUTATIONAL GRIDS

In order to perform the computation, the flow field domain about the model shown in
Figure 3, must be discretized. The computational grid used was obtained from a hyperbolic
grid generation program developed by Nietubicz, et al.3

For zero angle of attack and Mach number 0.94, the computations were performed
with three different grids depending on how the projectile base is modeled.

1) In this case, the base is modeled consistent with the actual flight projectile without
a sting. Figures 5 and 6 show the computational grid in this form. The generated grid
consists of two segments. First, the grid in the outer region, which is generated by a
hyperbolic solver, runs all the way to the downstream boundary. This outer region covers




all regions up to the body of the projectile and up to a straight cylinder extending behind
the base. The minimumr spacing at the wall is 0.00002 model diameters, which results in
at least two grid points being in the laminar sublayer. Second, the grid behind the base
(i.e., within the cylinder downstream of the base region) is simply obtained by extending
the outer grid lines as straight lines perpendicular to line AB (Figure 6) down to the
centerline. An exponential stretching with minimum spacing of 0.00002 calibers is used on
both sides of the line AB, thus maintaining a smooth variation of the grid across the cut.
The longitudinal spacing is increased downstream of the base. The number of grid points
above and below the line AB is thus the same in the longitudinal direction.

In the outer region, there are 170 grid points in the longitudinal direction with clus-
tering taking place at X/D=3.762 and 5.3, the expected locations of appreciable change
in the flow variables. In the base region, 41 points downstream of the base are used. The
number of grid points in the normal direction is 70. Therefore, the total number of grid
points is 211x70 in these computations.

2) A second grid shown in Figures 7 and 8 has been used which incorporates a sting
at the base of the same diameter as that used to support the model in the experiments.
The grid in the longitudinal direction is wrapped around the projectile base and on to the
supporting sting. The grid points in front of, and above, the base are identical to those in
the first grid. The fifty points between the base (5.8 caliber) and the sting (5.816 caliber),
in the longitudinal direction, approximate the sharp corner at the base. The size of the
numerical grid is 212x70.

3) In the third case, illustrated in Figures 9 and 10, the 0.5 caliber, 7.00 degree,
boattail is extended by a 7.64 degree conical surface for a distance of 2.52 calibers until
the diameter of the extended base is decreased to the diameter of the straight sting (0.2
calibers in diameter). The surface line of this model is then parallel to the approximate
wake direction. This approximation is made according to the free-flight shadowgraphs for
projectile shapes at transonic speeds. All the grid points in front of, and above, the base
are identical to the points of the previous two computational grids.

The numerical experiments designed to investigate the sensitivity of the results to
the grid were performed using the third base model. Grids using 170x70 and 170x50
longitudinal and normal points, respectively, are employed for the verification of the grid
independence in the normal direction. Grids using 170x50, 187x50, 205x50, and 245x50
longitudinal and normal points, respectively, are used for the verification in the longitudinal
direction. More longitudinal points (17 and 35) are inserted near the nose corner (0.45 <
X/L < 0.57) to the 170x50 grid, thus forming grids of 187x50 and 205x50. In addition 40
more points are placed near the boattail corner and on the boattail (0.89 < X/L < 1.0)
to the 205x50 grid, so that a 245x50 grid is formed.

These two-dimensional computations were performed on the BRL Cray-XMP com-
puter. These computations required 1.4 million words of memory storage and 1.09 CPU
seconds per time step for the 187x50 grid( i.e., approximately 10~* cpu seconds/grid point
/time step). About 2000 time steps were needed to reach converged, steady-state solutions.
Convergence was assumed when the largest residual of the set of dependent variables was
reduced three orders of magnitude.
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When computing the angle of attack case, the extended boattail grid was employed in
many of the runs in order to take advantage of its more rapid rate of convergence. As will
be seen, this grid provides results which are in satisfactory agreement with the results using
grids with better modeling of the base, except for the last 2 per cent of the model length.
There were 39 points in the circumferential direction although only points on a half plane
were computed because of symmetry (5 degree increments plus two reflected points). A
single run of the 170x50x75 grid was performed to check the independence of grid spacing
in the circumferential direction. The three-dimensional computations were performed on
the BRL Cray-2 computer. Ten million words of memory storage and 120 CPU seconds per
time step were required for the 170x50x39 grid(i.e., 4x10™* cpu seconds/grid point/time
step). About 2500 time steps were needed to approach steady-state solutions.

IV. EFFECT OF DIFFERENT GRIDS

Surface pressure coefficients, velocity profiles and Mach number contorrs are com-
pared to illustrate the effects of the three different base region grids.

1. SURFACE PRESSURE COEFFICIENTS

Figure 11 compares the surface pressure coeflicients along the projectile for the ex-
tended boattail.grid together with the experimental data of Danberg? and Miller.¢ The
computed surface pressure coefficients obtained with these simpler grids of 170 longitudi-
nal points with 50 or 70 points radially agree almost perfectly everywhere except for very
slight differences at X/L=0.63 where a substantial change of the flowfield occurs. This
indicates that the solution is essentially independent of the numerical grid in the normal
direction. The velocity profiles generated with these grids were found to be identical near
the wall and showed small differences of 1.5 per cent in the far field.

Figure 12 illustrates the effect on the pressure coefficient distribution of employing the
three different base grid configurations in the computations. The excellent agreement of the
computed surface pressure coefficients obtained by the grid with the real base (211x70 grid)
and by the grid where the points wrapped around the base and sting (212x70 grid) shows
that both grids yield essentially the same result ahead of the base. The extended boattail
computation gives a slightly lower pressure coefficient in the region 0.96 < X/L < 1.0. As
might be expected, the grid with the sting is in good agreement with the measurements. It
is apparent that the small diameter sting has little effect on the boattail pressure because
of the good agreement with the flat base computation.

It is noted that there are significant discrepancies, in the previous two figures, be-
tween computations and measurements near the nose corner (0.5 < X/L < 0.6). The
discontinuity in slope and curvature at the corner causes an appreciable pressure coeffi-
cient change at that location. Therefore, 17 and 35 more longitudinal points were added
between 0.45 < X/L < 0.57 to the 170x50 grid and in both cases much improved agreement
was obtained with the data of Miller as shown in Figure 13.
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In order to check whether the grid spacing is fine enough near the boattail corner
and on the boattail, 40 points have been inserted between the longitudinal points of the
205x50 grid to form a 245x50 grid. No visible differences were found between the surface
pressure coefficients obtained from these two grids near the boattail corner and on the
boattail (see Figure 13). Oscillations are observed in the pressure distribution when the
finest grid is used. It is believed that too large a time step was used in that case. It is
concluded that the 187x50 grid is sufficient to get substantially improved surface pressure
coefficients for the region 0.5 < X/L < 1.0; and that 170x50 grid points are sufficient for
region 0.8 < X/L < 1.0 in two dimensional computations. Moreover, the comparisons
also imply that the inaccuracy produced by the coarse grid near the nose corner does not
propagate downstream and interfere with the results near and on the boattail.

2. VELOCITY PROFILE

The experimental velocity profile for the most rearward station, X/L=0.989, is shown
in Figure 14 along with computed profiles for the three basic grid configurations. For the
extended boattail grid, relatively large differences of the order of 3 to 5 per cent are observed
relative to the experimental data. However, when the base region is more accurately
modeled, good agreement is obtained. The velocity profile obtained by employing the
extended boattail is seen to have the largest disagreement with data, as expected, because
of its poor modeling of the near wake flow field.

3. MACH NUMBER CONTOURS

Comparing the Mach number contours (Figure 15, 16, and 17) for these three com-
putational grids, overall agreement is obtained for locations ahead of the base although
completely different patterns are shown behind the base. A very slight shift in the shock
location caused by the presence of the supporting sting in the computations can be ob-
served if Figures 15 and 16 are superimposed. Comparing Figures 16 and 17, it is found
that the Mach number contours in front of the base for the extended boattail are identical
except for the outermost Mach number contour.

It may be concluded from the overall comparisons of the results for different compu-
tational grids that the differences are generally small. However, to correctly predict the
boattail pressure distribution for the final two or three per cent of the body, the base region
needs to be correctly modeled.
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V. COMPARISON OF NUMERICAL PREDICTION WITH
EXPERIMENT

1. PRESSURE COEFFICIENT DISTRIBUTION AT a = 0°

For Mach number 0.94, the surface pressure coefficients in the longitudinal direction
agree well with Danberg’s and Miller’s experimental data except for the locations very
close to the shock and the base corner (X/L=0.967 and 0.989) (see Figure 12). For Mach
number 0.97, excellent agreement between measured and computed values are obtained
except for the location next to the base (X/L=0.989), if the extended boattail grid is
employed (Figure 18). Comparison of the results at Mach numbers 0.94 and 0.97 show
that the pressure coefficient drops less, recovers at a slower rate, but reaches to a higher
value after the ogive-cylinder junction (X/L around 0.58) for Mach number 0.97.

2. VELOCITY PROFILES AT a=0°

The velocity profiles at Mach number 0.94 and zero angle of attack are shown in
Figure 19 for the wrapped around grid configuration. This grid is the most realistic for the
sting supported wind tunnel model. Note that there is generally good agreement between
the experiment and the prediction for most stations.

The predicted profile at station X/L=0.967 is approximately 3 per cent higher than
the measurements near the outer boundary layer edge. By referring to Figure 12 it can
be seen that the predicted static pressure is slightly lower than the data by about 0.04
in pressure coefficient. Because of the steep pressure gradient at this location, a slight
difference in the shock wave location, of the order of 0.018 calibers (3.6 mm) could account
for the observed pressure and velocity profile results.

Figure 20 compares the measured velocity profiles with the computed values by the
extended boattail grid at five axial locations for Mach number 0.97. It shows excellent
agreement in front of and behind the boattail corner at X/L=0.87, 0.946, 0.967 but with
some discrepancies at X/L=0.924, and 0.989.

The deviations observed at X/L=0.924, for both the M,,=0.94 and 0.97 cases, are
related to errors in the reduced experimental data. The data were obtained by inserting
a probe into the flowfield at that location. Only total head pressures were measured and
these data were reduced to velocities assuming constant static pressure, corresponding to
the measured wall pressure, across the boundary layer. The presence of the expansion fan
from the corner produces a significant variation in the static pressure near the outer edge
of the boundary layer which results in the reduced velocity data being too high. The data
at the next station, which is well away from the expansion, is in excellent agreement.

The deviations observed at X/L=0.989, for M,,=0.97, are caused by the upstream
effect of modeling the base using the extended boattail. Figure 21 shows that the computed
velocity profiles are improved at X/L=0.989 using the wrapped around grid which provides
a better evaluation of the conditions at the base. It is also noted that the improved base
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model produces only a slight improvement in the agreement at X/L=0.967 which was well
predicted by the extended boattail grid. The boattail shock wave has moved downstream
of this station at Mach number 0.97. This can be seen clearly by comparing the Mach
number contour plots for the wrapped around grid case in Figures 22 and 16. At the higher
Mach number the shock wave is about balf a caliber aft of the base.

3. EFFECT OF ANGLE OF ATTACK

The extended boattail grid (170x50x39) has been used for the Mach number 0.94,
four degrees angle of attack results shown in Figure 23. The computations are shown
compared to the boattail data of Danberg.? The computed pressure coefficients at different
orientations start to spread after the expansion wave at the beginning of the boattail and
converge toward the same pressure at the base. Note that the pressure increases fastest
on the leeside (¢=0.0°). This is consistent with the negative lift generated by the boattail
which tends to destabilize the projectile. The spreading of the experimental data is not
as large as that computed. The different degree of spreading between measurement and
computation suggests that details of the shock-boundary layer interaction region are not
being computed correctly. '

Figure 24 shows the computed pressure coefficients versus Miller’s data employing
the 170x50x39 grid. Miller's experimental data are available over the entire body and are
generally consistent with Danberg’s data in the vicinity of the afterbody. A 245x50x39 grid
was employed to increase the accuracy of the solution. A smaller increment between grid
points relative to the 170x50x39 grid improves the computational results for the region
0.5 < X/L < 0.7; but again induces oscillations at several locations caused by too large a
time step. No improvement is seen on the boattail. The computational results from grids
of various fineness leads to the conclusion that the 170x50x39 grid gives the same quality
of results on the boattail, but not at the ogive-cylinder junction, as those from the finer
spaced grids.

In comparing Figures 23 and 24 it can be seen that the lee-side pressure rise on the
boattail in Miller’s data is delayed relative to that of Danberg indicating a somewhat more
downstream shock position although the spread in the data with circumferential angle is
about the same in both sets of data. By comparing the X/L position for a lee-side C, of
-0.3, the shock wave location is estimated to be 0.035 calibers (7 mm) further aft in Miller’s
experiment. This may be because of the smaller model blockage in the larger NASA Ames
wind tunnel.

In comparing the pressure coefficients for zero and four degrees angle of attack (Fig-
ure 12 and 24), the major discrepancies between the computation and the experiment occur
around two locations, i.e., 0.5 < X/L < 0.6 and 0.9 < X/L < 1.0. On the boattail, the
pressure coefficients at four degrees show that the pressure increases faster on the lee-side
whereas the windward pressures are about the same as the values at zero angle of attack.
Near the ogive-cylinder junction, 0.5 < X/L < 0.6, discrepancies between the computed
and measured pressure coefficients are observed which can not be reduced by using grids
of finer spacing. However, the variations at different orientations are not large, either in
the measurements or in the computations.
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Figure 25 plots the velocity profiles at five longitudinal locations for Mach number
0.94 and four degree angle of attack. The agreement between experiment and computation
is not as good as it was at zero angle of attack especially for the lee-side. As indicated
previously, the agreement is poor where the computed surface pressures are different from
the measurements. In addition, the experimental profiles near the wall are steeper than
those computed, particularly for the lee-side at stations X/L=0.946, 0.967, and 0.989. Even
the profiles at X/L=0.870 which is 0.25 calibers in front of the boattail corner are not as
well predicted as the zero angle of attack profiles at the same station. It is noted that: (1) a
little better prediction of the velocity profiles on the wind-side is obtained than on the lee-
side where the boundary layer thickness is larger; (2) the velocity gradients at the wall are
all larger for the measured profiles than computed ones. This may imply that the mixing
length scale near the wall is not correct in the computation. The model of turbulence
which has been employed is based on two-dimensional boundary-layer concepts and, thus,
is a potential reason for the discrepancy in this fully three-dimensional flow. However,
the magnitude of the velocity and the trends of velocity gradient in the circumferential
direction are reasonable.

Figure 26 shows the pressure coefficient along the projectile for Mach number 0.97 at
four degrees angle of attack. Note that the number of points near the X/L=0.6 station are
insufficient to accurately predict the expansion pressures but that this has no observable
effect on the boattail flow. The computed circumferential spread of the data is about the
same as in the measurements but the pressure level is different. The position of the boattail
shock wave is more forward for the experiment than in the calculation. The velocity profiles
at various locations are shown in Figure 27. These profiles are acceptably computed except
immediately behind the boattail corner (X/L=0.924) and at the most downstream station
(XAL=0.989). The computed boattail profiles might be improved with a better prediction
of the surface pressure distribution and shock wave location.

VI. CLOSING REMARKS

Transonic computations have been performed on a model, similar to the M549 pro-
jectile, using a modified version of the implicit, unsteady, Navier- Stokes code developed
by Pulliam and Steger. Studies have been made of the effects of grid configuration and
resolution. Comparisons of the results were made with wind tunnel data including pressure

distributions and boundary layer profiles at Mach numbers of 0.94 and 0.97 and at 0.0°
and 4.0° angle of attack.

The three grid configurations studied include: 1) wrapped around grid with sting
corresponding to the wind tunnel situation; 2) segmented grid with flat base as in the flight
case; and 3) extended boattail. By comparing the pressure distributions and boundary
layer profile characteristics at zero angle of attack, it is found that the wrapped around
grid leads to the best agreement with the experimental data. The extended boattail
provides adequate accuracy except for the last 2-3 per cent of the body length where the
effects of the base corner is of critical importance.

A grid of 187 longitudinal points by 50 radial points is found to provide sufficient
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resolution for the pressure distribution over the entire body for the a = 0.0° cases. Com-
putation of the boattail region is found to be insensitive to the grid resolution at the
ogive-cylinder junction region, so that a total of 170 longitudinal points are sufficient to
obtain good results in the afterbody region. At an angle of attack of 4.0°, a half plane
circumferential grid spacing of 39 points provides satisfactory resolution.

The predicted pressure distribution and velocity profiles at zero angle of attack and at
Mach numbers of 0.94 and 0.97 are in good agreement (2-3 per cent) with the wind tunnel
experimental data. As already noted, the base configuration must be correctly modeled
to accurately compute the region just ahead of the base. Disagreement is observed just
aft of the cylinder-boattail corner where the reduced experimental velocity profile data is
incorrect because of the influence of the strong expansion waves.

At angle of attack of 4.0%, the computed results are in only fair agreement with the
measurements. The trends in the pressure distributions are predicted but the magnitude
of the angle of attack effects are over-predicted. This lack of agreement in the pressure is
also reflected in the velocity profiles. Although the trends are correct, the experimental
profiles are found to have substantially higher velocities near the surface than obtained
computationally. The eddy viscosity predicted by the Baldwin-Lomax algebraic turbulence
model in regions of strong three dimensional pressure gradients and shock-wave boundary
layer interaction is under investigation as a possible explanation.
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Figure 15. Mach number contours for the flat base grid without a sting.




Figure 16. Mach number contours for the wrapped around grid with a sting.
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Figure 17. Mach number contours for the extended boattail grid.
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Figure 22. Mach number contours for Mach number 0.97 and o = 0.0°.
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Figure 27. Velocity profiles using wrapped around grid. M., = 0.97. a = 4.0°.
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LIST OF SYMBOLS

speed of sound

specific heat at constant pressure

pressure coefficient

projectile diameter

total energy per unit volume
, G , H flux vectors in transformed coordinates

jacobian

length of the body

Mach number

total head or impact pressure

Prandt]l number

turbulent Prandtl number

vector of dependent variables

recovery factor

body radius

inviscid source term

time

temperature

stagnation temperature
u,v,w axial, circumferential, and normal velocity components of the Navier-Stokes equations
Contravariant velocities of the transformed Navier-Stokes equations
boundary layer velocity parallel to surface
distance from projectile nose along the axis of symmebtry
distance normal to the body- surface

3 ﬂy\gﬁu:,a U‘p,,p -

NH g™ 'y'y

()

<
g

)

My <o

Greek Symbols

a Angle of attack

5 ratio of specific heats

K molecular and turbulent thermal conductivity
U molecular and turbulent viscosity
&,n,¢ transformed coordinates

p density

é circumferential angle

Subscripts

aw adiabatic wall conditions

wall wall conditions

00 free stream conditions
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APPENDIX

EXPERIMENTAL DATA FROM NASA LANGLEY
RESEARCH CENTER WIND TUNNEL TESTS OF THE
M549 MODEL

Two test programs (test 822 in August 1978 and 851 in August 1980) were carried out
on a model of the M549 projectile as described in section II. The purpose of this appendix
is to document the reduced data from these tests and to describe the data reduction
procedure in sufficient detail so that alternate reduction methods can be anplied. Figure
3 describes the geometry and dimensions of the wind tunnel model. Table 2 contains the
key to the subsequent data tables.

1. DATA REDUCTION

The wall pressure measurements are reported here in terms of a nondimensional pres-
sure coefficient: ( )
Duwall = Poo
Cp=2"—7-"7+=~ 7
P 7pooMgo @
and p,, is obtained from isentropic flow formulas for the measured stagnation pressure
which was nominally 101.5 kPa.

' Total head or impact pressures, p;,(y), were measured using a pitot probe attached to
the survey mechanism as describe in Figure 4. Mach numbers, M(y), were calculated for
each pitot measurement assuming a constant static pressure corresponding to the measured
wall pressure at that station. The local Mach number was calculated from the ratio, py/Puait
using isentropic equations for M<1.0 and the Rayleigh pitot equation for M > 1.0.

Velocities were calculated from the following relationship:

- - M ’T
V_VOOM—oo i: (8)

The local temperature is evaluated using the linear Crocco temperature-velocity relation-
ship:
To - T, 1%
0 faw _ 7 (9)
TOoo - Taw Voo
where the local total temperature in this formula can be related to the local static tem-
perature as follows:

_—= e ———] 2 ()
T. =T, ) Woo(Voo (10)
The wall temperature, which is assumed to be adiabatic, can be written as :
Tow v -1
Tw=1+r 5 M2 (11)
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where r is the recovery factor which is taken as 0.9 in these calculations. The free stream
stagnation temperature is:

TOoo 0 e 1 2
0 _14+44—M 12
When the five equations, 8 to 12, are combined and solved for the velocity ratio, one

obtains:
f'/:—4+2(7_1)w[(1—r)+\ﬁ1—r) +4((7—1)M’+1)((7-1)M3°+')] (13)

Equation 13 was used to calculate the local velocity after the free stream velocity, V., was
calculated from M., and the free stream stagnation temperature of 322.2 K.

TABLE 2: Directory of Data Tables.

M, | a | X/L ¢ | table | contents
094 (00| all [N/JA| 2 [C,vsX/L
09700 all |N/A| 2 » »
0.94 |40 all | all 3 " ”
097 40| all | all 4 " "
094 (00| al |INJA[ 5§ |V (m/s)vsy (mm)
0.94 [4.0] 0870 | all 6 |~ » »
0.94 | 4.0 | 0.902 | all 7 | ” "
0.94 | 4.0 | 0.924 [ all 8 |” " "
0.94 { 4.0 | 0.946 | all 9 |” » »
0.94(40]0967| all | 10 | ” » "
09440098 | al | 11 [~ ” ”
097]0.0] al [N/A[ 12 [” *» 7
097 |40[0870| atl | 13 | " » »
097400924 all | 14 | " "
097400946 all | 15 (" "
0.97|40]0967| all | 16 | »
097{40]0989| all | 17 |°” » "
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TABLE 3: Pressure Coefficient Data at Zero Angle of Attack

Cp
"TAP NO. | X/L | Mu=0.94 | M,,=0.97
1 0.805 20.040 0.000
2 0.837 -0.054 -0.014
3 0.870 -0.068 -0.029
12 0.891 -0.107 -0.063
4 0.902 -0.165 -0.127 1
5 0.913 -0.535 -0.478 o
6 0.924 | -0.542 -0.478
14 0.935 -0.505 -0.439
7 0.946 -0.472 -0.413
8 0.967 -0.314 -0.345 |
9 0.989 -0.036 -0.106 o
10 0.913 -0.523 -0.464
11 0.913 -0.561 -0.497
13 0.913 -0.561 -0.439

R
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TABLE 4: Surface Pressure Coefficient, My, = 0.94,a = 4°

Cp

X/L ;

0.0 45.0 ] 90.0 ] 135.0 | 180.0
0.8048 | -.039 | -.044 | -.049 | -.040 | -.033
0.8372 | -.050 | -.055 | -.057 | -.048 | -.039
0.8699 | -.076 | -.077 | -.075 | -.062 | -.052
0.9024 | -.179 | -.172 | -.152 | -.131 | -.116
0.9132 | -.401 | -.481 | -.458 | -.436 | -.422
0.9241 | -.436 | -.457 | -.480 | -.474 | -.467
0.9458 | -.349 | -.388 | -.418 | -.411 | -.403
0.9675 | -.152 | -.183 | -.301 | -.360 | -.353
0.9892 | -.039 | -.044 | -.060 | -.100 | -.125
0.9132 | -.510 | -.516 | -.531 | -.542 | -.552
0.8016 | -.121 [ -.117 | -.104 | -.085 | -.077
0.9132 | -.568 | -.555 | -.540 | -.522 | -.516
0.9349 | -.398 | -.430 | -.451 | -.441 | -.434

TABLE 5:

Surface Pressure Coefficient, My, = 0.97,a = 4°

Cp

X/L

0.0] 45.0

135.0

180.0

0.8048
0.8373
| 0.8699
* 0.9024

0.9132
0.9241
- 0.9458
0.9675
0.9892
0.9132
0.8916
0.9132
0.9349

-0.006 | -0.011
-0.016 | -0.020
-0.040 | -0.043
-0.141 | -0.138
-0.441 | -0.431
-0.379 | -0.401
-0.319 | -0.342
-0.230 | -0.254
-0.098 | -0.102
-0.456 | -0.461
-0.087 | -0.082
-0.504 | -0.490
-0.350 | -0.378

-0.010
-0.014
-0.026
-0.093
-0.383
-0.420
-0.363
-0.320
-0.191
-0.490
-0.050
-0.459
-0.390

-0.001
-0.005
-0.016
-0.079
-0.374
-0.413
-0.355
-0.311
-0.205
-0.503
-0.040
-0.456
-0.383
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TABLE 6: Velocity Data at Zero Angle of Attack for Mach Number 0.94

X/L
0.902 0.924 0.946 0.967 0.989
y(mm) V(m/s) | y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)]|y(mm) V(m/s)
0.000 0.0 | 0.000 0.0 0.000 0.0 0.000 0.0| 0.000 0.0

0.147 197.3 | 0.147 229.3 | 0.168 240.5 | 0.145 159.6 | 0.161 111.6
0.262 218.8 | 0.147 229.6 | 0.207 240.5 | 0.152 160.2 | 0.188 112.2
0.404 228.4 | 0.330 271.0 | 0.557 201.6 | 0.292 173.7 | 0.626 140.0
0.518 2309 | 0.434 287.71 1.196 319.7 | 0.401 179.4 | 1.070 162.9
0.658 234.7 | 0.564 208.2 | 1.824 330.5| 0.513 189.0 | 1.522 184.2
0.787 244.1| 0.688 302.6 | 3.138 342.1 | 0.909 219.6 | 1.963 204.9
0.919 248.5 | 0.912 311.7| 4.316 350.6 | 1.112 253.3 | 2.885 235.6
1.201 253.1 | 1.476 320.7 | 5.600 358.2 | 2.682 303.1 { 3.803 252.7
1.392 257.1 | 2.055 3274 | 6.772 364.5 | 5.194 313.6 | 4.605 262.2
2.106 268.1 | 2.715 334.3 | 8.120 371.0 | 6.452 323.2 | 5.484 270.5
2.741 274.7 | 3.942 3443 | 9.265 375.6 | 8.966 339.1} 6.321 276.8
3.371 281.3 ( 5.205 352.0 { 9.957 377.8 | 10.218 345.3 | 6.351 2717.5
3.807 287.8 | 7.739 366.0 | 10.610 379.4 | 12.779 351.4 | T7.244 284.1
4.559 294.3 | 10.373 374.9 | 11.807 381.0 | 15.268 352.5 | 8.088 289.7
5.215 209.8 | 12.756 376.9 | 13.009 382.0 | 18.097 352.7| 8.936 295.7
7.775 318.3 | 15.331 377.2 | 14.274 382.3 | 19.322 352.7 | 9.910 301.6

10.277 330.8 | 17.790 378.4 | 15.575 382.4 10.677 305.9
12.850 333.0 | 20.406 380.2 | 16.814 382.5 11.670 310.6
15.380 333.3 | 23.322 381.2 | 19.329 382.6 12.805 314.4
17.950 333.5 | 28.733 381.4 | 21.823 382.6 12.858 314.3
20.551 333.5 | 28.860 381.9 | 21.859 382.8 14.234 316.8
26.908 382.9 15.605 317.7
31.947 382.9 16.942 318.0
18.267 318.0
19.578 318.0
21.969 318.0
24.216 317.9

25.865 318.0 '*
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TABLE 7: Velocity Data at Four Degrees Angie of Attack for Mach Number 0.94

X /L= 0.870
¢
0° 45.00 90.0° 180.0°

y(mm) V(m/s)|y(mm) V(m/s)[y(mm) V(m/s)]|y(mm) V(m/s)
0.000 0.0] 0.000 0.0] 0.000 0.0] 0.000 0.0
0.192 187.2| 0207 1904 | 0.161 2086 | 0.195 2105
0.197 187.1| 0211 190.4| 0.198 2114 0208 213.7
1170  229.7| 1.143 226.2| 0978 2416| 1.08¢ 2553
1.908  240.7| 2570 247.5| 2437 267.4| 1361 2619
2.634  248.1| 4.050 2641 3.936 286.4| 2091 275.0
4.165 260.1| 6.289 286.5| 5400 302.0| 2.821  285.3
5610 269.8| 8482 . 3053| 6.890 313.9| 2867  286.0
7114  279.1| 10.750 3186 | 8326  310.4 | 3.556  204.7
8.564  286.5| 12.972  322.5| 0.806 320.9 | 4.375  303.2
10.054  293.3| 15251  322.9| 12.078 3214 5051 3088
11.807  299.7| 18.264 3232 14421 321.6| 5769 3130
13.050  303.5| 21.240  323.4 | 18.254  322.0| 5779  313.0
14.561  306.8 | 21.258  323.5| 21.861  322.3| 6.521 3155
14561  306.7 | 23.529  323.5| 25639  322.6 | 7.264  316.7
16.079  309.3 | 25.858  323.7 8.802  317.7
17.510  311.2 10.288  317.8
17.53¢ 3110 11.761  317.9
19.076  312.7 14.804  318.1
20.676  314.2 19.361  318.3
22.077 3153 26.032  318.6
23.617  316.3

25.168  317.4

25.897  318.0
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TABLE 8: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.94

X /L= 0.902
¢
0° 45,00 90.0° 135.00 180.0°

y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)|[y(mm) V(m/s)
0.000 0.0 | 0.000 0.0 | 0.000 0.0 0.000 0.0 [ 0.000 0.0
0.147 195.0| 0.150 197.3| 0.145 207.2] 0147 209.8| 0.145 206.6
0.267 2133 | 0.274 209.7| 0.269 214.6| 0287 2159 0272  213.1
0419 221.0| 0432 2155| 0432 222.3| 0409 227.1| 0.396 2237
0.579  225.1| 0.650 2309 | 0.643 2404 | 0536 2442 | 0539 2486
0.653 2353| 0.937 2388| 0909 2488 | 0.688 2504 | 0.688  252.6
0.902 247.8| 1.168 241.0| 1412 261.1| 1.031 .256.3| 1.008 2575
1161  246.6 | 1.402 247.5| 2.636 279.6| 1481 260.1| 1.448 2718
1417 2534 | 2692 262.6| 5222 306.8| 2.703 280.1| 2700  292.0
2.703 2654 | 5232 287.2| 7.760 3259 | 3.960 301.3| 3.960 3045
5199  284.0 | 7.793  308.1| 10.279  355.8 | 5.243 3142 | 5321 3165
7772 2956 | 10490  325.0 | 12.261  334.2 | 7.793  328.7| 7.767  327.6
10.305  308.1 | 14.079  336.8 | 15425  334.5| 10.312  330.4 | 10.307  328.7
12.830  317.2 | 17.902  337.6 | 25.349  334.7| 12.164  330.6 | 12.126  328.7
15.438  323.0 15.367  330.9 | 15329  329.0
17915  327.2 17.869  330.9 | 17.864  329.0
20.536  330.3 25.207  331.5| 25425  329.3
22913  355.6

25.529  334.4

28.070  335.7

29.756  337.6
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TABLE 9: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.94

X/L= 0.924
¢
00 90.0° 135.0°0 180.0°

y(mm) V(m/s)|y(mm) V(m/s)[y(mm) V(m/s)|y(mm) V(m/s
0.000 0.0 0.000 0.0 0.000 0.0 [ 0.000 0.0
0.140  212.7| 0.147 230.3| 0.150 242.1| 0.147 239.6
0.147 213.6| 0.150 240.2| 0.165 250.3| 0.163 242.1
0.279  236.6| 0202 270.9| 0.279 268.0| 0.269  266.1
0401  260.5| 0480 288.5| 0.406 281.8| 0.399 2838
0.559 273.8| 0.541 2964 | 0.518 3000 0.513  303.6
0.663 281.6| 0.798 310.5| 0.658 312.3| 0.660 315.3
0.780 2904 | 0907 314.1| 0.818 3187| 0.803  321.2
0916 2042 | 1.181 3189| 0.899 320.7| 0912  324.0
1.044 2969 | 1453 3245 1161 3957| 1.148  329.0
1290 © 300.6| 2060 332.3| 1.344  330.7| 1410 334.2
1.669  306.6 | 2.662 338.8| 2075 340.7| 2055 3434
2.024 3002 | 3.942 349.5| 2652 3466 | 2657  350.3
2.644 3146| 5161 3584 | 3.957 356.9| 3.922 3508
3.909 3230 7.752 3725| 5128 3652 5253  368.5
5154  320.1| 10.23¢ 3783| 7.739 3762 | 7.704  376.1
7.673 3403 | 12.801  378.8 | 10.213 3779 | 10.213  377.1
10.251  349.4 | 15207  379.3 | 12.797 378.2 | 12.736 3774
12.725  355.5| 17.755  380.8 | 12.822 3782 | 12.806  37.4
15230  359.9 | 20.351  381.8 | 15.197 379.2| 15.207 3784
17.732  364.3 | 23.373  382.8 | 17.838  380.4 | 17.808  379.4
20424 3684 | 26.085  383.3| 20.330  381.6 | 20.383  380.4
23.145 3704 | 28.618  384.3 | 23.411  382.4 | 23.368  381.9
26.032  372.2 25.956  382.9 | 26.137 3826
28.763  375.0 27.894 3834 | 27.838 3826
28.616  383.6 | 28.689  382.6
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TABLE 10: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.94

X/L= 0.946
¢
0° 45.0° 90.0° 180.0°
y(mm) V(m/s) | y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)
0.000 0.0 0.000 0.0 0.000 0.0 0.000 0.0
0.145 201.6 0.178 233.3 0.184 248.3 0.189 254.0
0.215 213.0 0.185 233.8 0.200 251.0 0.197 252.5
0.270 225.8 0.404 262.8 0.266 262.9 0.357 281.0
0.523 255.8 1.039 303.8 0.394 279.3 0.583 307.7
0.546 258.4 1.674 316.6 0.706 304.1 0.930 326.5
1.143 295.1 2.898 329.1 1.026 322.2 1.269 338.6
1.875 309.5 4.225 338.7 1.649 336.2 1.830 347.7
3.014 319.0 6.602 353.9 2.265 343.8 3.113 _ 361.0 {.
3.185 320.0 7.915 361.0 2.811 349.2 4.357 370.3
5.519 332.2 9.182 367.3 2.881 350.0 4.946 373.8
7.358 339.6 | 11.670 377.0 4.208 360.4 5.634 377.1
9.297 346.3 | 14.101 381.1 5.406 368.1 6.848 380.9
11.746 353.9 | 14.160 381.2 6.785 375.5 8.090 382.6
14.228 359.6 | 16.673 381.8 7.949 380.6 9.251 383.0
16.792 363.7 | 19.227 382.1 8.993 383.4 9.318 383.0
19.323 366.6 | 21.709 382.1 9.168 383.8 | 10.636 383.2
21.766 368.4 | 24.905 382.1 | 11.555 385.6 | 13.090 383.4
21.840 368.3 | 28.006 382.3 | 14.025 386.1 | 15.578 383.6
25.008 369.9 1 31.131 382.2 | 16.742 386.1 | 18.166 383.5
28.098 371.2 19.237 386.2
31.250 372.4 21.637 386.3
34.426 373.5 24.892 386.4
37.520 374.3 26.048 386.4
40.676 374.9 28.032 386.4
41.986 374.9
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TABLE 11: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.94

X /L= 0.967
i
0° 45.0° 90.0° 135.0° 180.0°

y(mm) V{(m/s) [ y(mm) V(m/s) | y(mm) V(m/s) [ y(mm) V(m/s) | y(mm) V(m/s)
0.000 0.0 0.000 0.0 0.000 0.0 0.000 0.0 0.000 0.0
0.152 120.0 0.155 120.9 0.152 162.9 0.152 188.2 0.152 189.9
0.160 121.7 0.279 127.2 0.285 171.0 0.287 198.7 0.274 201.7
0.287 128.6 0.406 132.0 0.406 180.0 0.409 220.8 0.406 225.9
0.414 135.2 0.648 150.5 0.655 207.3 0.678 240.1 0.546 237.6
0.526 139.6 0.919 166.1 0.897 227.2 0.927 264.5 0.671 243.6
0.650 150.2 1.402 198.6 1.392 259.4 1.430 291.7 0.904 267.3
0.785 158.4 2.664 245.6 2.692 297.9 2.697 322.0 1.158 280.2
0.909 162.8 5.215 275.6 5.215 323.2 5.205 344.9 1.407 294.4
1.156 182.6 7.709 296.3 7.704 341.5 7.716 358.9 2.664 324.8
1.402 194.1 | 10.320 314.4 | 10.213 352.7 1 10.262 363.0 5.161 348.2
2.088 225.6 | 12.889 328.0 [ 12.736 355.1 | 12.741 363.8 7.696 359.8
2.670 240.1 | 15.377 336.8 | 15.273 355.3 | 15.281 364.1 | 10.241 362.1
3294 250.4 20.069 385.1 | 12.728 362.9
3.934 256.0 15.276 363.4
4.554 261.5 18.278 363.9
5.192 265.5 20.104 364.2

7.711 280.5

10.221 292.6

12.756 302.8

15.273 312.5

18.110 319.3
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- TABLE 12: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.94
X /L= 0.989
¢
0° 45.0° 90.0° 180.0°
F Y(mm) V(m/s) | ymm) Vim/s) | yam) Via/s) | y(mm) V)
- 0.000 0.0 0.000 0.0 0.000 0.0 0.000 0.0
0.168 126.9 0.169 110.8 0.179 126.0 0.181 154.5
: 0.178 1274 0.174 111.2 0.190 127.0 0.181 149.6
b - 0.546 143.9 1.448 162.5 0.543 147.1 0.559 189.3
e 1.493 179.0 2.239 192.6 1.409 192.6 1.052 223.6
2.360 207.8 3.120 220.5 2.265 231.9 1.477 245.5
3.715 236.6 4.123  240.4 2.287 232.6 2.355 277.4
: 4.932 249.1 5.397 255.4 3.142 258.8 2.363 277.6
: 4.952 249.1 6.640 265.6 3.994 273.7 3.264 295.4
h 6.202 257.0 8.014 276.6 4.890 284.0 4.144 305.3
o 7.567 263.9 9.367 286.0 5.788 292.4 5.480 3174
’ 9.115 271.3 | 10.571 293.6 6.667 299.3 6.775 325.3
‘ 10.166 275.9 | 11.929 301.8 6.681 299.7 8.068 329.8
11.617 281.7 | 13.769 311.5 7.926 308.8 9.393 331.3
h 12.922 286.6 | 15.573 317.7 9.256 316.8 | 11.121 331.6
14.256 291.0 | 16.395 319.3 | 10.054 319.6 | 13.384 331.5
15.513 294.7 | 17.376 320.3 | 10.570 321.7 | 15.671 3314
i 15.555 295.2 | 18.274 320.8 | 11.062 322.7
' 16.950 298.9 | 19.177 321.0 | 11.931 324.2
18.270 301.9 | 20.939 321.1 | 12.823 324.5
19.578 304.4 | 22.719 321.1 | 13.708 325.0
21.080 306.9 | 24.495 321.1 | 15.509 324.6
22.776 309.0 | 26.895 321.0 ) 17.861 324.9
20.014 325.0
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TABLE 13: Velocity Data for Zero Angle of Attack for Mach Number 0.97

X/L
0.870 0.924 0.946 0.967 0.989
y(mm) V(m/s) | y(mm) V(m/s) [ y(mm) V(m/s) [ y(mm) V(m/s)][y(mm) V(m/s)
0.000 0.0 0.000 0.0 0.000 0.0 0.000 0.0 0.000 0.0
0.186 192.5 0.174 276.8 0.175 231.9 0.177 220.9 0.169 150.8
0.661 221.6 0.413 313.0 0.207 237.9 0.843 277.0 0.180 152.2
1.380 237.5 0.743 327.1 0.323 260.1 1.373 299.2 0.618 188.1
2.147 249.6 1.272 336.7 0.440 275.1 2.287 319.3 1.552 234.5
2.839 258.6 1.287 337.0 0.565 287.2 3.472 330.2 2.468 263.0
4.333 276.8 2.673 350.6 1.188 317.7 4.548 338.1 3.222 276.6
5.820 293.2 3.822 359.6 1.812 327.6 5.612 345.2 4.053 286.1
7.277 307.2 4.973 367.2 2.494 334.2 6.671 352.1 5.085 294.9
7.295 307.1 6.192 374.9 3.013 338.5 7.740 358.5 5.970 301.8
8.787 316.7 6.192 374.8 3.111 339.6 7.784 358.5 6.827 308.4
10.291 ° 321.0 7.362 381.5 4.242 348.3 8.834 364.4 7.530 313.4
11.699 322.0 8.740 387.4 5.569 357.0 9.886 369.0 8.458 320.2
13.253 322.1 | 9.862 390.8 | 6.854 365.2 | 10.950 3724 | 9.339 325.5
' 14.016 322.4 | 11.055 392.4 8.041 371.7 | 11.475 373.6 | 10.289 331.0
15.546 322.4 | 12.941 393.5 9.273 377.2 | 11.977 374.4 | 11.200 334.9
15.556 322.5 | 14.837 394.4 9.386 377.6 | 12.493 375.0 | 12.050 337.7
18.531 322.6 | 16.102 395.0 | 11.764 382.8 1 13.126 375.6 | 12.934 339.6
22.383 322.8 | 17.964 395.6 | 14.247 383.6 | 14.162 375.9 | 13.780 340.4
26.175 323.0 | 21.072 396.2 | 16.834 383.9 | 15.237 376.1 | 14.246 340.7
24.281 396.7 | 19.337 383.8 | 16.336 376.0 | 15.556 340.8
27.448 396.9 | 21.882 383.9 | 18.514 376.0 | 17.456 341.0
27.468 396.8 | 25.051 384.1 | 23.903 376.0 | 19.151 340.8
30.643 397.0 | 28.140 383.9 | 20.458 376.0
33.813 397.1 | 31.308 383.9 | 32.590 376.0

36.999 397.1

40.175 397.1

43.571 397.1

44.108 397.1
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TABLE 14: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.97

X/L= 0.870
¢
0° 45.0° 90.0° 180.0°
y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)[y(mm) V(m/s)
0.000 0.0 0.000 0.0 0.000 0.0 | 0.000 0.0
0.141 1883 | 0.179 189.6| 0.161  2055| 0.186  208.5
0.174  190.7| 0.179  189.4| 0188  208.9| 0.196  206.9
1165 2273 | 0.857 213.8| 0.926 236.2| 0.758 241.6
1.899  236.8| 1.623  227.9| 1.766 252.6| 1.464  258.8
2.688 2450 | 2486  240.0 | 2.403  262.5| 2.909 2834
4.099 257.1| 3952 2582 | 3.046 272.0| 4.287 3014
5.581  268.6| 5388 275.2| 3.909 2852 | 5.801  314.1
5.505  268.8| 6.993 293.3| 5486  304.0| 7.392  318.1
7.075 2788 | 8517  3085| 6.920 316.6| 8.004 3178
7.758  283.2| 9.204 314.2| 6.942 316.7| 8.842 3185
8.599  288.2 | 9.097 319.0| 7.960 321.1| 10.369  318.1
9.316  291.6 | 10.799  322.3| 8429 3221 | 11.847 318.1
16.089 2953 | 11.522  323.7| 9.165 3228 | 13.304  318.5
11.585  301.2 | 12.264  324.6| 9.863  323.2 | 14.838  318.4
12.253 3029 | 13.063  325.0 14.843 3184
13.066  305.2 18.769  318.6
14.581  308.5 22.386  318.7
15.321  309.8 26.131  319.1
16.137  311.3
16.807  312.3
17.573  312.9
18.352  314.1
19.161  314.9
19.844 3158
20.625  316.1
21.209  316.9
22.049  317.2
22.120  317.4
23.683  318.5
25.192  319.6
25912  319.9
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TABLE 15: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.97

X/L=0.924
¢
00 45.0° 90.0° 180.0°

y(mm) V(m/s)|y(mm) V(m/s)]|y(mm) V(m/s)]|y(mm) V(m/s)
0.000 0.0 fu00 0.0| 0.000 0.0 | 0.000 0.0
0.186 259.3| (L.165 269.8| 0.167 291.6| 0.176  288.9
0.193  261.7| 0211 279.1| 0.197 296.1| 0.195  289.2
0334 287.7| 0443 307.3| 0.380 319.7| 0.263  303.5
0.444 3025 0591 3146 | 0547 329.7| 0.320 316.1
0.566  309.5 | 2425 3385| 0695 3334 0385 324.3
1231  324.1| 4.782  356.8| 0.00 338.2| 0442  330.3
1.749 3206 | 7.260 3729 | 1.022 3406 | 0442  329.2
2.351 334.1| 9736  385.7| 1.148  343.0| 0.742  342.5
2.392 3345 12327 392.7| 1715 350.8| 1.331 3544
3.652 3423 | 13.541  393.6 | 2351 357.4 | 2542 3684
4.963 3485 | 14.699 394.4| 2385 357.5| 2.553  368.4
7.284 3584 | 14.707 3944 | 3.549 367.8| 3.794  378.5
9.745  367.2 | 17.998  395.7| 4.765 376.7| 6.205 3913
12.246 3734 | 21.142  396.5| 7.223  390.5| 8.749  393.9
14747 3781 27.306  397.0| 9.753  395.5 | 11.827  394.4
14.747 3779 | 27.330  397.3 | 12.128  396.2 | 14.920  395.8
18.003  382.5 | 33.667  397.4 | 14.698  397.4 | 18.082  396.9
21.100  385.1| 40.159  397.3 | 17.825  398.6 | 21.183  397.4
22.339  385.7| 43.950  397.2| 20.988  399.2 | 24.247  397.8
24.188  387.1 27.204  399.8 | 27.520  397.8
27.331  388.5 30.433  400.0 | 27.937  397.9
30.505  389.9 33.667  400.0 | 31.078  398.1
33.764  390.2 40.070  400.0

37.014 3917 43.958  399.9

40.188  392.3

42,003  392.2

44.023  392.5
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TABLE 16: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.97

X/L= 0.946
¢

| 0° 45.0° 90.0° 180.0°

y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)
- 0.000 0.0 | 0.000 0.0 0.000 0.0 | 0.000 0.0
3 0.178 2234 | 0182 2362 0151 253.4| 0162 259.3
3 0.182 2238 | 0182 2339 | 0194 259.5| 0197  258.0
. 0.232 231.6| 0358 256.3| 0303 271.9| 0536  306.9

0.287 2416| 0373 2583| 0915 317.3| 1167 3355
h 0.349 2488 | 1.016 2989 | 1.535 3322 | 1783 3456
| 0.408  252.8 | 1.577 311.0| 2.997 348.7| 3.405  361.9
L 0.735 2782| 2970  324.8| 4.000 357.5| 4283  368.9

1.031  293.9| 4.007 3335| 6.018 371.3| 5563  376.6
, 1.655 308.3 | 5490 3439 7.963 381.6| 6.739  381.0
‘.' 2290 3146 | 7.180  355.7| 9.711 3853 | 8.040 3827
| 2.926 319.1| 9.038 366.8| 11.604 386.4 | 9.439  383.3

4.088 3260 9.097 3669 | 13.958  386.5 | 11.798  383.5

5478  332.7| 11.569 3784 | 16.576  386.8 | 14.183  383.6

6.770  338.5 | 14.063  382.6 | 19.048  386.7 | 16.715  383.7

8.028  344.0 | 16.540 3829 | 21.581 3869 | 19.304  383.6

9.146  348.5| 19.177  383.1| 24.804  387.1 | 21.826  383.9

9.225  348.8 | 21.600  383.3 | 27.858  386.9

10.312  352.7 | 24.784  383.3

11791  357.4 | 28.074  383.4

12911  360.2 | 31.278  383.3

14.176  362.9

15.485  365.4

16.622  366.8

17.928  368.3

19.199  369.5

20.385  370.5

21709 3713

21.815 3715

24.181  372.6

26.813  373.7

20.263  374.8

31.726  375.8

34.370  376.6

36.981  377.1

39.496  377.9

41.934  378.2
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TABLE 17: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.97

P X/L=0.967
i
0° 45.0° 90.0° 180.0°
y(mm) V(m/s) | y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s
0.000 0.0 0.000 0.0 0.000 0.0 | 0.000 0.0

0.210 197.8 | 0.194 203.7 | 0.187 235.5 | 0.187 235.1
0.213 197.3 | 0.207 207.1| 0.207 2375 0.234 241.9
1.319 268.2 | 2.274 297.4 | 2.228 327.6 | 0.816 296.9
2.386 202.7 ( 4.419 316.8 | 4.356 348.0 1 1.366 320.4
3.471 301.6 | 6.628 332.9 | 6.528 363.5 | 2.413 341.7
4.494 307.2 1 8.692 346.5 ( 8.609 373.7| 3.488 352.5
6.124 315.4 | 10.810 358.6 | 10.720 377.7 | 4.575 361.1
7.740 322.8 | 12.963 366.9 | 12.840 378.0 | 6.141 370.6
9.295 329.6 | 15.729 370.4 | 15.565 3783 | 7.700 375.0
10.873 335.2 | 18.391 370.5 | 18.291 37821 7.744 375.1
12.533 340.5 | 21.138 370.5 | 20.947 378.4 | 9.866 376.4




L TABLE 18: Velocity Data at Four Degrees Angle of Attack for Mach Number 0.97
X/L= 0.989
é
F o° . 45.0° 90.0° 180.0°
y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)|y(mm) V(m/s)
0.000 0.0 0.000 0.0 0.000 0.0 0.000 0.0
0.168 155.2 0.176 146.3 0.171 172.1 .169 193.4
0.179 156.8 0.184 147.3 0.171 172.0 0.180 194.5
0.535 178.4 0.535 168.3 0.520 200.4 1.040 264.4
1.502 219.7 1.480 211.5 1.445 249.9 2.048 300.8
4 2.328 244 .6 2.342 240.4 2.326 279.1 2.774 315.3
g 4.008 267.7 3.243 259.5 3.115 294.3 3.700 325.9
« 5.846 280.0 4.482 274.3 4.066 305.7 4.562 334.0
_ 7.497 287.8 5.764 285.3 4.871 313.0 5.381 340.4
7.538 288.2 7.530 299.0 5.831 321.4 6.225 345.7
9.358 296.8 9.243 311.0 6.717 328.3 7.167 349.7
11.084 304.2 | 11.024 323.0 7.481 333.8 8.031 351.7
13.297 3124 | 12.854 333.3 7.963 336.7 8.885 352.6
. 15.598 319.3 | 13.700 337.0 8.816 341.6 9.759 352.9
15.612 319.2 | 14.586 339.8 9.224 343.3 | 10.667 353.0
17.822 324.1 | 14.622 339.8 9.302 343.7 | 12.006 353.0
19.955 327.6 | 15.515 341.5 | 10.668 347.0 | 13.464 352.9
22.162 330.2 | 16.539 342.2 1 11.974 348.2
* 24.551 332.2 | 18.400 342.7 | 13.249 348.5
26.775 333.6 | 19.913 342.5 | 14.957 348.5
29.076 334.7 | 21.853 342.6 | 17.031 348.4
30.126 335.4
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