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SUMMARY

The results of an experimental investigation of low-speed turbulent flow over
multiple two-dimensional transverse rigid wavy surfaces having a wavelength on the
order of the boundary-layer thickness are presented. These small-amplitude symmetric
and asymmetric wavy walls have a ratio of wave height to wavelength (h/A) between
0.0027 and 0.020. Waveforms include sine waves, spliced sine waves, sine waves and
straight ramps, transverse V-grooves, and circular arcs and straight ramps. Data
include surface pressure and total drag measurements under a low-speed turbulent
boundary layer with the free-stream velocity (U_) varied between 7.6 m/s and 43 m/s.
Within the experimental scatter, no total drag reduction was found for the parameter
space examined. However, several asymmetric waves with h/N = 0.015 and the steeper
surface facing upstream exhibited total drag levels below the equivalent symmetric
(sine) wave by up to 6 percent. Experimental trends indicate a possible total drag
reduction at higher Reynolds numbers for some small-amplitude confiqurations. The
experimental results compare favorably with numerical predictions from a Reynolds-
averaged Navier-Stokes spectral code for pressure coefficient (C_ ) distributions and
drag levels. The Navier-Stokes code uses an equilibrium zero equation turbulence
model which is applied directly in the transformed coordinate system. The reported
results are of particular interest for the estimation of drag, the minimization of
fabrication waviness effects, and the study of wind-wave interactions.

INTRODUCTION

Transverse wavy surfaces (wavy walls) have been investigated at the Langley
Research Center as part of a program to reduce turbulent viscous drag in external
flows (refs. 1 and 2). The original objective of the wavy wall investigation was to
determine whether such surface geometries could have lower aerodynamic drag than
smooth, planar surfaces.

The problem of fluid flow over wavy surfaces has been of significant interest
for many years, particularly in the area of wind-wave interaction. Several previous
experiments on low-speed turbulent flow over a train of sinusoidal waves have been
reported (refs. 3 to 15). References 3, 4, 5, 6, 10, and 11 examined wavy walls in
wind-tunnel boundary layers; reference 12 examined a wavy wall pipe flow; and refer-
ences 7, 8, 9, 13, 14, and 15 examined wavy walls in water channel boundary layers.
Table 1, obtained from reference 14 and updated to include the more recent works,
provides a summary of these experiments. In addition, wave-induced roughness drag
data were presented in references 16, 17, and 18. A reduction in average skin fric-
tion compared with flat plate values was found in references 3, 4, 5, 6, 7, and 12.
Furthermore, reference 12 indicates a net drag reduction on the order of 10 percent
(with respect to a straight pipe of equivalent mean diameter) for wavy wall pipe flow
with a ratio of wave height to wavelength (h/A) equal to 0.011. However, with the
exception of the internal wavy pipe flow of reference 12, none of these experiments
produced a reduction in total drag. All experiments (refs. 3 to 15), with the excep-
tion of references 6, 10, and 14, were designed to have a wave height to wavelength
ratio such that the flow did not separate (0.006 < h/A € 0,031). Thus, as a pos-
sible method of drag reduction, shallow wavy walls with h/A values on the order of
0.01 are of particular interest (see fig. 1), since the flow remains attached over



these wavy surfaces. The average local skin friction over the wavy walls is typi-
cally less than that for a flat plate. For example, Kendall (ref. 3) reported a
20-percent reduction with h/A = 0.031 and with wavelength over boundary-layer
thickness (A/8) equal to 1.6, and Sigal (ref. 4) found a reduction as large as

10 percent for h/A = 0.028 (A/6 = 4). This reduced skin-friction drag is probably
caused by the combined effect of pressure gradient and curvature over the wavy sur-
face (ref. 19). However, for subsonic flow, there is an interaction between the
boundary layer and the pressure field which causes the pressure distribution to shift
downstream relative to the physical surface geometry. (See fig. 1.) This phase
shift produces a pressure drag which, for all cases reported in the literature
(except ref. 12), results in an increase in total drag for the wavy surface. There
was some speculation that a properly designed wavy surface could be capable of
producing a total drag reduction through simultaneous minimization of pressure drag
and skin friction (refs. 19, 20, and 21).

Cary et al. (ref. 21) presented the results of a detailed analytical and experi-
mental study of the drag of sinusoidal wavy wall surfaces with small h/A values and
A& values approximately the order of 1. This earlier study used a boundary-layer
calculation method (ref. 22) and measured pressure data to predict the viscous drag.
The boundary-layer calculation was later replaced by a Navier-Stokes spectral code
(refs. 23 through 28) to improve the prediction capability for turbulent boundary
layers over both sine wave surfaces and asymmetric waves. Reference 23 highlighted
some results of the recent experimental investigation on short-wavelength sinusoidal
and asymmetric wavy walls.

The purposes of the present investigation were to (1) determine if drag reduc-
tion could be obtained with symmetric sinusoidal wavy walls having wave height to
wavelength ratios less than or equal to 0.02; (2) determine if asymmetric waves could
be designed to shift the pressure distribution sufficiently to reduce the pressure
drag while maintaining skin-friction reductions; and (3) examine the prediction capa-
bility of a Navier-Stokes code for small-amplitude wavy walls.

SYMBOLS
Cp total drag coefficient
CD,p pressure drag coefficient
Cp average skin-friction coefficient
Cf local skin-friction coefficient, 21:w/pUm2
Cp pressure coefficient, 2(p =~ pm)/pUm2
D/DO drag of test surface nondimensionalized by drag of flat plate reference
g matrix of transformation
h wave height, or amplitude
n* wave height in wall variables, hu_/v
L1/L2 upstream to downstream length ratio of waves (see fig. 3)
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T

¢

mixing length in physical and conformal coordinate systems, respectively
static pressure

model in reverse flow direction

Reynolds number based on momentum thickness, U_6/v

time

free-stream velocity

velocity components along and normal to horizontal plane, respectively
shear velocity, (‘cw/pw)v2
coordinates along and normal to conformal plane, respectively
coordinates along and normal to physical plane, respectively
boundary-layer thickness

momentum thickness

von Karman constant (kK = 0.41)

wavelength

kinematic viscosity

density

shear stress

pressure phase angle

Subscripts:

max

min

o

XX

maximum

minimum

flat plate

9/0t

wall

9/ 90X

0/ 0x d
0% /ox?

3/dY



4 0/dy

Yy 62/6y2

© free stream

Superscript:
fluctuating

A bar (=) over a symbol denotes a mean. A tilde (~) over a symbol denotes the
conformal coordinate system.

APPARATUS AND TESTS
Wind-Tunnel Test Facility

The wavy wall investigation was conducted in the 15-inch low-turbulence wind
tunnel at the Langley Research Center. This facility is an open-circuit wind tun-
nel which has a test section 2.74 m long with a 0.381-m square cross section. (See
fig. 2.) The velocity for the experiment was varied between 7.6 m/s and 43 m/s. The
boundary layer which develops along the contraction is removed 142.2 cm ahead of the
test section by a 1.27-cm-wide transverse suction slot. The new boundary layer
developing downstream of the suction slot is artificially tripped with a strip of
No. 40 grit sandpaper, 25.4 cm in length, which spans the width of the tunnel floor.
The trip was selected to give an equilibrium turbulent boundary layer with minimum
variation in spanwise momentum thickness at the beginning of the test section. Span-
wise momentum thickness measurements were uniform (within +5 percent) over the cen-
tral 25.4 cm of the test surface for free-stream velocities between 7.6 m/s and
21.3 m/s and the turbulent boundary layer over the last 0.91 m of the test section
exhibited conventional turbulent boundary-layer characteristics; i.e., (1) the veloc-
ity profiles in defect coordinates were in good agreement with Coles' law of the
wake (see ref. 29), and (2) the local skin friction determined from Clauser charts
(ref. 30) was in good agreement with that obtained from the Karman-Schoenherr skin-
friction formula (ref. 31). The turbulent-boundary-layer profiles just upstream of
the wavy wall test surface are documented in table 2. The wavy wall models were
mounted on a drag balance over the last 0.91 m of the test section with the mean test
surface positioned flush with the wind-tunnel floor. The upper wall over this region
of the test section was adjusted to minimize the longitudinal pressure gradient. The
ratio of the maximum free-stream pressure gradient over the test surface to the
dynamic pressure was less than 0.0002 em™'. The free-stream turbulence level was on
the order of 0.05 percent at the beginning of the test surface, the boundary-layer
thickness was approximately 3 cm, and the Reynolds number based on momentum thickness
(RG) was 4700 for a free-stream velocity (U_) of 22.9 m/s.

Wavy Wall Models

The wavy wall models tested in the current study were designed with wavelengths
such that A/® 1is on the order of 1. The waveforms, shown in figure 3, include both
sine waves and asymmetric (nonsinusoidal) waves. The waveforms in figure 3 were
repeated along the test plate and typically started 1.27 cm downstream of the leading
edge and ended 1.27 cm upstream of the trailing edge of the test plate. The asym-
metric waves consisted of combinations of sine waves and straight ramps, spliced sine
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waves, transverse V-grooves, and circular arcs and straight ramps. BAs shown in fig-
ure 3, the ratio of wave height to wavelength (h/A) varied from 0.0027 to 0.020.
Each wavy wall model was machined from an aluminum plate with overall dimensions of
35.6 cm X 91.4 cm X 1.27 cm. After the surface contour was machined, the surface
coordinates in the vicinity of the pressure orifices (which were located near the
center of each model) were carefully measured. The accuracy of the surface measure-
ment was within +0.007 mm. Seven symmetric models (six sine wave models and one
V-groove model) and 14 asymmetric models were employed in the present study. In
addition, the asymmetric models were tested in two directions (forward and reverse).
Thus, 28 different asymmetric geometries were evaluated. The symmetric models were
also tested in two directions to check data repeatability. The nondimensionalized
measurements of the surface coordinates (x/A, y/A) in the vicinity of the pressure
orifices are listed in the appendix (tables A1 to A21) for each model.

Direct Drag Measurements

The experimental measurements consisted of two parts: (1) a difect—drag mea-
surement of the total drag, and (2) a pressure distribution measurement that was used
to calculate the pressure drag portion of the total drag. The skin friction was then
determined by subtracting the pressure drag from the total drag. The direct-drag
measuring system was similar to that reported in reference 32. The test surfaces
(35.6 cm X 91.4 cm) were mounted on a free-floating drag balance as shown in fiqure 2
with narrow gaps along the sides and at the leading and trailing edges. The free-
floating drag balance consisted of an air bearing and a deflection sensor. To mini-
mize errors associated with mass transfer at the gaps, an enclosure was built around
the drag balance. An automatic variable suction system was then used to maintain a
zero pressure difference between the pressure under the drag balance and the static
pressure in the test section. Theoretically, if the drag balance enclosure had been
completely airtight, the suction system would not have been needed. But practically,
the suction system was required. The repeatability of the drag measurements was
established by conducting numerous flat-plate runs; the model was removed from the
tunnel and reinstalled before each run. All tests indicated that the repeatability
of the direct-drag measuring system was within +1.5 percent. The average skin-
friction coefficient (CF) for the flat plate determined from drag balance measure-
ments was within 3 percent of the Cr determined from the Karman-Schoenherr
skin-friction formula (ref. 31) using the Reynolds number based on momentum thickness
(RG)‘ The momentum thickness was determined from measured velocity profiles. The
wavy wall direct-drag (or total drag) measurements have been nondimensionalized by
the average flat-plate drag (see table 3) over the entire velocity range. The non-
dimensionalized total drag measurements are given in the appendix (tables A22
to A42).

Pressure Distribution Measurements

From 19 to 30 static pressure orifices with a 0.508-mm inner diameter were dis-
tributed longitudinally over a distance of one wavelength near the center of each
wavy wall model. The orifices were staggered at a 45° angle to the model centerline.
The orifice pressure tubes were connected to a motor-driven valve (scanner valve)
which sequentially connected each orifice to a single differential pressure gage.

The pressure distribution was measured at four velocities: 15.2 m/s, 22.9 m/s,

30.5 m/s, and 38.1 m/s. The corresponding Reynolds numbers based on momentum thick-
ness (Re) were 3300, 4700, 5800, and 7300, respectively. The resulting C dis-~
tributions at the four different speeds for all wavy wall geometries with gheir



relative pressure orifice locations (x/\) are given in the appendix (tables A43 to
A63). An integration of the measured pressure distribution over one wavelength of
its corresponding surface geometry was used to determine (when multiplied by the
number of waves and the actual surface area) the pressure drag contribution to the
total drag of the wavy wall models.

NAVIER-STOKES SOLVER

Numerical predictions of turbulent boundary-layer flow over the present wavy
surfaces were obtained by using a two-dimensional Navier-Stokes solver employing
spectral methods and a conformal mapping technique (ref. 33). The geometrical
coordinates of the wave surface (over one wavelength) were input into a precursor
program that used fast and efficient conformal mapping techniques to develop an
orthogonal grid system. The mapping coefficients and the physical grid coordinates
are stored in a mass storage device. A linear interpolation of the input velocity
field is used to obtain the velocity field in the computational domain at a time
t = 0. The flow evolution at subsequent times is determined by solving the Reynolds-
averaged Navier-Stokes equations with higher order Fourier-Chebyshev spectral tech-
niques (ref. 34).

The time-averaged two-dimensional Navier-Stokes equations for constant density
turbulent flows can be written as

v, +uv + vv
t x

Turbulent closure is required to evaluate the Reynolds stress terms -u'v',

The boundary conditions appropriate to the problem are

u=0 at y = f(x)
(2)

P-p,” 0 at y =



where y = f(x) 1is the wavy surface. For the study of flow over a wave train, the
assumption of periodicity in the flow direction has been made; that is,

u(x) =u{x + A)
vix) = vi{x + A) ) (3)
p(x) =p(x + A)

where A is the wavelength of the wavy surface.

The Reynolds stress terms

u'u' = v'v' =0
(4)
2
u'v' = 2% +v)|u +v l
y x 'y X
are modeled by using a mixing length/eddy viscosity (or equilibrium zero equation)
model (ref. 24)
L[ k(y/8) y)
5 " (5) tanh | Te7%) V-exi- g (%)
max max ‘
with (2/8) .. = 0.09, A = A“v/uT where A% = 26, ana « = 0.41.

Evaluation of wu'v' in the physical (x,y) Plane is fraught with difficulties
because of the complication of the nonplanar boundary. Assumptions such as

(5'2) << (u'v') do not hold as in the planar boundary case. A way out of the
difficulty is to’develop relations for Reynolds stresses and their derivatives in the
conformal (X,Y) plane; that is,

utv' = gﬁ"'(;' (6)

where g is a metric of transformation and ~ denotes the conformal coordinate

system. It is justifiable to assume in this case that (3'2)X << (G'G') ¢+ Since the
boundary layer develops normal to the surface and boundary-~layer simplifications can
hence be invoked. It can be shown that

@2), + @), ~ g, (FF)

y Y
(7)
(ET), + (2), =0



where 94 is on the order of 1, and the terms that are neglected on the right-hand

side of equations (7) are terms involving (5'2)X ' (ﬁ'ﬁ')x ' (5'2)X , etc. By
analogy to the usual modeling in the physical plane, equations (4) become

5 = 2%(Gy + Fy)ldy + ¥yl (8)

where <€ = kY 1is now the typical eddy size, and 4,V are the mean velocities in the
conformal plane. Substituting this relation in equations (7) (after converting
to u by using the mapping transformation) yields

<12 A 2
(u )x + (u'v )y gz[ﬁ (u, + vX)luY + vx|]

Y
(9)

(@), + (3-2)y ~ 0

where, again, gy = 1. These relations were typical of the Reynolds stress terms
used in the present calculations.

Typically, flow simulations were achieved on a 32 x 33 grid system (which is
mapped to « in the normal direction); that is, 32 Fourier modes (streamwise direc-
tion) and 32 Chebyshev modes (normal direction) were used to describe flow variables.
A typical simulation utilized a nondimensional time step of 0.01 (nondimensionalized
by A/U_,) and required an evolution time of approximately six units (i.e.,

600 steps). Comparisons between simulations and experimental measurements were made
around this evolution time, since the R level of the mean flow at the measurement
station matched very well with the mean Ry level of the Navier-Stokes solution at
this point. On CDC CYBER 173 machines, a complete evolution requires approximately
2400 central processor seconds (i.e., 4 milliseconds per point per time step of
CYBER 173 time.) '

The results of the numerical flow simulations include both C and C dis-
tributions. For all wave geometries at U, = 22.9 m/s, the predicged C and
Cf/Cf'O (Ce o = 0.00305) variations are presented in the appendix (tables A64 to
A84).' In addition, the predicted C and Cg distributions were integrated over
one wavelength to determine the average pressure and skin-friction drag. The sum-
mation of these drag components then gives the predicted total drag for a partic-—
ular waveform. A free-stream velocity of 22.9 m/s was used for the Navier-Stokes

simulations because this velocity was representative for each wavy wall geometry
investigated.

A small number of the wavy wall geometries had extremely steep gradients in
localized regions of the waves. For these waves, where the geometry was not resolved
properly by the 32-mode solution, 64 modes were required in the flow direction to
obtain a reasonable simulation of the C distributions. Most of the wavy wall
geometries had surface geometry deviations from design specifications. Since small
changes in surface geometry do induce changes in the pressure and skin-friction
distributions, the actual measured surface coordinates of the geometry were used as
inputs to the Navier-Stokes simulations. A small numerical oscillation was present
in some of the predicted cf/cf,o distributions. An increase in the number of



Fourier modes (streamwise direction) to 64 decreased the oscillations in the
Cf/cf,o distributions, but it did not always eliminate the oscillations. However,
the average level of the predicted Cf/cf,o distribution was unchanged by the
increase in numerical resolution. Therefore, an averaged Cf/Cf‘o "smooth" curve
was drawn through these oscillations for all predicted distribution figures shown
herein. An example of the typical oscillation in the Cf/Cf’O prediction and its

smooth curve fit is shown in figqure 4.

RESULTS AND DISCUSSION
Sine Waves Models

The drag data for a sine wave surface (see fig. 3(a)) having a fixed wavelength
(N) are presented in figqure 5 for the entire Rg range tested. The wavy wall drag
is nondimensionalized by the drag of the reference flat plate (D/Do) and plotted
against the Reynolds number based on momentum thickness (Rg)e The data indicate
that for the same A (2.54 cm) and number of waves (35), the total drag increases
as h/MA increases. Although model 1 (h/N = 0.005) indicated a slight total drag
reduction of about 1 percent at high tunnel velocities, this reduction is within the
t1.5-percent experimental error. Hence, within the experimental scatter and the
Reynolds number range tested, none of the sine wave models produced a total drag
reduction. Figure 6 separates the total drag measurements of figure 5 into the skin-
friction and pressure drag components for Rg = 4700 and 7800. As shown in fiqure 6,
the increase in total drag for the sine wave surfaces is mainly due to an increase in
pPressure drag, since the skin friction drag is only slightly reduced. Also shown in
figure 6 are the data of Kendall and Sigal from references 3 and 4, respectively, for
higher h/A values. An extrapolation of the present skin-friction "measurements"
(total drag minus pressure drag) to larger h/A values indicates much less average
skin-friction reduction due to wall waviness as compared with the data of Kendall
(and, to a lesser extent, Sigal). Since the skin-friction measurement techniques
used in these previous studies were not properly calibrated for pressure gradient
effects (even though pressure gradient effects are significant in these experiments),
the present data may be more reasonable.

Figures 7 to 12 show the measured C distributions for all six sine wave
geometries at four tunnel velocities and gwo flow directions. The difference in
the sine wave nondimensional pressure drag is within 0.5 percent for the two flow
directions. Notice from these figures the slight downstream "skewness" of the C
distribution; this is more noticeable at lower velocities, and the skewness decreases
as the velocity increases. The decreased skewness or smaller pressure phase shift as
Reynolds number was increased is probably the reason for the trend of the total drag
levels shown in figure 5. The decreased phase shift results in lower pressure drag.
There is some speculation that the wavy walls may give drag reductions at much higher
Reynolds numbers than tested in the present investigation because of the negative
slope of the total drag curves in figure 5.

Figure 13 illustrates the effect of A/& on drag for a sine wave with
h/A = 0.005. The total drag increase for the waves shown is within 4 percent of the
flat plate level with the pressure drag contribution less than 3 percent. At h/\
as small as 0.005, there seems to be no significant effect of A/8 on measured total
drag.

Figures 14(a) and 14(b) indicate comparisons between results obtained in refer-
ences 3, 4, and 21, and in the current experiments for maximum pressure coefficient



(c max) and pressure phase angle (¢), respectively. Both comparisons show a good
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agreement between the current experimental data, the experimental results from those
references and the empirical curve fit developed by Cary (ref. 21).

The total drag, pressure drag, and skin-friction drag determined by the Navier-
Stokes spectral code at Rg = 4700 are shown as solid lines in figures 6 and 13.
(The data are given in table 4.) The agreement with the experimental data for the
sinusoidal waves is excellent. All pressure drag results in figures 6 and 13 were
obtained from integrating the pressure distributions over the wave surfaces. Fig-
ures 15 to 20 show the experimental C_ distribution and its comparison with the
Navier-Stokes predictions and the predicted Cf/Cf'o distribution for all sine wave
models at U, = 22.9 m/s (Re = 4700). Figure 15 shows very little difference
between simulations using either 32 or 64 Fourier modes for predicted C and
Cf/cf'° distributions over the model 1 sine wave. The good agreement between the
Navier-Stokes predictions and experimental results for C distribution is repre-
sentative, since the excellent agreement persists at other velocities. For example,
figure 17(b) shows that the excellent agreement for the C_  distribution of model 16
(sine wave) continues at the highest velocity (U, = 38.1 m/s).

As discussed earlier in the section entitled "Navier-Stokes Solver," there was
an oscillation in the predicted skin-friction-coefficient distribution for some sine
wave geometries. This oscillation was caused by inadequate numerical resolution
probably resulting from small deviations in actual surface coordinates which were
used as an input to the code. This is illustrated in figure 18, where the theoreti-
cal sine wave surface (model 3) resulted in a smoother C_/C distribution than

. £ f,0
the one generated by actual surface coordinates.

The excellent agreement between the measured and predicted total drag, skin
friction, and pressure drag (figs. 6 and 13 and table 4) suggests that the zero equa-
tion turbulence modeling (ref. 24) used in the Navier-Stokes code is adequate when
applied directly in the transformed plane. Table 4 also shows excellent agreement
between the experimental and Navier-Stokes values of ¢ for sine waves.

As shown in figures 5, 6, and 13, the sine wave surfaces investigated did not
produce a total drag reduction. When h/A was further decreased to reduce the
pressure drag, the skin-friction reduction also decreased. In an attempt to reduce
the pressure drag while maintaining the skin-friction reduction, asymmetric waves
were designed and tested. Results for these geometries are discussed next.

Spliced Sine Wave Model

The spliced sine wave (model V) shown in figure 3(b) is an asymmetric wave con-
sisting of two sine waves having the same wave height but different wavelengths.
These wave geometries were joined at the crest and valley to form a new skewed wavy
surface. Figure 21 indicates that the spliced sine wave had a 2- to 3-percent total
drag increase compared with a sine wave surface having approximately the same wave
height and wavelength (model 1) over the Ry range tested. The orientation of the
waveform did not affect the averaged total drag results. (See table A28.) The h/A
value of the spliced sine wave was small enough (0.005) that the drag levels were not
appreciably affected by the wave direction. The Navier-Stokes prediction of total
drag, pressure drag, and skin-friction drag at Ry = 4700 is also in excellent
agreement with the experimental results for the spliced sine wave. (See table 4.)
Fiqure 22 shows the measured C distributions for the model V spliced sine wave at
four tunnel velocities and two glow directions, and figure 23 shows the predicted and
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measured C distributions, predicted Cf/Cf ° distributions, and surface geome-
tries for model V at U_ = 22.9 m/s. Again the Navier-Stokes predictions of C

. . p
agree very well with the experimental results.

Sine Wave and Straight Ramp Models

The sine wave and straight ramp geometry (see fig. 3(c)) was a combination of
a sine wave on the steeper, upstream-facing slope and a linear region on the
downstream-facing slope. Figure 24 presents the averaged total drag data for
models I, II, III, and IV. Each of these models had the same wave height but
differing waveforms. The total drag levels were approximately the same as those
obtained for the flat plate. As would be expected based on the wavy wall data for
h/A = 0.005, the pressure drag for these very small wave height models was also
negligible; table 4 shows that the pressure drag was no more than 2 percent of the
total drag for each of the four models, even though the shape of the C_ distri-
bution varied for the different geometries. (See figs. 25 to 28.) As Shown in
figures 29 to 32, these C distributions were accurately predicted by the Navier-
Stokes code at U, = 22.9 m/s.

The total drag measurements for models I, II, III, and IV were not appreciably
affected by whether the steeper surface was facing upstream or downstream apparently
because these models had very small h/A values (0.0027 to 0.0039). However, with
h/A = 0.015 (models 12, 13, 14, and 15), differences in total drag level were
observed in the two directions (see fig. 33). Of the two directions, models with the
steeper surface facing upstream (forward direction) always had the smaller total
drag. Figures 24 and 33 seem to indicate the lowest total drag was obtained with
L /L2 % 0.5. Compared with a sine wave having the same h/A, model 13 with the
sleeper surface facing upstream decreased the total drag to a value that was 6 per-
cent less than that of the sine wave. (See fig. 33.) Figures 34 to 37 present the
measured C_ ' distributions at four velocities for all sine wave and straight ramp
geometries With h/A = 0.015.

Figure 38 presents the pressure drag and skin-friction contribution to the total
drag measurements. The agreement between the Navier-Stokes predictions and experi-
mental results is very good. Values of L1/L2 greater than 1 correspond to the
steeper surface facing downstream (i.e., reverse direction). Most of the total drag
increase for waves with h/A = 0.015 was caused by pressure forces. There is no
significant change in skin friction. The predicted C distributions for the sine
wave and straight ramp geometries with h/A = 0,015 ag Up, = 22.9 m/s were gener-
ally in very good agreement with the measured C_ distributions. (See figs. 39 to
42,) However, models 12, 13, and 15 with their steeper surface facing downstream
show a slight discrepancy in the C_ comparison. (See figs. 39(b), 40(b), and
42(b).) This was probably caused gy a small separation region (negative Cf/Cf o)
that was predicted near the valley of the wavy wall and perhaps amplified by the
Taylor-Gortler vortices generated by the concave curvature of the waves.

Transverse V-Groove Models

Symmetric (model 17) and asymmetric (models 18 and 19) transverse V-groove geom-
etries (see fig. 3(d)) were also examined. The V-groove geometries had wave heights
and wavelength values equal to those of the sine wave model 16 (h/A = 0.015). Fig-
ure 43 and table 4 indicate that the symmetric V-groove and asymmetric V-grooves with
the steeper surface facing upstream had approximately 2 to 5 percent less total drag
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than the sinusoidal model 16 at Rg = 4700, Figures 44 to 46 present the measured

c distributions for all V-groove geometries at four tinnel velocities. Again, the
predicted C distributions shown in figures 47 to 49 are in very good agreement
with the meaSurements at U_ = 22.9 m/s for models in the forward direction. Fig-
ure 50 presents the total drag, skin-friction drag, and pressure drag as a function
of L1/L2 for the V-groove geometries. The data show essentially very little or no
effect of L1/L2 on skin-friction drag, pressure drag, or total drag with

L1/L2 < 1; however, with L1/L2 > 1 (the steeper surface facing downstream), the
data show a slight increase in pressure drag and total drag. The slight flow
separation predicted in figure 49(b) could be one reason for the increase in drag.
The predicted pressure drag, skin friction, and total drag are also in good agreement
(within 3 percent) with the experimental results as shown in table 4 and figure 50
at U, = 22.9 m/s.

Circular Arc and Straight Ramp Models

The circular arc and straight ramp geometry (see fig. 3(e)) was a combination of
a linear region on both the upstream- and downstream-facing slopes, joined near the
crest and valley by arc segments. Figure 51 presents the total drag data for these
nonsinusoidal models. The pressure drag contribution, shown in figure 52, accounts
for most of the total drag increase. Figures 53 to 55 indicate the measured C
distributions for all circular arc and straight ramp geometries at four tunnel Speeds.
The agreement between the predicted and measured C distributions for the steeper
surface facing upstream was very good (see figs. 56%a), 57(a), and 58(a)); however,
the agreement between the predicted and measured distributions is not as good for all
three models with the steeper surface facing downstream. (See figs. 56(b), 57(b),
and 58(b).) This discrepancy most likely results from flow separation over the wave
valley for the latter case. BAs shown in figure 57(b), the most severe case of flow
separation apparently occurred on model 34 (the predicted (Cf/Cf o)min = -1); the
largest disagreement between the measured and predicted C distributions also
occurred for this case, with measured data showing the lower C ,max® Other evidence
of flow separation can be seen in figure 51, where the total drag increases sharply
as Ry (velocity) increases for models 24 and 34 with the steeper surface facing
downstream (reverse direction).

As discussed earlier in the section entitled "Navier-Stokes Solver," when the
slope of an asymmetric wave was steep and short, the 32-grid-point computer simula-
tions sometimes did not predict the C distribution well. When the geometry was
not resolved properly, the simulation produced a mean level shift in the C distri-
bution. The only example of this phenomenon is illustrated in figure 57(a) for the
forward direction of model 34. Figure 57(a) shows that the C distribution
improved substantially by simply increasing the number of grid points in the stream-
wise direction from 32 to 64. Since the 64-grid-point simulation required approxi-
mately 2 1/2 times as much computation time as that for the 32 grid points, the
calculations with 64 grid points were only used when the 32-grid-point simulation
produced a mean level shift in the C distribution. (Model 34 is the only case
where this shift in level appeared.) ~Although the 64-point simulation with the
steeper surface facing upstream for model 34 eliminated the mean level shift in the
C distribution, it did not improve the C distribution for the steeper surface
facing downstream, perhaps because of the predicted flow separation. (See
fig. 57(b).)
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CONCLUDING REMARKS

Pressure distribution and drag for turbulent boundary-layer flow over two-
dimensional stationary symmetric and asymmetric wave trains with ratios of wave
height to wavelength (h/A) between 0.0027 and 0.020 have been examined experimentally
and compared with theoretical predictions obtained with a Navier-Stokes code as well
as previous experimental data. Within the experimental scatter, no net reduction in
total drag was found for the parameter space examined, since the pressure drag
increase associated with the wavy surfaces was always greater than or equal to the
skin-friction drag reduction. However, experimental trends indicate a possible total
drag reduction at higher Reynolds numbers based on momentum thickness (RG)' Except
for a few cases with the steeper facing surface downstream (where the Navier-Stokes
code indicates flow separation), predictions of pressure and total drag from a
Navier-Stokes spectral code agree well with the measurements. The disagreement for
the flow separation case is presumably caused by inadequate turbulence modeling in
the separated flow region. Certain asymmetric waves with h/A = 0.015, in particular
those having the steeper surface facing upstream, were found to have considerably
lower total drag (up to 6 percent lower) than sine waves of the same h/A when both
are compared with a flat plate. These asymmetric waves may have potential applica-
tions for reducing the drag of surfaces where surface waviness is unavoidable, such
as on an aircraft fuselage.

Of particular interest from this work is the success of the Navier-Stokes code
in simulating attached turbulent boundary-layer flows over wavy surfaces. These
boundary layers are highly nonequilibrium in nature (i.e., rapid alterations in
pressure gradient and surface curvature), yet a simple equilibrium turbulence model
"worked" quite well when applied directly in the transformed coordinate system.

Langley Research Center

National Reronautics and Space Administration
Hampton, VA 23665

May 7, 1984
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TABLE 1.- SUMMARY OF EXPERIMENTAL STUDIES OF FLOW OVER A TRAIN OF STATIONARY SINUSOIDAL WAVES

Investigators Wavelength, |Height/length, | Reynolds number, Fluid Measurements
A, cm h/A AU_/v
Stanton et al. (1932, ref. 10) 2.6 0.2 23 400, 70 600 Air |Wall pressure
7.62 0.2 24 000
Motzfeld (1937, ref. 11) 30 0.025 330 000 Air Pressure
30 0.05 330 000 Average velocity
Zagustin et al. (1966, ref. 15) 91.44 0.021 147 000, 317 000 ([Water|Wall pressure, average velocity
60.96 0,0105 147 000, 317 000 over crest
Kendall (1970, ref. 3) 10.16 0.031 19 000 to 64 000 Air Pressure, wall shear stress,
fluctuating velocities, average
velocity at two loctions
Sigal (1971, ref. 4) 15.24 0.026 154 000, 306 000 Air Pressure, wall shear stress,
Lees et al. (1972, ref. 5) 30.48 0.028 154 000, 306 000 average velocity, fluctuating
velocities
Hsu & Kennedy (1971, ref. 12) 25.4 0.022 238 000 to 476 000|Air Pressure, wall shear, average
50.8 0.011 238 000 to 476 000 velocity, fluctuating
velocities
Beebe (1972, ref. 6) 10.67 0.085, 0.20 21 400 to 85 600 Air Pressure, wall shear, visual
studies, average velocity over
creast, fluctuating velocities
Thorsness (1975, ref., 7) 5.08 0.006 11 000 to 64 000 Water|Wall shear
Zilker et al. (1977, ref. 13)
Zilker (1976, ref. 9) 5.08 0.006, 0.0156,|11 000 to 64 000 |water|wall pressure, wall shear
Cook (1970, ref. 8) 0.025 11 000 to 64 000 average velocity, fluctuating
velocities, visual studies
Zilker & Hanratty (1979, ref. 14) 5.08 0.025, 0.0625,]11 000 to 64 000 Water[Wall pressure, wall shear stress,
0.10 average velocity, fluctuating
velocities, visual studies
Cary et al. (1980, ref. 21) 2.54 0.005, 0.010, |22 000 to 68 000 Air Wall pressure, direct drag,
0.020 average velocity
Lin et al. (1983, ref. 23) 2,54 0.005, 0.010, |12 400 to 69 000 Air Wall pressure, direct drag
0.015, 0.020
1.27 0.005 6 200 to 34 500
.08 0.005 24 800 to 138 000
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TABLE 2.- TURBULENT-BOUNDARY-LAYER PROFILES JUST UPSTREAM
OF TEST SURFACE

U, = 15.2 m/s; Ry = 3300; g, = 22.9 m/s; Re = 4700;
6= 3.1 cm; Cf'° = 0.00327 5 = 3.0 em; cf,o = 0.00305
y/8 u/u, y/ 6 u/u,
0.009 0.372 0.009 0.405
.016 .483 .017 403
.022 «545 .024 .488
.028 572 «031 .558
.034 .587 .038 .585
.040 .600 .045 611
.046 .609 .052 .626
.052 .618 .059 .637
.058 .633 066 «651
.064 .641 .073 .661
.07 «661 .080 «667
.077 .658 .088 «671
.083 667 <101 .691
.094 .668 <115 701
107 «681 129 «710
.118 .687 142 .719
.130 .707 «157 . <731
143 726 .170 .734
.154 <731 <197 «751
.167 «736 224 «770
.190 .746 «249 . .780
.214 756 «274 «799
.238 773 .300 .810
«261 .785 .325 .821
.283 .798 .376 .839
.306 .806 .430 .863
.330 .812 T .481 .879
«377 .835 «532 .894
.424 .846 .583 «910
«471 .876 .635 927
.516 .893 686 «946
.563 .904 «736 .955
«.611 . 920 . 785 +965
.658 931 .836 973
.704 .939 .887 .983
.752 .953 .936 .989
.802 «969 960 «992
.850 .981 .984 .993
.896 .986 1.009 996
920 .987 1.036 .998
943 «992 1.060 .998
<965 .993 1.085 .998
.989 .994 1.110 +999
1.011 .996 1.136 1.000
1.035 .998 1.160 999
1.057 997 1.185 1.000
1.080 999 1.210 1.000
1.103 .999 1.236 1.000
1.126 1.000 1.261 1.000
1.148 999 1.286 1.000
1.169 999 1.311 1.000
1.192 1.000 1.337 999
1.215 1.000 1.361 1.000
1.237 1.000 1.386 1.000
1.258 1.000
1.281 1.000
1.302 1.000




TABLE 2.- Concluded

Um = 30.5 m/s; Re = 5800; Uw = 38.1 m/s; R, = 7300;
8 = 2.9 cm; Ce o = 0.00292 8= 3.0 cm; Ce , = 0.00280
O 1O

v/5 u/u, y/6 u/u,
0.010 0.441 0.009 0.473
.016 .552 .015 «557
«023 . 585 «021 «591
.029 .609 .027 «617
.036 «626 .033 «627
.043 .640 .039 «642
.050 +650 045 «662
.057 .663 .051 .664
«063 «669 .057 .673
.070 .677 .064 .685
«077 «689 +070 .684
.083 .698 .076 «697
.090 .699 081 703
.103 .708 .087 . .709
«116 «719 .100 «719
+129 .730 111 .728
.142 .739 .123 .735
.155 .745 .136 .744
+168 757 .147 «755
.182 .760 .159 .760
«207 «773 0172 «772
233 .788 .196 +782
.258 .798 «220 «794
283 .811 .244 805
+«307 +825 267 .812
«357 .848 313 .836
.407 .864 +«366 .856
.458 .881 .415 .871
.506 .897 «462 .887
.556 .912 .509 .902
.607 «927 555 «915
+658 «942 .604 «931
708 952 651 +940
.758 .965 +699 +952
.808 «971 «747 963
+859 .981 795 «972
<909 987 845 980
.935 .990 .894 .985
. 959 »993 «942 991
.984 .994 +965 «992
1.007 +«995 .993 «995
1.032 .997 1.017 +995
1.057 +«997 1.041 .998
1.082 +«998 1.064 .997
1.107 +999 : 1.087 998
1.132 1.000 1.111 999
1.156 1.000 1,135 +«999
1.181 1.000 1.157 1. 000
1.205 1.000 1.181 1.000
1.228 1.000 1. 205 «999
1.254 1.000 1.228 1.000
1.277 1.000 1.252 1.000
1.302 1.000 1.275 1.000
1.326 1.000 1.298 1.000
1.350 1.000 1.321 1.000
1.344 1. 000

1.366 1.000




TABLE 3.~ AVERAGE FLAT PLATE DRAG

Velocity,
n/s Drag, N
7.62 0.0443
9.14 .0608
10.67 .0793
12.19 .1003
13.72 1236
15.24 1492
16.76 .1770
18.29 «2077
19.81 2403
21.34 «2755
22,86 «3130
24,38 «3531
25,91 .3959
27.43 .4414
28.96 .4892
30.48 «5390
32.00 .5916
33.53 «6473
35.05 .7059
36.58 « 7655
38.10 .8282
39.32 «8783




TABLE 4.~ COMPARISON OF EXPERIMENTAL RESULTS AND NAVIER-STOXES PREDICTIONS FOR SKIN FRICTION,

PRESSURE DRAG, TOTAL DRAG, AND PHASE ANGLE AT O,

22.9 m/s

Experimental results

Navier-Stokes predictions

L
*Model h 1
Waveform no. c}x‘n’ x g CD, p CF CD f¢' CD, P CF CD 1‘0'
CD,o CD,o CD,o deg D,o cD,o CD,o deg
Sine waves 1 2,54 0.005 1.0 0.02 0.99 1.01 20 0.02 1.0 1.02 20
2 2.54 .010 1.0 .07 .99 1.06 22 .07 .99 1.06 18
16 2.54 .015 1.0 <17 «97 1.14 20 <15 .98 1.13 17
3 2.54 .020 1.0 «27 .98 1.25 27 .28 «97 1.25 28
VI 1.27 005 1.0 .02 1.03 1.05 22 .02 1.03 1.05 21
VII 5.08 .005 1.0 01 1.01 1.02 7 .01 .98 99 8
Spliced v 2,54 0.005 2.0 0,02 . 1.03 0.02 1.0 «02
sine waves V-R 2.54 .005 5 .02 o 1.03 .02 1.0 1.02
Sine waves I 4.62 0.0027 0.4 0.01 1.0 1.02 0.01 0.98 0.99
and I-R 4.62 .0027 2.5 .01 1.01 1.02 .01 .98 +99
straight II 4.01 0032 «49 01 .99 1.0 <01 .98 99
ramps II-R 4.01 .0032 2,04 .01 +99 1.0 01 .98 +99
III 3.23 0039 .74 .02 1.0 1.02 .01 .99 1.0
III-R 3.23 .0039 1.35 .02 1.0 1,02 .01 <99 1.0
Iv 3.86 .0033 +39 .01 1.0 1.01 .01 .98 .99
IV-R 3.86 .0033 2.56 .01 1.0 - 1.01 .01 .98 +«99
¢12 4.62 +015 .38 .15 .97 1.12 15 “93 1.08
12-R 4.62 .015 2.63 <24 .98 1.22 «25 .95 1.20
*13 4.01 .015 «47 11 «97 1.08 .13 .95 1.08
13-R 4.01 .015 2,13 .21 .96 1.17 .19 «95 1.14
14 3.23 .015 +«65 .12 .98 1.10 .13 <97 1.10
14-R 3.23 «015 1.54 .18 «97 1.15 .18 .96 1.14
*15 3.86 .015 «37 «15 .98 1.13 15 .93 1.08
15-R 3.86 .015 2.70 «27 .98 1.25 +«26 .97 1.23
Transverse 17 2.54 0.015 1.0 0.13 0.98 1.1 1.12 0.98 1.10
V-grooves 18 2.54 «015 «5 «15 +94 1.09 .13 «96 1.09
18-R 2.54 «015 2,0 .16 .99 1.15 .14 99 1.13
*19 2,54 .015 .33 <14 +98 1.12 .14 .98 1.12
19-R 2.54 «015 3.0 22 .95 1.17 .21 .98 1.19
Circular *24 2.54 0.015 0.30 0.17 0.99 1.16 0.17 0.95 1.12
arcs angd 24-R 2.54 .015 3.3 «26 «99 1.25 27 .98 1.25
straight *34 1.27 015 «29 .19 «94 1.13 .18 +«96 1.14
ramps 34-R 1.27 .015 3.4 «22 .94 1.16 «31 1.03 1.34
*44 5.08 .015 «29 21 <91 1.12 «19 <91 1.10
44-R 5.08 «015 3.4 .39 .89 1.28 «30 .95 1.25

*R after model number

indicates reverse flow direction.

Phase angle errors within +5°,

Navier-Stokes calculation indicates a flow separation.
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Fiqure 1.- Typical skin-friction drag and pressure
distributions over a rigid sine wave surface
with small h/A.
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Figure 2.- Test configuration in tunnel.



MODEL LI/ L Wi A, €M MODEL L1/ L wia A, CM
1 1 0.005 2.54 v 2 0. 005 2.54
lg % 88%5 322 (b) Spliced sine waves.
3 1 0.02 254
VI 1 0.005 Ll27
VI 1 0.005 5.08

(a) Sine waves.

<—L r— — le —Jr— —»
_r+]__1_l LZ _Ig]_i .
W Ui
A | / A
mobet 1'% n/x A cm mooeL 'L h/x A, em
| 0.40 00027 4.62 7 1 0015 254
Il 0.49 00032 400 18 05 0015 254
Nl 074 00039 3.23 19 033 005 254

v 0.39 0.0033 3.86
12 0.38 0.015 4.62
13 0.47 0015 4.0l
14 0.65 0.015 3.23
15 0.37 0.015 3.8

(d) Transverse V-grooves.

(c) Sine waves and
straight ramps.

_*_ﬁ'l‘* b—
h
e

e———— \——>
MODEL LKLZ h/» A cm
24 0.30 0.015 254
34 0.29 0.015 L27
44 0.29 0.015 5.08

(e) Circular arcs and straight ramps.

Figure 3.- Surface confiqurations tested.
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Figure 4.- Typical oscillation in Navier-Stokes
Cf/Cf o prediction and smooth curve fit.
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Figure 5.- Measured total drag of sine waves.
(A = 2.54 cm, 35 waves.)



— — — PRESENT NAVIER-STOKES PREDICTIONS (Rg = 4700)

O Ro = 4100 | peesent sTuDY
A Re = 7800
¢ KENDALL (REF. 3)
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=T 1 | ! ! J
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Figure 6.- Drag contributions of sine waves with A = 2.54 cm.
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Figure 29.- Cp and Cf/Cf ° predictions at U_ = 22.9 m/s for model I
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Figure 32.- Cp
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Figure 39.- C and C./C predictions at U_ = 22.9 m/s for model 12
f f '.O (o)
(sine waves and straight ramps, h/A = 0.015, A = 4.62 cm).
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Figure 40.- Concluded.
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Figure 41.- Cp and Cg/Cg . predictions at U, = 22.9 m/s for model 14
7
(sine waves and straight ramps, h/A = 0.015, A = 3.23 cm).
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Figure 42.- C, and Cg/C. predictions at U, = 22.9 m/s for model 15 (sine

waves and stréight ramps, h/A = 0.015, A = 3.86 cm).
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Figure 43.- Measured total drag of transverse V-groove geometries
(h/)\, = 00015, x = 2054 m).
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Figure 44.- Measured C values for model 17 (transverse V-grooves,

h/h = 0.015, A = 2.54 cm).
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Figure 45.- Measured C values for model 18 (transverse V-grooves,
h/N = 0.015, X\ = 2.54 cm).
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Figure 46.~ Measured Cp values for model 19 (transverse V-grooves,
h/A = 0.015, A\ = 2.54 cm).
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Figure 47.- C and Cf/Cf o predictions at U, = 22.9 m/s for model 17
(transverse V—gfooves, h/A = 0.015, A = 2.54 cm).
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Figure 48.- C and Cf/Cf ° predictions at U, = 22.9 m/s for model 18
(transverse V-grooves, h/A = 0,015, A = 2.54 cm).
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Figure 48.- Concluded.
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Figure 49.- Cp and Cf/Cf o Predictions at U, = 22.9 m/s for model 19
(transverse V—gfooves, h/\ = 0.015, = 2.54 cm).
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Figure 50.- Drag contributions of transverse V-groove geometries

with h/A = 0.015 at Ry = 4700.

Open symbols, forward

direction; filled symbols, reverse direction.



82

MODEL | A, cm
Lt ‘ ;
b 1 PR
T 2 24 | 2.54
Wﬁ?% U | L2
| ,\__,7 44 | 5.08

FORWARD DIRECTION
— — — REVERSE DIRECTION

1.30 \ATJDEL a4 [ MO’DEL,M,
=
1.25 | o =
o MODEL 34 -
1.20+ e =

1.15 -
1.10 +
1.05 (SINE WAVE)
1.00
1 1 | 1 ! | 1 1 ]
-9 0 3000 R 6000 9000

)

Figure 51.- Measured total drag of circular arc and
straight ramp geometries (h/A = 0.015).
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Figure 57.- Concluded.
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Figure 58.- Cp and Cf/Cf o predictions at U = 22.9 m/s for model 44
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(circular arcs and straight ramps, h/A = 0.015, A = 5.08 cm).
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APPENDIX

PRESENTATION OF DATA TABLES

Because of the large number of wavy wall models involved, all data used to
support the figures in this paper are listed in the appendix. Tables Al to A21
present the nondimensionalized measurements of the surface coordinates (x/A, y/A)
for each wavy wall model over one wavelength. The nondimensionalized total drag
measurements D/D for all models are listed in tables A22 to A42. Repeat runs
are presented when available. Tables A43 to A63 show the C measurements at four
velocities for each model. Finally, the C and Cf/C o gistributions predicted
by the Navier-Stokes code for all wave geomgtries are 1listed in tables A64 to A84.
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APPENDIX

TABLE Al.,- SURFACE COORDINATES OF MODEL 1 TABLE A2.- SURFACE COORDINATES OF MODEL 2
(SINE WAVES, A = 2.54 cm) (SINE WAVES, A = 2.54 cm)
" Forward direction Reverse direction Forward direction Reverse direction
x/A y/A x/\ y/A x/A x/\ y/A
f.0600 NIER S 0. 8000 L0add o.o800 @.0009 L e1aa
.9250 LBOET .6250 LAR4E . 8500 . 9500 .0a97
. 8500 L8642 .8500 .0a42 . 180808 . 1900 .ARss
.8758 LBB38 .a7Se L0048 . 1588 .1508 L0064
. 1800 . 0036 . 1008 . 0833 L2000 . 2008 .0034
1250 . Ba3a . 1258 .@B37 L2500 .25a09 :
. 1500 . Be2z: . 1500 . 0832 . 2008 . 3000
.1756 .BRZ3 L1750 . 0027 . 3560 . 35048
. 20080 .aa1e . 2000 L0621 . 4000 . 4600
.2250 . 8087 . 2250 L9013 L4500 . 4500
. 2500 -.00a4 . 2500 . 0007 .5008 . 5000
.2750 -.8012 .2750 -.0002 . 5500 .5500
. 3000 ~.9028 . 3001 -. 8011 L6000 . 6000
. 3250 -.003a . 3250 -.8018 . 5500 . 5500
. 3508 -.0033 . 3500 -.86823 . 7000 . 7000 ]
.3750 -.9040 L3752 -.8031 . 7500 . 7500 k]
. 40080 ~-.0042 ., 4000 -.80635 . 6000 . 5000 @7
. 4250 . 4250 -.9038 . 3500 . 28508 Qa5
L4499 L4500 -.0042 . 9080 . 9000 S EE
.4750 L4750 -.0044 . 9560 . 95008 LABAT
.S000 . 5000 -.0044 1.0000 1.0000 . 2190
.S525@ L5250
L5500 .5501
.57590 L5750
L6866 . 5008
.6248 L6250
. 5506 L6500
L6750 L6750
L6993 . 7000
L7250 . 7250 TABLE A3.- SURFACE COORDINATES OF MODEL 16
TS0 LTSO8 (SINE WAVES, A = 2.54 cm)
L7750 L7750
- 8800 . E’E‘E"_ Forward direction Reverse direction
.82509 .5254
6736 750 e x/A v/ x/A 22
- 9000 - 3008 - BU3& §.0000 .0159 G, 00a9 L9151
- 9258 . 9230 - 5838 L0498 .9145 L0492 L9145
3500 » 9500 .42 . 1980 .a8124 L1082 L0124
- 9750 <2730 - 0837 .1582 . 0092 .1581 .008g
1.0064 1.0008 - 0o L1999 . 0049 . 2000 . 0045
. 2500 . 0805 L2582 . 0081
. 2000 -.0043 . 2998 -. 0041
. 3499 -.0085 . 3498 -.008¢
. 4002 -.9118 . 4801 -.012@
L4582 -.8141 . 4500 -.0143
. 4998 -.0151 .seez -.81s51
.5500 -.8143 .5498 -.8141
.5999 -.0120 .5998 -.8118
.6502 -.0086 . 6501 -.0086
.7802 -.8041 . 70080 -.0043
. 7498 . 0001 . 7500 . 80985
. 8008 . 8045 .8001 . 0049
. 8499 . 8088 . 8498 . 9892
. 8998 .0124 . 9000 0124
.9501 .0145 . 9502 .8145
1.0000 .0151 1.0080 .9150
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TABLE A4.- SURFACE COORDINATES OF MODEL 3

(SINE WAVES,

Forward direction

x/N
0,.8088

. 82509
.B580
L9750
. 190806
. 1250
. 1588
. 1758
. 2008
. 2258
. 2581
.2758
. 3000
» 3251
. 3588
. 3758
. 40006
.4250
. 4508
. 4758
. 5800
.S250
. 55680
. 5751
. 6008
6258
. 6500
6751
. 7888
. 7258
. 70080
L7750
. 3800
. 8258
. 85500
. 8751
. %9681
. 9258
. 9580
. 9750
1.0000

y/\

.8195
L9194
8192
. 8136
L8175
.81508
.8138
8114
. 0884
.g8sae
.8019
-.0013
-.0043
-.8072
-.0897
-.0119
-.0139
-.0154
-.81€¢
-.8177
~.8185
-.8192
-.018%
-.0181
-.90171
-.8158
-.a8138
-.0111
-.0881
-.00847
-.00810
. 80306
. 0056
.08100
.8114
.B138
.8159
6175
.8185
.0191
.8195

A

= 2,54 cm)

Reverse direction

x/N\

o.00800
. 8250
. 8500
. 0750
.0999
. 1249
. 1500
. 1758
. 2000
. 2258
. 2508
. 2750
. 3000
. 3249
. 3500
. 37356
. 4000
L4249
. 4500
. 4750
.5600
.5250
. SSea
5758
. 6000
. 6258
. 6508
. 6749
. 7000
. 7250
. 7499
.7758
. 8060
.8250
. 8500
. 8750
. 9609
. 9259
. 9500
. 9750

1.80800

y/ M

.B19S5
8191
LB1ES
L8175
0159
L8138
.0114
.0108
. 0066
. BO38
-.0010
-.B8847
-.08881
-.0111
-.,4913%
-.9158
-.8171
-.81581
-.,818%9
-.,019z2
-.8185
-. 8177
-.8186
-.8154
-.0139
-,0119
-.8097
-.8072
-.08843
-.0013
.001%
. 8856
.B0884
.0114
.0138
.g158
.B8175
.B81886
.8192
.0194
.B19S

APPENDIX

TABLE AS5.~ SURFACE COORDINATES OF MODEL VI

(SINE WAVES,

Forward direction

x/A
B.06000

L8333
LBE54
. 1000
. 1331
1664
28082
. 2333
L2664
. 3002
.3333
. 3667
. 4080
4333
L4667
. 5802
.5333
. 5669
. 68068
.6331
.6EE7
. 7008
. 7336
. 7E64
. 8068
. 8331
. 8667
. 9002
<9333
. 9669
1.0000

y/A

L0044
L0044
. 0040
. 00386
. 8029
0016
-.0882
-.8813
-.0029
-.0842
-.0885¢6
. 06064
. 8857
. 0069
» 9069
-.08067
. 0060
-.808s3
-.0842
-.B8833
-.80824
-.8813
-.0882
. 0087
. 0016
.ge22
. 0031
.0038
.B8042
. 8844
. 0844

A= 1.27 cm)

Reverse direction

x/\

8.0800
.8331
. 0667
.0998
. 1333
. 1669
. 2088
. 2336
. 2664
. 3088
. 3332
. 3669
. 4800
. 4331
4667
.4998
.5333
. 5667
. 6000
.56333
. 6667
.56998
. 73386
. 7T6ET
. 7998
. 8336
. 8669
. 3000
. 9336
. 96€7

1.60080
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TABLE A6.-~ SURFACE COORDINATES OF MODEL VIT TABLE A7.- SURFACE COORDINATES OF MODEL V
(SINE WAVES, A = 5.08 cm) (SPLICED SINE WAVES, A = 2,54 cm)
Forward direction Reverse direction Forward direction Reverse direction
x/\ y/\ x/\ ¥/ x/\ y/A x/A y/A
v, 8000 .05 8,6000 . 68580 B, 084 . B852 0.0000 . 0e52
. 8245 . 0048 . 8245 . B049 . 8500 . 8050 . 0500 8851
. 04590 . 8045 . 0490 Be4e . 1088 . 0840 . 1000 . 0046
. 8735 . 0042 .B73S . 0049 .1508 00822 .15008 . 8037
. 8981 . 8037 . 0980 . 86047 . 1758 .0018@ . 2000 .8029
. 1225 .0831 . 1226 . 8044 . 2000 -.0802 .2500 .00183
.1471 .0024 . 1471 . 8048 . 2560 -.80822 . 3000 . 0006
.1716 .0018 1716 . 0037 . 3000 -.0838 . 35008 -.0008
. 1361 .08610 .1961 .B8B830 . 3500 ~.00848 .4008 -.0821
. 2286 . 8004 . 2206 . 8024 . 4000 -.08051 .4500 -.08033
.2451 -, 0005 . 2451 . 8816 .4588 -.B048 . 5080 -.80432
. 2696 -.98012 . 2696 .0BBs . 4500 -.0049 .5500 -.0849
2941 -.0019 . 2941 .bBBYL . 5000 -.00843 .5508 -.0048
.3186 -.082€6 .31886 -.08008 . 5500 -.,0033 .6890 -.,08851
. 3431 -.00833 . 3431 -.8015 . 6008 -.0821 .6500 -.00458
. 3676 -.0038 . 3677 -.0023 .6500 -.0008 . 70080 -.00833
3922 -.0042 . 3922 -.0836 . 7008 . 0006 . 7500 -.00822
L4167 -.,088495 <4167 -.08836 . 7500 .00818 . 80080 -.8882
L4412 -.0049 .4412 -.00842 . 8000 . 8829 . 8250 .6010
4657 -.0058 .46S7 -.00847 . §560 . 08837 .8500 .8e22
. 4902 -.0048 . 4902 -.8849 . 9000 . 0046 . 9000 . 8040
.5098 -.0049 . 5098 -.08848 .9508 , 8051 . 9500 . 8050
.5343 -.00847 .5342 -.80650 1,0000 . 0852 1.0000 .8852
.5588 ~.0042 .5588 -.0049
.5833 -.0036 .5833 -.0845S
. 6078 -.80306 .6078 -.B80842
L6323 -.08023 .6324 ~.0038
.6569 -.0015 .6569 -.0032
.6814 -.0088 .6814 -.002¢6
. 7853 . 0000 . 7859 -.8019
. 7304 . 8008 . 7304 -.8612
. 7549 .B016 . 7549 -.08005
. 7794 . 8024 . 7794 . 0004
. 8639 .00830 . 8039 .00186
. 8284 .00837 . 8284 .bB18
.8529 . 0040 ., 8529 . 00824
.8774 .0044 .8775 . 80631
. 96820 .0047 9019 .8837
+ 9265 . 0049 . 9265 . 08042
.9510 . 0049 .9510 . 00845
. 9755 . B8B49 . 9755 . 0848
1.08060 . 00850 1.688008 . 8050

926



TABLE A8.- SURFACE COORDINATES OF MODEL I
(SINE WAVES AND STRAIGHT RAMPS,

A =

Forward direction

x/\

0.00088
. 8270
.0541
".e811
. 1881
. 1351
L1822
.1892
2162
2432
. 2703
. 2973
3243
.3514
.3784
.40S4
. 4324
. 4595
. 4865
.5135
. 5405
« 3676
. 5946
6216
. 6486
6757
. 7027
7297
.75€8
. 7838
.8188
.8378
. 8649
.8919
9189
.9730
1.0000

y/\

. 0028
. 0028
.802%
. 0024
. 8822
.0020
.0017
.8015
.0012
.0010
. 0688
. 8885
. 0003
. 9001
-.0801
-.B8883
-.08885
-.00806
-.088089
-.0010
-.0013
-.0016
-.0818
~.8821
-.8823
-.00824
-.0826
~.0828
-.08826¢
-.8022
-.B8816
-.08009
-.0004
. 8003
.0011
0822
. 0828

4.62 cm)

Reverse direction

x/\ y/A
0, 86800 .0p28
.8270 .8022
8811 .8011
. 1081 . 08083
. 1351 -.08004
1622 -.0809
. 1892 -.0016
2162 -.8822
. 2432 -.882¢6
. 2703 -.00828
2973 -.00828
. 3243 -.0824
«3514 -.0823
. 3784 -.0821
.4054 -.0018
. 4324 -.001¢6
.4595 -.8013
. 4865 -.8018
.5135 -.6009
.9540S -.08086
. 5676 -.080885
. 95946 -.0803
6216 -.00081
.6486 .0001
«6757 . 00803
.7B27 .88BsS
. 7297 .08088
. 7568 .0018
. 7838 .00812
.8188 .8ai1s
. 8378 .0817
.8649 . 0028
.8919 .9822
.9189 . 0024
. 9459 .8082¢6
.9738 .00828
1,0000 .0828
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TABLE A9.- SURFACE COORDINATES OF MODEL II
(SINE WAVES AND STRAIGHT RAMPS,
A = 4.01 cm)

Forward direction

x/A

§.0008
. 0387
L8710
. 1626
. 1355
L1677
. 2000
.2323
. 2645
. 2968
.3290
.3613
. 3935
. 4258
. 4581
. 4983
. 5226
.5548
. 5871
.6194
65186
. 6839
7161
. 7484
. 7806
.8129
. 8452
.8768
. 9897
.9413
. 9735

1.06000

y/A
.00826

. 8025
. 0023
. 0021
.8819
0017
0014
.6012
.0018
. 8087
. 8085
. 0003
~.0B60
-.80883
-.8008S
-.0006
-.0010
-.00814
-.0018
-.00823
-.0026
-.00826
-.8824
-.0818
-.00812
-.008S
.0601
.80812
.0019
.08023
. 0026
.0827

Reverse direction

x/A /A
08.08060 .8027
. 8285 .0028
. 8587 . 0023
. 8983 .001%
. 1232 .ge12
. 1548 . 0001
.1871 -. 0005
.2194 -.0012
.2516 -. 0618
.2839 -.08024
L3161 -. 0026
. 3484 ~-.a8z2
. 3806 -. 0023
.4129 -.8018
. 4452 -.0014
4774 -.80198
.5897 -.0006
.5419 -.0005
.5742 -. 0083
. 6065 -. 0000
. 6387 . 08083
L6710 . 0005
. 7032 . 8007
. 7355 .0010
. 7677 .0012
. 8000 .0014
. 8323 .0817
. 8645 .8019
. 8974 8821
. 9290 .0023
9613 . 0025
1.0008 . 8026
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TABLE A10.- SURFACE COORDINATES OF MODEL III TABLE A11.- SURFACE COORDINATES OF MODEL IV

(SINE WAVES AND STRAIGHT RAMPS, (SINE WAVES AND STRAIGHT RAMPS,
A = 3.23 cm) A = 3.86 cm)

Forward direction Reverse direction Forward direction Reverse direction
x/A y/A x/\ y/A xX/A y/A x/A Y/\
6.60008 0048 0,0000 L0046 A,0600 L0634 g, 0000 . 0834
L8275 .804S .8511 . 0842 L0178 .80834 L0151 .8034
.O668 L0841 . 0904 .9037 L6587 . 0932 . @420 . 8031
L1661 . 6034 .1297 .0829 .@829 L6029 .8809 .0024
. 1454 .0027 . 16909 .881¢8 1184 .0026 .1138 L0812
L1847 .BE19 . 2083 . 8083 L1493 L0022 L1467 -.0081
L2241 .0012 L2469 -.0806 L1822 .8828 . 1599 -.000%
L2634 . 0004 .2862 -.00821 L2151 .0016 . 1934 -. 5026
L3027 -.0003 .3255 -.80834 .2a3@ .080812 .2257 -. 6038
3412 -.9011 . 3648 -.0043 . 2389 .8009 . 2586 -.88332
.3813 -.0020 . 4041 -.0046 L3138 . 9805 .2914 -.0034
.4208 -.00828 . 4693 -.8046 L3467 . 9082 .325@ -.p@s32
.4593 -.8035 .4733 -.884% . 3796 -.08901 .3572 -.B80838
.4992 -.0042 .4772 -.0045 L4125 -. 00806 .3901 -.86027
.5071 -. 0044 L4311 -. 8048 L4454 -.@011 . 4230 -. 8825
.5102 -. 00845 . 4851 -.8046 .4783 -.8017 . 4559 -. 8023
.5149 -.0046 . 4893 ~.0045 .5112 -.0020 . 4888 ~.6028
.5139 -. 0046 .4929 -.0044 L5441 -. 0823 .5217 -.B8017
5228 -.0845 . 5083 -.08842 .5770 -.8825 . 5546 -.8811
.5267 -.804¢ .5401 -.80835 L6099 -.@827 .S875 -.0paxs
.5387 -. 08046 L5794 -.00283 L5428 -.8030 .6204 -.B8861
.5959 -.B048 L6187 -.0020 L6758 -.8832 L6533 .Boaz
.6352 ~-.0043 L6585 -.8811 .7836 -.0834 L6862 . 00065
.E745 -.080324 L6373 -.8863 .rd14 -.8833 . 7191 .800%
.7138 -.08021 . 73686 . 5004 L7743 -. 5038 . 7520 L0012
.7531 -.00606 . 7759 .80812 .206¢6 ~.00820 . 7849 .881¢c
L7917 . 0889 .8153 .00819 .5401 -.0003 L8178 .g820
.8310 . 8018 . 85486 . 8027 .23533 -.0001 . 8507 BBz
L8703 . 6029 .8939 . 0034 . 3362 .0012 . 8836 .8026
. 90986 . 8037 . 9332 .8041 L9191 .0824 .9171 .0B29
. 9489 .80843 .9725 .B84%S . 9520 .66031 .9493 .BB32
1.080080 . 0046 1.00008 . 884¢ . 9849 .0834 .9822 .8034
1.0000 . 0034 1.08080 .8834
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TABLE Al12,- SURFACE COORDINATES OF MODEL 12

(SINE WAVES AND STRAIGHT RAMPS,

Forward direction

s
L0524
. 1999

1374

L1649

13922

2198

L2473

L2746

. 2023

. 3297

. 3572

. 3845 -
4121 -
4376 -
L4671 -
. 4945 -
.5219 -
.S5495 -
.S769
.6044 -
6318
. 6593
. 6868
.7143
.7418
L7693 -
. T2E8
.2243
<8517 -
.2654
. 8791
., 8929
L9204
L9477
L9754
1,0000

A = 4.62 cm)

y/h x/A

@152 9. 0084a
8145 L B248
L8134 L0523
L8123 L8758
L8113 . 1871
. 8099 . 12089
.8aaev . 1348
. 8875 . 1483
LHBE4 LATFET
. 8852 . 2832
.80329 L2307
. 8827 . 2582
80195 . 2857
. 0004 .3132
. 9889 . 3407
L0921 . 3682
.8632 . 395
. 0044 L4231
. 8B5S . 4589
. 8067 4781
.0B30 .585%
.8091 .5329
.8183 . 3604
L8115 .587%9
L8127 L6158
L8140 L6423
8151 s

.8152 LEITT

L8137 .20
8189 LTEEV
. 86871 L7202
.802¢ . 5877
. 0aa1 . 8351
.gez3 . 8626
. 0848 . 8901
.0887 L9176
.9113 .9458
.0143 L9725
.0158 1.8000

Reverse direction

yY/A

.A15e
L1433
La119
A slskc
.B84¢
I = s gt
. 8091
-. 89838
-.8871
-.a18%
-.81327
-.8182
-.8151
-.08148
-.8127
-.8115
. 9193
-.48831
-. 8988
-. 8867
-.9955
. 8044
-.88232
-.6821
-.9088%
. 90684
L H91S
. 827
. 8833
. 8052
. 8954
. BOTS
. 8937
B892
L0113
LB123
L8134
.8145
L8152

APPENDIX

TABLE A13.- SURFACE COORDINATES OF MODEL 13

(SINE WAVES AND STRAIGHT RAMPS,

A = 4,01 cm)

Forward direction

x/A

B, 8000
L8316
LAE32
L H948
L1264

9482
L9798
1.080848

yY/A

L2149
81339
s Bl
a1z
B398
.0as4
sl shci
. 039
., 0024
L0011
-.8@83
-.0817
-.08831
-,8045
-.00860
-.0874
-.0089
-.0183
-.8118
-.8132
-.8144
-.0146
~-.98134
-.0188
-.8B73
-.a83z2
.6a12
. B055
. 8893
SB123
LB141
L1495

Reverse direction

x/A

Q.0000
.92082
.B518
. 0834
.1150
. 1468
. 1783
. 2899
2415
2731
. 3847
. 3363
. 3E77
. 3995
.4311
L4627
. 4943
.5259
.S5575
.5891
. 5287
L6523
.5339
. 71355
L7472
. 77838
. 2428
. 3736
. 9852
. 9368
. 3684

1.0000

yY/A

L3145
L3141
LB123
.009S
. @85S
o1z
-.8a3z
-~ BATE
- 3188
~.9134
-. 0148
-.0149
-.8122
-.9118%
-.0102
-.BO5%
-.00674
-.0@80
~.0045
-.9a31
- 0817
-.0003
.0011
. 0024
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TABLE Al4.- SURFACE COORDINATES OF MODEL 14

(SINE WAVES AND STRAIGHT RAMPS,

A=

Forward direction

x/A

89,8000
L8394
.8789
L1152
. 1577
. 1972
2366
.27E0
.315S5
. 359
. 3942
. 4237
<4733
.5125
.55z8
.5914
.6308
.67084
. 7096
.7492
. 758¢
. 3281
. 8448
. 8841
.9235
. 9629

1.00060

100

Y/

L0151
L0144
L0126
. 8183
0084
. 0062
. BB37
80815
-. 83089
-.0031
-.0851
-.8074
~.080895
-.811¢6
-.0136
-.08151
-.B8151
-. 8136
-.0108
-.0069
-.9823
. 8925
. 8845
. 8887
0121
.0144
L8151

3.23 ¢cm)

Reverse direction

xX/\

8.0008

, 8371
LBTES
.1159
. 1582
L1719
2114
. 2508
L2904
. 3296
. 3692
L4828
. 44840
. 4875

. 5267

. 5663
60352
. 6450
. 6845
. 7248
L TE34
. 3028
. 5423
.g881g
L9211
. 9608
1.0000

y/A

o A A
@O -

[ R AN SRl (W S}

o

A

-.81

n

(I
oo
-

.
— Ty

C

-.8151
-.01325
-.8116
-.08%5
-. 2674
-.0851
-.8831
~-.0088%
80139
. 8837
8052
. 6034
.8183S
0126
.0144
.8151

0 Ch g e e
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TABLE A15,-~ SURFACE COORDINATES OF MODEL 15

(SINE WAVES AND STRAIGHT RAMPS,

A = 3.86 cm)

Forward direction

x/A

0.0000
0333
LB6E7
. 18008
. 1332
L1687
. 2000
£ 2333
. 2667
. 2000
« 3333
. 3667
. 4000
L4333
. 4667
. 5000
. 5333
. S667
. 60006
. 6333
<6667
. 70806
. 7333
i -1-vd
. 8600
. 8333
. 8667
. 9008
. 9333
-1-1-v

1.8000

Reverse direction

x/A

1.0008



TABLE Al16.~ SURFACE COORDINATES OF MODEL 17
(TRANSVERSE V-GROOVES, A =

Forward direction

x/\

0. 6000
. 8499
8997
. 1496
L1994
2493
.2991
. 3490
. 3988
. 4487
. 4985
.5434
.5982
. 6481
L6979
L7478
L7977
.8476
2973
.9473

1.0000

y/\

L0144
8121
. 8092
, 0064
, 9933
. 8963
-.0826
-.885¢6
-.B888¢6
-.B118
-.0146
-.B8147
~-.8117
~-.6084
-.8851
-.00818
.8013
. 8845
. 0B7e
.B8114
.0147

2.54 cm)

Reverse direction

x/\

B, 0000
@527
Llazy
1524
L2022
2522
. 3821
. 3519
4018
.4516
.5015
.S5513
6812
.6510
. 7009
. 7387
.888¢&
. 8504
. 9003
.9501

1.8088

y/A

.B147
8114
.Ba7e
. 8045
.8a1z
-.0a1¢g
-, 00851
-.0054
-.9117
-.9147
-.9145
-.811&
-.883¢6
-.8856
-.802¢8
. 80083
. 88332
. 0064
. 8892
0121
L8144
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TABLE Al17.- SURFACE COORDINATES OF MODEL 18

(TRANSVERSE V-GROOVES,

Forward direction

x/\

8.08008
8248
. 8495
L8743
. 89390
. 1238
. 1485
1733
. 1980
2228
. 2475
L2723
. 2970
.3218
. 3465
L3713
. 3968
. 4288
. 4435
4703
. 4958
5198
<5446
. 5633
. 9941
.6138
<6436
. 6683
.6931
.7178
«T9426
LPETS
7921
.8168
8416
. 8663
8911
9158
. 9405
. 9633
. 9901

1.0000

y/A

.0152
0142
9132
.8119%9
.0107
. 8094
.0082
.0071
. @058
. B804S
. 8834
.0018
. 8089
-.0080
-.0011
~-.0823
-.0035
-.0848
-.0838
-.80870
-.0082
~.88%95
-.8185
-.0117
-.0128
-. 0142
-.01352
-.08139%
-.0119
-.08897
-.0076
-.08055
-.08033
-.80609
. 8813
. 8035
. 8057
. 0080
.0102
8124
8142
8152

A = 2.54 ¢cm)

Reverse direction

x/\ v/A
8.00008 L3152
. 9899 0142
.0347 .9124
.0594 .8102
.0842 . 8080
. 1089 .9Qs7
. 1337 .083S
. 1584 .8013
.1832 -,000%9
. 2879 -, 80833
.2327 -,8855
.2574 -.0878
.2822 -. 8397
.3069 ~-.8119
.3317 -.8139
. 3564 -.0152
.3812 -.0142
.4859 -.9128
.43687 -.8117
. 4554 -.8105
.48082 -.989%
. 58508 -.080882
.5297 -.8878
. 5545 -.8058
. 5792 -.804%
. 6040 -.8835
.6287 ~.0023
.6535 -.80811
.6782 -.86880
.78308 .0B8%
. 7277 .0818
. 7525 . 8834
Rrdrdrd . 8045
. 8020 . 88585
. 8267 .8671
.8515 .BBEZ
.8762 . 0894
9018 .B187
. 9257 .0112
. 95685 .0132
.9752 .0142
1.60088 .0152
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TABLE A18.- SURFACE COORDINATES OF TABLE A19.- SURFACE COORDINATES OF MODEL 24
MODEL 19 (TRANSVERSE V-GROOVES, (CIRCULAR ARCS AND STRAIGHT RAMPS,
A= 2.54 cm) A = 2,54 cm)
Forward direction Reverse direction Forward direction Reverse direction
x/\ y/A x/A x/\ y/A x/A y/A
9.05660 9143 a.0600 9, 8008 8154 a. 80090
.0172 L3143 L8330 L0259 L0151 L6259
L0421 8132 L A581 LH515 JH141 L8518
LRETD L1123 0238 LB777 L8121 L8777
L8919 .a112 . 1680 . 1836 o119 18386
1168 .8193 L1329 . 1295 .H107 .129%
L1421 . 8691 1580 L1554 . 0035 . 1554
L1670 . 9981 .1829 L1813 .0084 .1213
1928 .9972 . 2050 L2073 L8073 L2072
L2170 . 0061 .2329 L2332 . 0061 .2332
.2420 . 8058 . 2580 L2591 L0849 L2591
. 2669 . 0040 . 2830 L2850 L8038 . 2850
2922 .pazs .3680 L3109 L0026 .319%9
L3171 . 8819 . 3329 . 3264 .egz2 . 3368
L3420 .8010 L3579 L3523 .e@12 . 3627
L3872 -.0603 .3831 .araz . 9001 . 3886
L3920 -.8812 . 4680 RETE BT -.86811 L4145
L4171 -.0023 L4329 L4301 -.08821 L4494
. 4420 ~-.980833 . 4580 . 4560 -.8032 . 4E63
L3457 -.0044 . 4838 L4519 -.08044 L4922
. 4929 -.0053 .5080 L5878 -.0851 .5181
.5179 -.0064 L5330 .5337 -. 0063 . 5449
.5420 -.0074 .5580 .5596 -.0073 . 5699
LSE71 -.0054 L5829 . 5855 -.0083 .5959
.5920 -.0854 . €980 L5114 -.08032 L6218
L6169 -.98105 L5388 L6373 -.0104 L6477
L6421 -.0115 L5588 L6532 -.8111 L6736
L6671 ~-.0125 L6829 : L€65891 -.0128 L6891
L6320 -.8135 . 707 .0023 .7158 -.8129 L7150
L7170 -.0145 L7331 . 0040 . 7409 -.8135 L7489 =
. 7420 -.0148 . 7580 . 0058 .TEE68 -.9154 . 7668 L8861
LTETL -.9117 . 7830 .0061 .79zv -.0149 L7927 .Bav3
.7920 -.08088 . 2080 .agr2 .8187 -.889% .8187 .0Ead
.8171 -.080858 .8330 . 0021 . 8446 -.0046 . 8446 . 98395
. 2428 -.08029 .8579 +8891 . 8785 .0819 . 87095 0107
L8671 .a082 .8832 L6183 . 8964 . 0082 . 8964 L0119
.89z@ .8032 .96881 .B112 L2223 @117 . 9223 L0131
L9170 . 6058 . 9330 .12 L9482 L9135 . 9482 .D141
L9419 . 6091 L9579 .0132 L9741 .0150 L9741 L6151
. 9670 L8122 . 9828 L8143 1.6000 L0154 1.00800 L8154
1.0600 .9148 1.0000 .0148
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TABLE A20.- SURFACE COORDINATES OF MODEL 34
(CIRCULAR ARCS AND STRAIGHT RAMPS,

A =

Forward direction

x/A

(pgalslclel
Lazoe
. 8594
. 8895
. 1191
1491

ANLOVEN v 8 }

P S O )

o B SR GO (N ]
I B Bt B Y |

(ORI L) B BN

« = .
(4, S N
L)

-~J

5368

1.00088

~. 8833
-.018S
-.82119
-.08133
-.8143
~. 21355
-. 3159
-.8123
-.08386
0.0000
.8878
.8119
.0143
.01585
L0159

1.27 cm)

Reverse direction

x/\ Y/A
g.0000 L1593
. 8308 L3188
.B59% L8143
.0397 L0119
. 1195 .0a73
L1493 9. 0008
1791 -.98846
. 1948 -.0123
. 2247 -.8159
. 2547 -.0155
.2843 -.0143
<3141 -.9133
. 3439 -.811%
L3740 -.9185
L4038 -.8@93
. 4334 -.0083
L4632 -.8874
. 4938 -.g0s8z2
.52z29 -.0048
.5527 ~. 0038
-.0024

-.9514a

.Geez

L9018

.8823

. 5040

. 8854

. 08683

. 0680

L0893

.@1es

.8115

.8135

3 .8153
1.008a L8159

APPENDIX

TABLE A21.- SURFACE COORDINATES OF MODEL 44
(CIRCULAR ARCS AND STRAIGHT RAMPS,

A =

Forward direction

x/\

9. 8088
.8250
8500
8750
Lleez
. 1258
. 1560
. 1750
. 2008
. 22509
. 2500
. 2758
. 3000
.3251
. 3500
. 3750
. 4000
. 4250
.4508
4750
. 50006
.9258
. 35088
5750
. 6008
62508
. 650808
.6738
6399
.7251
. 7501
. 7758
. 2860
. 8251
.8499
. 8751
. J008@
9249
. 950808
. 9758

1.0000

y/\

L0149
2149
8141
L8126
.8186
.8093
0882
.0072
. 0862
. 0as52
. 0042
. 8036
. 0026
. 0016
. 0085
-. 8085
-.80916
-.0828
-.0837
~. 8847
-.8857
-. 0067
-.8878
-.83088
-.8099
-.01089
-.8120
-.0138
-.8148
-.0147
-.0149
-.08149
-.08141
-.0087
-.gg2e
. 2037
. 0892
8120
.813S
.0145
.8149

5.08 cm)

Reverse direction

x/A Y/
9.0000 L8149
.8250 8145
. 9508 .9138
.8751 .a12a
. 1888 L8892
. 1249 .8037
.1501 ~-.4802¢
.1749 -. 0037
. 20048 -.0141
.2250 -.014%9
.249% ~.0149
. 2749 -. 8147
.3081 -.0140
. 32508 -.89130
.35060 -.9120
.3750 -.818%
. 4000 -. 8092
. 4250 -.8082
.45008 -.486v3
.4750 ~-.8867
.5860 -.0057
.5258 ~.480847
.5500 -.B037
.5758 -.8028
. 58008 -.8018
.6258 -.08a2%5
L5089 . 8005 .
LE7H9 .801¢é
.7000 .8026
.7258 . 0938
. 7580 . 8842
.7750 8852
.5801 .0062
.8249 .88r72
. 8500 .088z
. 8759 .8093
.8999 .0105
.9250 9126
. 9500 .8141
. 9750 .8149
1.0000 .8149
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APPENDIX

TABLE A22.- MEASURED TOTAL DRAG DATA FOR MODEL 1 (SINE WAVES)

Forward direction Reverse direction
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APPENDIX

TABLE A23,.,- MEASURED TOTAL DRAG DATA FOR MODEL 2 (SINE WAVES)

Forward direction Reverse direction

Run 86 Run 84 Run 85
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APPENDIX

TABLE A24,- MEASURED TOTAL DRAG DATA FOR MODEL 16 (SINE WAVES)

Forward direction Reverse direction
Run 73 Run 74 Run 75 Run 76
u_, m/s D/D° U, m/s D/D0 U, m/s D/Do Um, m/s D/D°
7.2 1.127 €.8 1.0889 6,9 1.853 7.0 1.899
7.8 1.126 7.5 1.133 7.5 1.1008 7.5 1.129
2.4 1.129 £.0 1.125 8.1 1.107 g.1 1.129
.9 1.135 9.2 1.1432 8.7 1.104 8.6 1.111
3.5 1.147 10.4 1.134 9.3 t.188 9.3 1.137
19.1 1.122 11.95 1.144 18.4 1.1286 9.9 1.138
19.7 1.141 12.¢ 1.140 11.6 1.117 16.4 1.131
11.8 1.152 13.8 1.147 12.7 1.127 11,86 1.133
12.9 1.14S5 14.9 1.145 13.9 1.141 12,6 1.139
14.1 1.145 16.0 1.146 1.8 1.138 13,9 1.143
15.2 1.148 7.0 1.147 16.1 1.141 14.9 1.155
16.2 1.148 18.2 1.144 17.2 1.144 16.8 1.151
V.4 1.147 19.3 1.138 13,3 1.13¢8 17.1 1.151
12.5 1.150 20.5 1.138 19,5 1.133 18,2 1.158
12.7 1.14€ 21.6 1.138 1.8 1.133 19.3 1.129
2a.8 1.159 22.8 1.136 24.2 1.137 20.5 1.14¢6
22.0 1.142 24.0 1.124 ZE.€ 1.130 21.8 1.147
23.3 1.141 25.2 1.136 29.1 1.124 22.9 1.145
24.4 1.141 2.4 1.125 3t1.8 1.117 24.1 1.141
25.7 1.134 27.7 1.123 34.7 1.111 25.3 1.142
26.9 1.132 28.9 1.1206 36,1 1.188 26.5 1.137
28.0 1.138 30.2 1.116 37.5 1.104 27.8 1.135
29.3 1.128 31.5 1.111 38.7 1.185 29.1 1.131
38.6 1.127 22.8 1.184 30.4 1.129
3z2.0 1.122 34.4 1.183 21.8 1.127
33.95 1.119 35.8 1.835 33.3 1.117
34.9 1.112 37.1 1.894 34.5 1.121
36.3 1.118 2.6 1.4893 3&.8 1.116
37.6 1.110 37.3 1.112
9.0 1,169 3B8.6 1.111
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APPENDIX

TABLE A25.- MEASURED TOTAL DRAG DATA FOR MODEL 3 (SINE WAVES)

Forward direction Reverse direction
Run 22 Run 23 Run 24
D/D_ U_, m/s D/D_ U_, m/s D/D_ U, m/s D/D_
1.220 7.5 1.225 7.2 1.23%9 7.4 1,219
1.239 3.7 1.235 8.5 1.245 8.4 1.259
1.249 9.9 1.233 3.7 1.252 9.6 1.248
1.256 11.8 1.248 19.9 1.25% 10.9 267
1.251 12.2 1.244 12.0 1.255 12.0 1.267
1.261 13.3 1.244 13.2 1.264 13.2 1.266
1.255 14.5 1.247 14.4 1.273 14.3 1.272
1.268 15.6 1.247 15.4 1.274 15. 4 1.279
1.263 16.8 1.254 16,6 t.280 16.6
1.259 17.9 1.251 17.7 1.250 17.7
1.260 19.8 1.245 19.@ 1.277 18.8
1.256 20.0 1.247 29.0 1.275 21.1
1.249 21.3 1.240 1.2 1.27: 23.4
1.247 22, 1.239 23.4 1.269 z5.9
1.248 23.6 1.235 25.¢8 1.268 28.3
1.242 24.8 1.232 zg.2 1.261 3.8
1.239 25.9 1.228 29.4 1.259 32.5
1.238 27.3 1.221 30.7 1.256 36.4
1.237 28.9 1.221 32.2 1.251 27.7
1.229 29.3 1.217 33.5 1.250 39,3
1.226 31.3 1.212 35.0 1.245
1.224 3z, 1.2689 36.5 1.248
1.216 24.0 1.2081 7.8 1.241
1.215 35.4 1.201 3%.2 1.236
1.211 36, 8 t.198
1.207 35.3 1.195
1.204 39.4 1.193
1.204
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APPENDIX

TABLE A26.- MEASURED TOTAL DRAG DATA FOR MODEL VI (SINE WAVES)

Forward direction Reverse direction
Run 80 Run 82 Run 81 Run 83
U, m/s D/Do u_, m/s D/Do U, m/s D/Do u_, m/s D/Do

7.2 1.017 7.1 1.661 T.2 1.826 7.0 1.024
8.4 1.026 8.3 1.0847 2.3 1.832 8.3 1.042
9.5 1.827 9.4 1.85¢6 9.4 1,830 9.4 1.031
18.7 1.0843 16.5 1.0838 16.7 1.835 19.6 1.052
11.9 1.843 11.7 1.038 11.9 1.042 11.7 1.041
13.1 1.847 12,9 1.0845 14,2 1.842 12.9 1.848
14,2 1.049 14.0 1.853 16.5 1.0845 14.1 1.043
15.4 1.049 15.2 1.85¢ 18.7 1.842 15.2 1.049
16.4 - 1.046 16.3 1.854 28,9 1.042 16.3 1.0851
17.5 1.052 17.4 1.8S3 22.0 1.040 17.3 1,851
18.7 1.959 18.5 1.0651 23.2 1.040 18.5 1.046
19,9 1.848 19.6 1.852 24.4 1.839 19.86 1.0844
28.9 1.847 20.8 1.658 26.3 1.836 9.7 1,045
22.0 1.047 21.9 1.047 29.4 1.833 2z.0 1.041
23.3 1.84¢ 23.1 1.0849 32.1 1.832 23.1 1.039
24.4 1.9842 24.4 1.847 35.6 1.6828 24.3 1.0841
25.7 1.042 26.9 1.043 37.8 1.0249 25.6 1.834
26,9 1.6841 29.3 1.842 39.2 1.835 26.8 1.835
29.5 1.638 31.9 1.838 41.9 1.834 28.1 1.838
32.2 1.835 34.8 1.846 29.3 1.836
35.8 1.833 37.8 1.834 28.7 1,833
37.7 1.634 39.3 1.834 32.06 1.829
39.1 1.034 40.6 1,836 33.4 1,831
48,6 1.827 41.8 1.830 34.8 1.832
41.9 1.833 41,8 1.0832 36.3 1,829
43.0 1.832 42.9 1.0827 37.8 1,832
39.2 1.034

49.5 1.826

42.4 1.831
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17.86
18.7
18.7
22.1
24.4
25.7
28.0
Z6.¢
33.4
36.3
38.9

TABLE A27.- MEASURED TOTAL DRAG DATA FOR MODEL VII (SINE WAVES)

Forward direction

D/D
/O

1.814
1.016
1.889
1.821
1.010
1.818
1.817
1.021
1.824
1.0823
1.028
1.028
1.023
1.821
1.6824
1.020
1,088
1.918
1.086
1.909

22.0
24.4
25.7
28.1
29.4
20.7
33.3
c4.8
36.4
9.1
48.2

D/D
[o]

1.826
1.820
1.822
1.0820
1.813
1.823
1.022
1.829
1.030
1.029
1.82¢
1.823
1.824
1.823
1.024
1.024
1.022
1.822
1.817
1.819
1.817
1.917
1.014
1.004
1.012

APPENDIX

U, m/s

-0 | D 0y
DW= NS &~

-
—
« = e

12.8
14.2
15.3
16.5
17.7
18.7
19.8
21.0
22.1
23.2
24.5
25.¢6
26.8
28.1
28.1
29.5
ce.s
3z.0
33.4
34.9
36.5
32.0
39.2

Reverse direction

1.833
1.83S
1.836
1.829
1.035
1.839
1.83¢6
1.635
1.833
1.032
1.630
1.832
1.830
1.030
1.832
1.828
1.827
1.831
1.029
1.029
1.027
1.823
1.024
1.026

4.3

D/D
/ (]

1.628
1.029
1.019
1.011
1.023
1.0829
1.823
1.019
1.026
1.827
1.82¢6
1.0830
1.029
1.026
1.0824
1.022
1.0826
1.025
1.023
1.026
1.82¢
1.822
1.0825
1.023
1.019
1.021
1.023
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APPENDIX

TABLE A28.- MEASURED TOTAL DRAG DATA FOR MODEL V (SPLICED SINE WAVES)

Forward direction Reverse direction
Run 51 Run 64 Run 52 Run 59
m/s D/D U, m/fs D/b_ U, mfs D/D_ U, m/s D/D_
5 L9979 7.0 1.053 7.1 1.027 2.1 1,018
1 920 2.3 1.028 2.4 1.821 3.3 1.813
3 . 998 3.5 1.026 9.5 1.021 2.5 1.015
4 1.819 14,7 1.830 19,7 1,817 18.7 1.8223
€ 1.018 11,9 1.4929 11.8 1.018 11.9 1.820
8 1.923 13.1 1.032 13.9 1.927 17,98 1,027
9 1.829 14,2 1.831 14,1 1.831 14.3 1.6833
1 1.832 15.4 1.829 15.3 1.827 15.4 1.0827
2 1.028 16,4 1.836 16,4 1.832 16.5 1.033
2 1.832 17.5 1.835 17.5 1.837 17.5 1,630
3 1.933 12,6 1.0835 18.6 1.835 13.7 1.835
[ 1.03¢6 19.7 1.835 19.8 1.833 19.7 1.833
7 1.834 20.9 1.83¢ 21.9 1.837 0.9 1.833
5] 1,834 z2.1 1.6831 22.1 1,835 2.1 1.834
1 1.837 23.2 1.034 23.3 1.833 23,2 1.837
3 1.034 24.4 1.836 24.4 1.834 24,4 1.036
S 1.835 25.5S 1.836 25.7 1.034 5.8 1.8368
€ 1.83¢6 - 28.8 1.630 26,9 1.834 26.9 1.833
9 1.836 23.1 1.832 28.1 1.834 28.8 1.836
2 1.833 29.3 1.927 29.4 1.929 59,3 1. 833
1.83¢ 38,7 t.028 39.6 1,931 0.5 1.935
1.835 g 1.827 S2.9 1.829 31.8 1.831
1.835 4 1.823 33.4 1.831 3.2 1.829
1.6831 4.8 1.821 34.8 1.0831 4.7 1.827
1.829 36.2 1.6818 6.4 1.827 3E.2 1.618
6 1.0828 37.6 1.018 37.7 1.028 27.6 1.822
] 1.038 9.0 1.818 9.9 1.825 33.9 1,019
2 1.832 48,3 1.019 43.4 1.0286 48.32 1.8917
5 1.831 41,6 1.018 41.7 1.024 41.7 1. 916
2 1.832 42.8 1.81¢8 42,9 1.015 43.8 1.018
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APPENDIX

TABLE A29.~ MEASURED TOTAL DRAG DATA FOR MODEL I (SINE WAVES AND STRAIGHT RAMPS)

Forward direction

D/D
/O

1.834
1.818
1,820
1.019
1.026
1.0823
1.016
1.015
1.619
1.820
1.018
1.620
1.019
1.0919
1.014
1.017
1.819
1.018
1.819
1.015
1.818
1.812
1.0813
1.811
1.813
1.008
1.812
1.819
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Reverse direction

D/D

1.091
1.827
1.828
1.813
1.814
1.015
1.012
1.812
1.6821
1.0820
1.018
1.817
1.0195
1.816
1.818
1.612
1.0816
1.81¢6
1.814
1.913
1.014
1.821
1.831
1.832
1.832
1.832
1.832
1.832
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1.832
1.817
1,024
1.82¢
1.821
1.818
1.019
1.825
1.4831
1.833
1.831
1.831
1.0825
1.0824
1.024
1.828
1.024

998
1.82&
1.824
1.827
1.0628
1.823
1.825
1.027
1.028
1.0624
1.827
1.822
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Run 40

APPENDIX

TABLE A30,- MEASURED TOTAL DRAG DATA FOR MODEL II (SINE WAVES AND STRAIGHT RAMPS)

Forward direction

D/D
/O

. 975
. 991
. 997
1.6067
.397
1.003
1.600
1.0800
. 994
1.0902
1.003
1.805
1,902
1.601
1.000
1.8062
1.000
1.0068
1.000
. 99¢
1.000
. 995
. 995
. 995
. 996
. 990
. 990
. 991

20.9
22.1
23.2
24.4
25.6
26.8
2e.1
29.4
la.e
31.9
33.3
24.8
36.2
37.7
39.1
48.3
41.7
42.8

D/D

.974
. 966
. 992
. 990
. 996
. 990
1.001
1.002
1.009
1.807
1.818
1.089
1.809
1.009
1.60086
1.0807
1.0082
1.003
1.000
. 999
.997
. 997
. 996
.991
.992
.991
. 98¢
. 985
. 987
.384
. 984

19.8
21.0
22.2
23.3
24.5
25.7
27.1
28.2
29.5
30.7
32.0
33.5
34.8
36.3
37.7
39.1
40.4
41.7
432.1

Reverse direction

D/D

. 981
1.013
1.000
1.089
1.003
1.004
1.0886
1.6083
i1.002
1.0886
1.0806
1.004
1.683
1.004
1.068064
1.805
1.004
1.004
1.083

. 997

. 991

. 995

. 987

977

. 973

. 978

979

. 968

375

. 961

14.3

17.6
18.7
19.9
21.9
22.2
23.3
24.6
25.7
27.4@
28.2
29.4
30.7
32.1
33.4
34.9
36.3
37.7
39.1
40.5
41.9

D/D
/O

1.022
1,685
. 999
1.003
1.003
1.0610
.997
. 999
1.600
1.002
1.00S
1.086
1.001
1.000
1.882
1.001
999
1.001
. 99¢
. 999
. 997
. 994
. 996
. 991
. 989
. 985
.986
.987
. 983



268.7
2.0

34.7
36.4
37.7
39.0
40.3
41.7
42.8

APPENDIX

TABLE A31.- MEASURED TOTAL DRAG DATA FOR MODEL III (SINE WAVES AND STRAIGHT RAMPS)

Forward direction

©

QWO
N U

15.3
16.4
17.5
12.6
19.7
20.9
22.

23.2
24.5
25.7
27.d
28.1
29.4
30.7
32.1
33.5
34.9
36.4
37.7
39.1
40.4
41.7
43.4
44.8

1.012
1.007
1.0883
1.817
1.0914
1.825
1.022
1.028
1.825
1.024
1.026
1.826
1.024
1.824

1.028-

1.827
1.926
1.023
1.827
1.822
1.022
1.021
1.018
1.019
1.828
1.616
1.020
1.8620
1.825
1.020
1.819

Run 47

Reverse direction

D/D
/O

. 983
. 996
1.003
1.007
t.011
1.815
1.811
1.865
1.015
1.014
1.015
1.615
1.617
1.815
1.014
1.017
1.017
1.018
1.81¢6
1.017
1.019
1.019
1.017
1.019
1.018
1.814
1.016
1.015
1.018
1.015
1.011

23.0
24.3

26.¢6
27.9
29.2
36.4
31.7
33.1
34.6
36.0
37.3
38.7
40.0
41.3
42.5

D/D

1.011
1.005
1.006
1.015
1.000
1.009
1.011
1.619
1.016
1.620
1.019
1.818
1.017
1.017
1.0820
1.820
1.0817
1.018
1.822
1.822
1.021
1.0918
1.021
1.024
1.822
1.022
1.0825
1.022
1.022
1.822
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TABLE A32,- MEASURED TOTAL DRAG DATA FOR MODEL IV (SINE WAVES AND STRAIGHT RAMPS)

Forward direction Reverse direction

Run 50 Run 75 Run 79
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APPENDIX

TABLE A33,- MEASURED TOTAL DRAG DATA FOR MODEL 12 (SINE WAVES AND STRAIGHT RAMPS)

Forward direction Reverse direction
Run 63 Run 64 Run 65 Run 66
., m/s D/Do U_, m/s D/D0 U, m/s D/Do U, m/s D/Do
7.2 1.185 7.1 1.1268 7.1 1.167 7.1 1.164
7.8 1.127 Te? 1.135 7.7 1.200 P 1,191
2.4 1.113 5.4 1.139 2.3 1.282 5.3 1.198
2.9 1.121 2.0 1.136 2.9 1.210 2.9 1.206
9.6 1.120 9.6 1.140 9.5 1.214 3.5 1.212
16.1 1.128 18.1 1.1490 19,1 1.224 19.0 1.212
19.7 1.128 16.6 1.139 19.6 1.223 16.6 1.225
11.2 1.125 11.3 1.127 11.2 1.2232 11.2 1.223
11.8 1.121 11.8 1.134 11,9 1.222 11.8 1.223
12.9 1.116 12.0 1.129 13.0 1.224 12.9 1.219
14,1 1.123 14.1 1.137 14,2 1.227 14.1 1.227
15.2 1.124 15.3 1.136 15.3 1.236 15.3 1.225
16.3 1.121 16.4 1.138 16.3 1.2408 16.3 1.229
17.4 1.119 17.95 1.1386 17.4 1.240 17.4 1.231
18.5 1.124 18.7 1.126 13.5 1.233 18.5 1.22%
19.7 1.123 19,8 1.127 19.7 1.230 19.8 1.228
28.9 1.121 20,9 1.138 2@.9 1.2383 28.8 1.226
22.8 1.118 22.@ 1.129 22.0 1.232 52.8 1.225
23.2 1.118 23.3 1.138 23.1 1.233 23.1 1.223
24.4 1.11S 24.4 1.123 24.3 1.231 24.3 1.219
25.6 1.118 25.5 1.124 5.6 1.226 25.5 1.214
26.8 1.111 26.8 1.122 26.8 t.222 26.7 1.208
28.08 1.111 28.8 1.120 28.0 1.219 27.9 1.205
29.3 1.112 29.3 1.120 28.0 1.220 29,2 1,198
30.6 1.118 30.5 1.117 29.2 1.218 26.6 1.195
32.1 1.108 32.0 1.115 38,6 1.215 31.9 1.1940
33.4 1.104 33.4 1.111 31.9 1.211 23.5 1.179
35.0 1.897 34.8 1.188 33.3 1.287 34.2 1.17S
36.3 1.897 36.2 1.118 34.7 1.198 zg. 2 1.176
37.6 1.100 37. 1.118 35,2 1.192 37.5 1.173
39.0 1.188 38.9 1.113 37.95 1.189 238.8 1.172
38.9 1.189
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15.4
16.5
17.6
18.7
19.9
21.0
22.2
23.5
24.6
25.8
27.1
2€.4
29.¢6
208.9
32.4
33.8
35.2
36.¢€
z8.8
39.3

APPENDIX

TABLE A34,- MEASURED TOTAL DRAG DATA FOR MODEL 13 (SINE WAVES AND STRAIGHT RAMPS)

Forward direction

D/D
/ o

1.051
1.877
1.0885
1.887
1.0890
1.089%
1.885
1.0684
1.084
1.088S
1.0885
1.898
1.6881
1.080
1.873
1.0885
1.881
1.e81
1.877
1.6870
1.074
1.868
1.0869
1.6870
1.869
1.862
1.858
1.853
1.853
1.6851
1.851

ac

3
~
0

-
- QW

—

—a e
e &= W

NHE QM= OO 0N

17.
18.¢6
19.8
21.@
22.1
23.3
24.6
25.7
27.0
28.4
308.8
32.2
33.7
3S.1
3€.6
38.08
39.2

Run 69

D/D

1.873
1.874
1.873
1.887
1.9885
1.083
1.888
1.882
1.887
1.077
1.098
1.882
1,879
1.081
1.882
1.881
1.081
1.877
1.878
1.074
1.870
1.068
1.86¢6
1.862
1.857
1.057
1.853
1.068

Run 70

qn, m/s

-
@ D 0~
00~ e (N0 G

——
£WH
) -

15.4
1.4
17.5
12.8
19.9
21.2
22.3
23.5
24.6
25.9
27.1
28.4
29.¢6
30.9
32.4
32.9
35.3
36.8
8.0
39.3

Reverse direction

D/D

1.128
1.141

1.150
1.142
1.149
1.15¢6
1.155
1.1¢6¢6
1.169
1.167
1.172
1.168
1.1686
1.171
1.178
1.162
1.162
1.162
1.15¢
1.149
1.143
1.143
1.142
1.134
1.128
1.123
1.117
1.114
1.113

——
WM OO 0~y
Rk I Ys B o (VI QY SR

13.5
16.6
17.7
18.8
19.9
21.1
22.2
23.4
24.6
25.8
27.1
28.3
36.9
33.7
35.1
36.6
37.9
39.3



APPENDIX

TABLE A35.- MEASURED TOTAL DRAG DATA FOR MODEL 14 (SINE WAVES AND STRAIGHT RAMPS)

Forward direction

1.0693
1.183
1.68¢
1.102
1.89¢
1.108
1.0891
1.898
1.183
1.183
1.108
1.182
1.899
1.160
1.897
1.89¢6
1.9891
1.089
1.088
1.087
1.887
1.087
1.888
1.0888
1.889
1.0887
1.090

38.7

40.3

8c

Run 3

=]
N
0

= B OMN® &P O -

-
M) = = D00 =~

o
w

14.2
15.3
16.4
17.5
12.5
19.7
20.8
22.0
23.2
24.3
25.5
26.7
28.0
29.2
23.2
36.6
31.9
33.3
34.8
36.2
7.7
39.6
40.3

Reverse direction

D/D

1.131
1.133
1.146
1.159
1.156
1.1S3
1.159
1.157
1.1c8
1.161
1.153
1.158
1.15¢
1,155
1.153
1.149
1.148
1.145
1.143
1.140
1.138
1.134
1.132
1.136
1.138
1.127
1.123
1.123
1.117
1.117
1.113
1.185

D/D
/O

1.161
1.179
1.163
1.169
1.165
1.164
1.158
1.156
1.169
1.163
1.160
1.160
1.152
1.148
1.147
1.144
1.149
1.139
1.132
1.131
1.129
1.124
1.121
1.114
1.114
1.111
1.110
1.107



APPENDIX

TABLE A36.- MEASURED TOTAL DRAG DATA FOR MODEL 15 (SINE WAVES AND STRAIGHT RAMPS)

Forward direction Reverse direction
Run 93 Run 95 Run 96 Run 97

U, m/s D/Do U, m/s D/Do u_, m/s D/Do u_, m/s D/Do
€,9 1.1089 6.9 1.9099 5.9 1.176 2.0 1.177
7.5 1.148 7.4 1.141 8.1 1.218 S 1,231
8.0 1.162 8.0 1,140 9.2 1.220 8.1 1. 221
S.7 1.140 s.a 1.134 9.3 1.232 s.8 1.230
9.3 1.157 9.3 1.131 16,9 1.234 5. 3 1. 529
9.9 1.148 16.5 1.134 16.5 1.z27 5.9 1.231
18.5 1.154 11.7 1.129 11.8 1.243 16.5 1.241
11.@ 1.149 12.8 1.123 11.7 1.241 11.2 1.241
11.86 1.142 14,0 1.125 12.2 1.245 11.8 1.248
12.3 1.141 15.1 1.133 12.8 1.244 o4 1,233
12.9 1.136 16.2 1.133 13.9 1.237 13.a 1.242
14,0 1.136 17, 1.135 14,9 1.248 14.8 1.242
15.1 1.134 18.3 1.133 16.1 1.246 15.2 1.245
16,2 1.134 19.6 1.126 7.2 1.251 16,2 1242
17.3 1.130 20,7 1.134 18.3 1.249 17.3 1. 251
18.4 1.13z2 21.9 1.131 19.5 1.246 15.5 1.248
19.5 1.125 24.3 1.134 z0.6 1.252 15. ¢ 1. 541
29.7 1.129 26.7 1.126 21.8 1.246 20.7 1.248
21.8 1.125 29,2 1.126 23.1 1.250 22.0 1.247
23. 1.124 31.9 1.122 24.2 1.245 23.1 1.249
Z4.1 1.125 34.7 1.121 25.4 1.242 24.3 1.246
25.4 1.119 34.8 1.128 25.7 1.236 25,5 1.241
26.6 1.116 34.7 1.123 27.9 1.233 26.7 1.240
27.8 1.115 37.5 1.122 29.2 1.232 28.0 1.235
29.1 1.112 38.9 1.125 38,5 1.238 29,2 1,234
20.4 1.113 1.9 1.226 30.6 1.231
31.8 1.118 33.3 1.217 321.9 1.227
Z3.1 1.1089 24,8 1.2087 33.4 1.219
34.7 1.1086 36.4 1.206 24,9 1.217
35.2 1.101 37.7 1.28¢ 36.2 1.215
37.5 1.162 39.0 1.2088 37.6 1.219
8.8 1.108S 38.9 1.213
40.3 1.201
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TABLE A37.- MEASURED TOTAL DRAG DATA FOR MODEL 17 (TRANSVERSE V-GROOVES)

Forward direction Reverse direction
Run 77 Run 78 Run 79 Run 81

U, m/s /D U, m/s D/D_ u_, m/s b/D_ U, m/s /D _
7.0 1.0863 7.1 1.086 7.1 1.067 7.0 1.090
7.5 1.114 8.2 1.103 7.6 1.a77 2.5 1.0694
2.1 1.114 9.5 1.694 8.3 1.101 2.1 1.185
8.8 1.183 10.6 1.109 9.4 1.091 3.7 1.10€
9.3 1.113 11.7 1.185 18.6 1.095 Q.3 1.113
9.9 1.112 12.9 1.104 11.8 1.102 a,9 1.113
18.4 1.1195 14,0 1.114 12.9 1.899 19.5 1.117
11.6 1.107 15.1 1.118 14.2 1.104 11.0 1.114
12.8 1.1084 16.3 1.1186 15.2 1.109 11.7 1.106
13.9 1.115 17.3 1.117 15.3 1.103 12, 1.112
15.@ 1.116 19.5 1.189 17.4 1.111 13.9 1.106
16.2 1.125 29.7 1.113 13.6 1.113 132.9 1,111
17.2 1.123 z21.8 1.119 21.8 1.106 15.1 1.104
13.3 1.123 22.9 1.111 24,2 1.1089 16.1 1.101
19.5 1.123 24,1 1.188 26.5 1.186 17.3 1.100
20.6 1.117 25.3 1.189 29.1 1.181 12,4 1.185
21.8 1.116 26.5 1.189 31.7 1.096 19.5 1.1092
232.0 1.120 27.8 1.197 . 34,4 1.@85 25.7 1.095
24.1 1.116 z9.0 1.10¢€ 35.0 1.037 21.8 1.1@2
25.3 1.117 208.3 1.185 37.3 1.038 23.0 1.183
25.5 1.110 31.7 1.1@82 38.7 1.085 24,3 1.097
27.8 1.189 33.0 1.182 25.4 1.099
29.9 1.189 34.5 1.096 26.6 1.0893
38.3 1.188 35.9 1.89S 27.9 1.0893
31.6 1.182 37.3 1.997 z29.2 1.88%
32.0 1.183 38,6 1.893 36.5 1.088
34.5 1.899 31.9 1.0884
35.9 1.995 33.2 1.082
37.3 1.898 34.7 1.07€
38.7 1.899 36.0 1.075
37.6 1.870

28.7 1.075
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25.5
26.7

308.5
31.7
33.3
34.6
36.2
37.4
38.8

120

APPENDIX

TABLE A38.- MEASURED TOTAL DRAG DATA FOR MODEL 18 (TRANSVERSE V-GROOVES)

Forward direction

‘D/D
/ o

1.869
1.084
1.898
1.0885
1.101
1.0893
1.0891
1.090
1.893
1.897
1.100
1.180
1.0899
1.897
1.099
1.098
1.89¢
1.094
1.0895
1.093
1.091

1.087
1.0886
1.084

1.0879
1.078

1.0874

1.873

1.875

18.5
19.5
20.7
23.6
26.7
29.2
31.8
33.3
34.7
36.1
37.5
38.9

1.049
1.951
1.071
1.091
1.0888
1.084
1.094
1.093
1.89¢6
1.097
1.892
1.89¢6
1.891
1.892
1.888
1.084
1.083
1.081
1.879
1.07¢6
1.078
1.076

Reverse direction

D/D
/O

1.128
1.143
1.131
1.130
1.134
1.147
1.156
1.151
1.148
1.151
1.143
1.145
1.149
1.143
1.141
1.145
1.147
1.144
1.135
1.132
1.130
1.124
1.118
1.120
1.117
1.118

34.8
36.2

38.9

D/D
/O

1.889
1.119
1.132
1.13%9
1.136
1.142
1.145
1.147
1.151
1.149
1.152
1.154
1.149
1.149
1.150
1.146
1.139
1.141
1.142
1.138
1.137
1.135
1.127
1.122
1.128
1.119
1.115



Run 86

APPENDIX

TABLE A39.- MEASURED TOTAL DRAG DATA FOR MODEL 19 (TRANSVERSE V-GROOVES)

Forward direction

D/D
/O

1.8852
1.872
1.885
1.095
1.181
1.186
1.186
1.113
1.185
1.111
1.113
1.114
1.117
1.115
1.116
1.114
1.113
1.112
1.112
1.188
1.108
1.1089
1.187
1.183
1.104
1.108
1.118

23.1
24.3
25.4
26.7
27.8
29.2
308.4
31.8
33.0
34.5
35.9
3r.2
38.6

Run 87

D/D
/ o

1.892
1.116
1.095
1.182
1.110
1.182
1.187
1.115
1.115
1.116
1.118
1.114
1.113
1.114
1.114
1.114
1.111
1.188
1.109
1.104
1.104
1.183
1.182
1.89¢
1.894
1.897
1.097

Run 88

Reverse direction

1.123

1.144

1.138

1.148
1.159
1.158
1.164

t.166
1.171

1.171

1.176
1.173
1.176
1.171

1.17S
1.166
1.171

1.178
1.165
1.167
1.165
1.161
1.154
1.151
1.148
1.143
1.135
1.138

18.7
19.8
20.9
22.1
23.2
24.4
25.6
27.0
28.2
29.5
30.8
33.5
35.0
36.3
37.7
39.1

p/D
[o]

1.135
1.142
1.148
1.148
1.148
1.144
1.158
1.162
1.167
1.172
1.172
1.173
1.173
1.170
1.172
1.172
1.170
1.171
1.170
1.170
1.167
1.155
1.149
1.150
1.141
1.146
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TABLE A40.- MEASURED TOTAL DRAG DATA FOR MODEL 24 (CIRCULAR ARCS AND STRAIGHT RAMPS)

Run 49

(=]
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3
=
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Yt B, AR e SO IO I CVRTS S S SN I O N S SN o I (R )

RN S N U e
P

P

L (R 8]
LY L e <]
@ W

32.4
35.2
35,6
32.06
39.4

122

Forward direction

1.152
1.1862
1.17S
1.172
1.177
1.178
1.17¢€
1.164
1.178
1.170
1.164
1.168
1.16¢6
1.163
1.18¢€
1.161
1.199
1.157
1.157
1.154
1.154
1.148
1.147
1.146
1.14¢&
1.141
1.134
1.135
1.132
1.133

W= wmr

LN CREY Ul N N |

——
o
0

11.5

D/D
/0

1.1235
1.153
1.152
1.164
1.1g8
1.168
1.169
1.164
1.171
1.172
1.167
1.171
1.178
1.172
1.168
1.171
1.186
1.164
1.164
1.161
1.159
1.157
1.159
1.147
1.147
1.149
1.147
1.144
1.148
1.138
1.132
1.134
1.134

APPENDIX

c
5
v

8

0N

Reverse direction

p/D

1.186
1.190
1.198
1.191
1.201
1.210
1.214
1.213
1.213
1.219
1.231
1.237
1.244
1.243
1.242
1.258
1.254
1.250
1.257
1.257
1.257
1.258
1.2¢0
1.261
1.266
1.263
1.265
1.266
1.279
1.282
{.282

17.6
18.8
20.0
21.1
22.3
23.¢6
24.6€
25.9
27.1
28.3
29.7
31.0
32.3
33.7
35.1
36.6
37.9
39.3



TABLE A41.- MEASURED TOTAL DRAG DATA FOR MODEL 34 (CIRCULAR ARCS AND STRAIGHT RAMPS)

Forward direction

D/D
/O

1.866
1.967
1.887
1.885
1.889
1.893
1.098
1.182
1.101
1.103
1.111
1.111
1.113
1.118
1.119
t.121
1.122
1.122
1.1286
1.125
1.125
1.125
1.124
1.126
1.123
1.124
1.123
1.120
1.117
1.120
1.119

(=]
5
w

—
=R HEOMN DO L QMR

Lol BETCREY C R wx B B

-

——
D) fo o
e = =

14.2
15.3
16.5
17.95
18.¢
19.9
21.1

2z.2

[ L U V)
~ A e W
Ll R <N

GY G G 0D O LY 0D MDD
LY OB (R IO I LV RV U |
WA R~ OMOALQ

Run 59

D/D

1.884
1.684
1.083
1.089
1.182
1.888
1.0896
1.894
1.101
1.089%
1.168
1.113
1.119
1.124
1.124
1.124
1.127
1.12¢
1.128
1.12%5
1.128
1.129
1.123
1.124
1.128
1.123
1.125
1.121
1.121
1.122
1.12¢6

APPENDIX

15.68
16.7
17.8
12.9
26.1
2

OO0 AR 0 A S LD [
R (VI R B RN e U O P

LD 0 D R PY BRI R PR

Reverse direction

D/D

1.882
1.873
1.887
1.090
1.185
1.106¢
1.182
1.121
1.121
1.124
1.135
1.142
1.147
1.154
1.181
1.163
1.170
1.172
1.1°77
1.178
1.184
1.1385
1.1%@
1.1393

1.207

Run 61

Um, m/s

- QYo 0y
S HEOMRDOOAN

—

—

11.5

13.3
14.4
15.5
16.7

7.8
12.9

[

"y
OO T NWMN@WOJAEWN—Q
@O0 W T deo= DA

(AR AN IO R R R N (VI I S T OV I (8 I N

D/D

{.182
1.214
1,149
1.184
1.997
1.1835
1.185
1.189
1.114
1.128
1.124
1.127
1.141
1.142
1.147
1.15¢
1.154
1.160
1.189
1.173
1.177
1.178
1.181
1.187
1.194
1.19¢8
1.197
1.201
1.206
1.212
1.2186

123
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TABLE A42.- MEASURED TOTAL DRAG DATA FOR MODEL 44 (CIRCULAR ARCS AND STRAIGHT RAMPS)

Forward direction Reverse direction
Run 54 Run 55 Run 57 Run 56

U, m/s D/Do U, m/s D/Do U_, m/s D/Do U, mfs
7.3 1.119 7.4 1.108 7.5 1.339 7o
7.9 1.118 2,0 1.128 8.1 1.275 7.4
8.5 1.118 5.6 1.119 2.7 1.231 5.0
a1 1.123 9.2 1.121 9.3 1.245 8.6
9.7 1.127 9.8 1.129 9.9 1.252 9.3
16.3 1.126 19.4 1.124 10,6 1.242 2.9
19.9 1.121 11.0 1.125 11.1 1.244 18.5
11.5 1.123 11.€ 1.125 12.3 1.256 11.1
12.1 1.129 1z.2 1.138 13.5 1.267 11.7
13.2 1.132 13.3 1.125 14.6 1.272 12.2
14.4 1.132 14.4 1.124 15.7 1.271 12,4
15.5 1.130 15.¢6 1.121 16.8 1.275 14.6
1€.6 1.132 1€.7 1.127 17.9 1.273 15.7
17.7 1.130 17.a 1.122 19.0 1.279 15.8
1.8 1.129 18.9 1.125 208.2 1.277 17.9
6.9 1.126 2a.1 1.125 21.3 1.283 13.8@
21.2 1.125 1.3 1.122 22.4 1.283 24,1
22.3 1.125 22.4 1.124 23.7 1.283 21.3
23.5 1.12¢ 23.6 1.121 24.8 1.279 22.4
24.6 1.123 24.8 1.123 26.0 1.27¢ 23.8
25.9 1.122 26.9 1.118 27.2 1.272 24.9
27.1 1.121 2r.2 1.119 23,5 1.269 26.4
23.4 1.120 22.5 1.119 29.8 1.278 7.2
29.6 1.121 29,7 1.120 3.0 1.269 25,4
30.9 1.122 21.9 1.119 z2.3 1.268 29,3
32.3 1.122 32.3 1.117 33.8 1.262 31.@
33.8 1.11¢ 23.8 1.114 35.2 1.261 32.4
35.2 1.11¢ 35.3 1.1089 36,6 1.253 23.7
36.6 1.120 36.7 1.111 38.1 1.251 35.2
38.9 1.117 38.1 1.112 39.4 1.258 36.7
39.4 1.116 39,4 1.115 3.0
39.3
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TABLE A43.- MEASURED Cp DATA FOR MODEL 1 (SINE WAVES, A = 2.54 cm)

Forward direction Reverse direction
/A CP at velocity U, m/s, of - /A Cp at velocity U_, m/s, of -
15.2 22.9 30.5 38.1 15.2 22.9 30.5 38.1
. 083 -.8151 -.8163 -.0816% - B1ES . B045 -.9874 -.8102 -. 8895 -. 0099
. 855 -.8137 ~-.08151 -.8168 -.8157v . 895 -.0863 -.8065 -.00878 -.0031
. 184 -. 01608 ~-.0179 -.0181 -.B8194 . 145 -.8831 -.H8065 -.80851 -.6847%2
. 155 -.813€6 ~.0158 -.0164 -.081c7 196 . 0BB8 -.08023 .0618 .eotls
. 285 -.8108S -.0128 ~.811¢ -.0112 . 245 .0831 .0@852 .0064 .B8gse
. 2586 -.08086 -.00865 -.0058 -. 8842 . 296 . 8873 . 0085 .B8117 .8133
. 305 . 0087 , 00088 . 0015 . 8843 . 344 .015¢6 .0132 L0173 8207
. 354 .BO42 , 0075 . 0030 @123 . 396 .0161 .01908 .0229 .ezs1
. 485 . 0894 8119 . 8139 8168 . 445 .B179 .B218 .08229 . B27
. 455 .0126 8157 8181 .8198 495 . 0203 .0217 . 0247 ,azve
. 505 .0144 ,8189 .0197 L8228 . 545 8194 .8233 .022% .8261
.555 .08168 .8179 8217 . 8235 . 595 9185 .B233 .8239 .0298
. 604 .0176 .819S .B232 .8243 646 ,0184 .B179 .08199 . 8223
.656 .01793 .0198 . D292 .8231 . 695 8151 0154 .0160 .0169
. 794 .8142 0172 .8158 .8183 . 745 , 8063 . 8087 .8890 0104
. 755 .8099 L0182 .0e98 .B117 . 795 -.30208 .98012 .0888 .0019
. 804 .08925 .Bo22 .B831 .8822 . 845 -.a034 -.0049 -.0055 -.0a%89
. 859 -.08030 -.0027 -.00309 -.0a41 . 896 ~-.0804 -.9143 -.0106 -.0110
. 985 -.00881 -.00835 -.0180 -.0124 . 945 -,9892 -.0113 -.B8129 -.08121
. 955 -.8112 -.8132 -.081408 -.8138 . 997 -.8103 -.08100 -.0115 -.9111

TABLE A44.- MEASURED CP DATA FOR MODEL 2 (SINE WAVES, A = 2.54 cm)

Forward direction Reverse direction
i - C at velocit U m/s, of -

/A Cp at velocity U, m/s, of /A b y U,, m/s,

15.2 22.9 30.5 38.1 15,2 22.9 30.5 38.1
.824 -.8293 -.8348 -.8372 -.8392 827 -.08358 -.0377 -.0419 -. 6444
.876 -.B8293 -.8325 -.08348 -.8369 .874 -.08318 -.835S -.039¢ -.0417
.123 ~-.0248 -.,8259 -.8284 -.B8299 128 -.08281 -.08382 -.0345S -.0341
.173 -.08163 -.81°77 -.0186 -.0175 177 -.0191 -.81886 -.08216 -.82132
. 225 -.808523 -.0848 -.B8045 -.0028 . 225 -.88%0 -.8887 -.8080 -.80868
. 277 .884S . 8856 .8087 .8125 . 277 9812 .8847 8074 8114
. 326 .8119 8167 , 0201 .B252 . 325 L8114 .8149 .0176 .821¢€
. 376 .8289 .8276 . 0304 . 8357 375 .8194 . 8249 . 0289 . 0334
. 426 .a3p2 . 8359 . 8407 .9452 . 427 .B257 .8337 .08363 L8415
.474 .0345 .B8399 . 0467 8512 .476€ . 0357 .0371 . 0426 8443
.924 .8393 .0423 . 0468 . 8525 . 926 . 0369 .8393 0432 .846¢6
.573 .8421 . 0440 . 06501 .9541 .574 . 8376 .0389 0422 L8441
. 625 .8382 .0418 . 8463 . 8489 625 .B3S3 .8367 .0377 .041S
.67S .0382 .0387 .8395 . 0425 .674 .8332 .0830886 .0321 .a8329
. 723 .0286 .B28S .0294 .0323 .T23 . 8233 .0233 .0223 . 8233
. 775 .8126 .0139 .0130 .0135 . 779 .8125 .0898 . 0098 . 8893
. 823 .0818 -.0024 ~.0034 -.0884¢ .827 -.80826 -.08861 ~-.0086 -.8182
. 874 -.0131 -.8159 -.0192 -.0212 . 877 -.0179 -.0195 -.0261 -.08256
. 326 -.02386 -.8270 -.0316 -.0324 924 -.08284~ -.8304 -.0372 -.08354
. 973 -.08291 -.8320 -.8353 -.8379 976 -.8346 -.8379 -.0416 -.0444
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TABLE A45.~ MEASURED Cp

Forward direction

]

L8411
L0463
. 3455
9495
EE
. 9451
L9338
. 0305
.21z
Le171
L6893
La011
L8130
L0266
L0348
. 3430
L3453
c
p
15.2
-. 0503
-.8517
-. 9493
P % b ]
—.0244
-.9129
L0314
L8119
L6223
.04a1
L0538
a523
73
L0530
.8575

. BBEE
~.9n201
-.0400

~. 8502

22.9

aoao

0 W & nin

[}
DA I S SO o B S O I <

E-N RS-

. .
[\
-

S

-. 80573
, 8939
L8130
L9233
L8318
L8424
. 9523
B8543
L3594
LBE0
. 8558
. 8491
. 8425
.8210
.ezas
.B157
.Bevz

-.6B19

-.8175

-. 8314

-. 0434

-.8513

-.8a529

1l

at velocity U_, m/s,

Ll (RN I A s &

o Woman
e I SR ]

Lan}

L0244
L8393
L0489
L B530
LDE2

TABLE A46.- MEASURED Cp

Forward direction

at velocity U_, m/s, of -

22.9

30.5

1
L B o ]
L I U ey

U R O I B |
e ]

-. 8338
-.8551
-. 8550

38.1

APPENDIX

.3

DATA FOR MODEL 3 (SINE WAVES,

X/A

s s s @
LAl BN I o VRN SR ) B O S S I PN T O B e v

B o I T U CRY (I A I SR R SRR o S SO TR <Y

AN LMW T~ DM M

DATA FOR MODEL 16 (SINE WAVES,

A = 2.54 cm)

Reverse direction

]
o]

-
wv
.

N

oo

oD D
SO B VN SO OO ¥

[ ]
Lol CCIN RN T S <3

-.8154
-.08586
-.9881
-.68619
L BBE7
LB124
L8283
L0318
L8373
0432
L8432
. 0588
L0583
L8479
E412
L8332
L H244
L8123
-.0803
-.8113
-.B236
-. 8347
-.8421
-.84¢1

P = O 02 —J

b5
[

at

velocity U_, m/s, of -

22.9

30.5

L8383
LB57e
L8526
0452
. 83265
L8259
.8149
8858
. B84%
. 0049
.0815¢
08261
.g3g2
8492
. 8549
. 8588
. HE30
. 0628
~8599
9537
0447
. 83260
.8254
. 8997
-.9051
-.8170
-.8316
-. 0430

-.B522

-.9552

A = 2.54 cm)

Reverse direction

L3445
LB3536
L8557
. 0554
. 8457
8391
. 0203
-.0848
-.8382
-.a502
~-. 83350
-.8587

38.1

L BB37
-, BB53
-.8185
~-. 8342
—-.B472

-.@8552

-. 8514

at velocity U, m/s, of -

22.9

30.5

-. 0654
-.8613
-. 6488
-.8293
. 8855
. 8353
.B574
.B7e1
L8742
.BEES
. 0541
. 0553
. B398
.018@
-.0111
-.8435
-.865¢6
-.87ver
-.B8718

38.1
=.B745

-. 8668
-.65882



C
p

15.2

-.0087
-.0088
-.0882
-.0875
~.08855
0014
. 0835
. 8862
. 6885
.0188
.9123
.9129
.9139
0134
L8126
L0118
8102
. 80886
. 0064
. 0041
. 0888
-.0018
-.0034
-.0051
-.B8089
-.8872

TABLE A47.- MEASURED CP

Forward direction

at velocity U,r m/s, of -

22.9

~.01060
~.08185
-.0108
-.8878
-.8832
. 0013
. 00858
. 8082
.0119
.8136
8145
.0171
.8172
.0164
. 01586
8139
.0108
.0892
. 8068
. 0044
. 8006
-.8815
-.00846
-.080854
-.0897
-.009¢

30.5

-.01186
-.011S
-.8103
-.0084
-.8048
. 8837
. 0872
8118
0141
.816S
.0184
.0209
.8195
8191
L0177
0154
L0115
.0185
. 8885
. 0043
. 8087
-.08017
-.0857
-.0875
-.08899
-.0108

38.1

-.08118
-.0187
-.B8B89S
-.887v&
-.goeze
. 8054
.8a9?
.08138
0172
.8202
8229
. 8258
L8234
8218
-.82835
.0131
.0161
.0113
.80887
.00353
.0B822
-.08019
-.0838
-.0874
-.8108
-.8184

APPENDIX

x/\

015
. 049
@92
. 124
L1682
. 198
240
. 274
. 315
. 344
. 388
419
BT
493
. 534
. 569
. 606
641
JB79
713
. 752
. 807
. 268
.98z
941
. 974

DATA FOR MODEL VI (SINE WAVES,

A =1.27 cm)

Reverse direction

c
P
15.2

-.@8as55s5
-. 8874
=. Q@77
-.0075
-.0856
~-.0839
-.0827
-.0020
0011
. 8025
. 0051
. 0859
. 8879
.0108
L0124
815z
8147
L8163
. 0169
8169
.9147
. 8892
. 0803
-. 8826
-.g042
-.80857

at velocity U, m/s, of -

22.9

-.06884
-.0893
-.80889
-.00584
~.0063
-.0651
-.008308
-.0814
.8018
.0041
. 86863
.80786
.8117
.9134
. 8156
.8181
.0197
.08203
.8135
.82086
.8178
.0108
-.88082
-.808286
-.B8852
-.8068

30.5

-.8089
-.009¢&
-.0087
-.8088S
-.8088
-.80S5

~.8825

-.0014
. 8028
. 0047
. 00806
.6186
8133
.0153
8182
.0208
8222
. 8228
. 8230
. 8236
.0191
.0113

-.080¢8

-.0041

-.08858

-.08878

38.1

-. 009z
-.0181
-. 8881
-. 008387
-.00865
-.0032
-.0816
. Bee2
.8e42
.Bees
.8187
8125
.9152
.81av
L0213
L0241

. B255

8259
. 0264
8253
L0218
08124
. gege
-.0023
-.0051
-.8073
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TABLE A48,- MEASURED Cp DATA FOR MODEL VII (SINE WAVES, A = 5.08 cm)

Forward direction Reverse direction
%/ cp at velocity U_, m/s, of - X/ Cp at velocity U_, m/s, of -
15.2 22.9 30.5 38.1 15.2 22.9 30.5 38.1
. 808 -.815% -.0183 -.81886 -.B178 L824 -. 0231 ~.0244 -.8253 -.8a57
041 -.B8163 -.0174 -.0177 -.0162 , 057 -. 8231 -.0240 -.8251 -, 0239
.a74 -.B8149 -.8158 -.8153 -.0134 .094a -. 8236 -.8237 -.0253 -.8241
. 167 -.9119 -.8131 -. 0121 -.0183 122 -.8217 -.8235 -.08233 -.8237
. 139 -.0889 -.0089 -.8076 -.86859 . 155 ~-.02098 -.98289 -.8288 -.pzav
172 -.00843 -.B80833 -,0020 . @02 . 188 -.8179 -.8178 -.8178 -.8179
. 2065 -.08001 . 8008 .B8033 . BBEH . 220 -.08132 -.0149 -.8137 -.0126
.237 . 00853 .BBET .00386 L8107 .253 -.68101 -.B8839 -.0084 -, 8885
278 .08882 6112 .8125 .B8160 . 286 -.0835 -.08044 -.80828 8881
. 383 .89138 .0162 .08195 .8211 319 -.00083 .8014 .08032 .0951
.33S .9181 .8217 L8241 L8257 . 351 . 0045 .0078 . 8886 .8n399
. 368 6226 .8256 8281 . 8308 . 384 8102 .8119 .6143 8151
.401 .8252 L0286 . 8307 .B33S5 417 9152 L8176 .8198 L0214
. 485 .0289 .8298 . 8340 .B3E67 . 449 L1197 .B8211 .823% .0254
.518 .8232 .8284 .8319 L8349 432 .8227 .B8237 . 8267 .8278
. 551 .8252 L9276 ., 8380 . 8328 .51S . 82508 .826¢6 .B8292 .0318
.983 .8248 . 8248 . 0275 .028% .599 .8227 .8238 .8254 L8256
.616 .8211 .8218 .0238 0240 .632 0283 .8218 .az229 .0241
.649 .B8173 .0172 .0187 . 0201 565 L8178 .8188 .0188 .a19:2
.681 .0131 .0128 .8128 8148 697 .0142 .B8135 .08159 .8159
.714 . 0068 . 8875 .a877 . 88939% . 730 .B1081 . 8883 . 0889 .8833
. 747 .8022 .8619 .8e22 . 3631 . 763 . 86841 . 00843 . 8040 . 0047
.7808 -.0021 -.080828 -.0831 -.0011 rd-1< -.0083 -.806085 -.0882 .8803
. 812 -.0868 -.0881 -.8082 -.8073 .828 -.0870 -.8851 -.8059 -.80855
. 8345 -.0182 -.8112 -.68122 -.0105 .861 -.8099 -.8111 -.01186 -.8119
. 878 -.8135 -.8140 -.0141 -.0148 ’ . 893 -.08148 -.08159 -.0171 -.9174
.910 -.0146 -.8163 -.8164 -.0158 . 926 -.8136 -.8193 -.0208¢ -.8214
.943 -.0154 -.01632 -.0163 -.0154a . 959 -.6209 -.0229 -.0235 -.0243
.I75 -.01686 -.01686 ~-.8165 -.0155 . 992 -.B8236 -.0252 -.08253 -. 8263
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x/\

. 030
@67
L1091
.135
170
.205
.241
.275
. 309
L334
. 369
. 404
.439
474
.509
.544
.577
.513
.E45
.683
718
.752
.788
.823
.857
.892
.927
962
. 997

TABLE A49.- MEASURED CP

C
P

15.2

-.B8168
-. 8178

=, 8157

-.0125
-. 0086
-.8829
. 8828
. 0070
.9185
.B8132
L8144
.8179
.0178
.0134
L8174
.8133
.8149
.08117
. 8053
. 6051
. 8020
-.0011
-.080834
-.8050
-.0889
-.8110
~.89131
-.0143
~-.08165

Forward direction

at velocity U_, m/s, of -

22.9

-.08176
-.01809
-.0172
-. 8137
-.8883
-.08012
. 0048
. 8099
<8145
8173
.0183
.8213
.B8213
@198
.0190
.8183
.8161
8121
. 0091
.8052
. 0013
-.0812
-. 80840
-.0873
-.0895
-.0119
-.8143
-.08157
-.8175

30.5

-.08187
-.0195
-.08181
-.08143
-. 0069
0001
. 0068
. 8129
.H1€6
.0193
L0217
. 8245
8248
8223
0211
. 8193
.0165
.8138
. 0836
.8058
. 0089
-.8016
-.8845
-.8075
-.0187
-.01233
-.8150
-.0166
-.0187

38.1

-.9185
-.8285
-.8183
-.9144
-.0887
.0815
.8828S
8148
9195
L8224
.8251
L8274
. 8283
. 8243
8235
8283
.8174
0143
.0119
. BBEE
. 0820
-. 0028
-. 0058
-.0877?
-. 68391
-.8127
-.9151
-.016%
-.01588

APPENDIX

x/A

. 004
. 038

2o
DL i

. 188
. 143
S s
212
. 248
. 282
317

aAcA
oDt

. 387
423
. 436
491
. 526
.361
.5%¢
631
. 666
691
725
. 739
. 795
. 8320
. 865
. 899
. 933
. 970

DATA FOR MODEL V (SPLICED SINE WAVES,

A = 2.54 cm)

Reverse direction

C
P

15.2

-.015S
~.0152
~-.08149
-.8130
-.68118
-.68103
-.00878
-.8058
-.0038
-.0018
.0613
.0849
. 8077
.0182
.8128
.681€0
.818S
.B8199
. 0220
.B223
.0198
.8183
.0155
.0107
.0049
-.0004
-.B8083
~.0124
-.0148

at velocity U_, m/s, of -

22.9

~-.0176
-.0170
-.8158
-.8148
-.8121
-.0104
-.8087
-.0035
-.0031
-.00083
.0829
. 0859
.0182
.8138
.0158
.818¢6
.8213
.8233
. 8258
9235
.0211
.0287
.0167
.0106
. 0040
-.0827
-.8099
-.815S
-.0167

30.5

-.0178
-.0176
-.0164
-.8152
-.0134
-.0100
-.0086
-.00854
-.0022
.0014
.063¢
.geg2
.8123
.0158
.0186
.0214
.0251
.8264
. 8290
8262
.8236
.0216
.8189
.0114
. 0840
-.083¢6
-.0116
-.0168
-.0182

38.1

-.082048
-.8183
-. 8152
-.015S
-.013c
~.0105
-.0874
-.08047
-.80814
0024
. 0859
.8100
8142
.917d
.0212
.98240
. 0268
. 0287
.0318
. 08288
. 0260
8238
.8189
0122
. 0046
-.0033
-.0121
-.0174
-.9185

129
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TABLE A50.~ MEASURED Cp DATA FOR MODEL I (SINE WAVES AND STRAIGHT RAMPS, A = 4.62 cm)

Forward direction Reverse direction
/A CP at velocity U, m/s, of - /M cp at velocity U_, m/s, of -
15.2 22.9 30.5 38.1 15,2 22,9 30.5 38.1

. B335 -.3150 -.91695 ~-.8167 -.016¢8 . 026 -.08143 -.8149 -.0149 -.08147
.79 ~-.9128 -.0139 ~-.8127 -.0123 061 -.9109 -.01089 -.0111 ~-.08105
. 185 -.9898 -.8114 -.0104 -,0037 . 0895 -.8057 -.0053 -.0850 -.0837
. 148 -.0094 -.809¢ -.0885 -.8084 . 130 -.0019 -.0013 .Bens .0821
174 -.080830 -.0073 -. 8872 -. 0052 . 165 .0820 .0041 . 0855 . 8674
. 289 -.0062 -.0B5S ~-.8050 -. 0044 . 200 . 8872 . 8889 .08115 .0139
244 -. 0047 -.80858 -.00843 -.08025 . 235 .a116 .0138 .0165 .8180
.279 -.08044 -.08032 -.8829 -.B8017 269 8132 8141 .8170 .B176
L3213 -.6030 -.g028 -.0013 -.9883 . 304 .9118 .0129 .0154 01686
. 348 -.0013 -.8015 . 8003 .081¢ . 339 0108 .8106 .0118 .81209
. 382 -.8002 -.0p089 . 8805 . 8825 . 374 .8086 .B@92 .0103 .0106
418 . 0004 . 0003 .0022 . 80835 , 409 . 0069 .8078 .8882 . 08095
452 . 8005 .8815 . 8025 .BB29 . .443 . 06046 .08061 . 8068 .8081
357 . 0015 .0017 . 8828 .080836 .478 . 0049 .0047 .BO61L . 0860
. 522 .8029 .BB23 . 0034 . 8851 .513 .8027 .BB835 .6837 8649
.55°7 .BB32 . 80040 .8857 . DBES .547 .8024 .8027 .B8032 . .0041
591 . 0044 . 0054 . 0064 .8are? .582 . 9638 .8031 .08032 . Bo44
626 . 9065 .9a73 . 0086 .8187 .618 0017 .B819 .0027 . 8032
.661 .888? . 8094 .0185 .8114% 652 .00811 .8810 .8024 .9018
L6965 .8100 .0183 .0119 .0140 .687 . 0606 . 0088 .8018 .8615
. 731 .0121 L,8131 .0151 .0178 721 .88806 -.00885 -.0801 .0011
.TES .8134 .0161 .8183 .0198 .756 -.0016 -.8012 -.0008 -.0007
. 200 .0144 L8153 .0169 . 8191 . 791 -.8825 -.0824 -.8016 -.00814
.835 .0116 .0119 8131 0149 . 826 -.0037 -.0883% -.B8828 -.8029
.378 . 0064 . 0864 . B859 .0850 . 860 -,0853 -.8054 -.0041 -.0054
. 985 .8832 . 0027 .8033 . 8042 =111 -.0065 ~-.0069 -.0060 -.08859
.939 -.88386 ~.8035 -.0038 -.80823 . 930 -.8087S -.8088 -.0072 -.0880
. 974 -.8681 -.08%8 -.8187 -.08094 . 965 -.0095% -.B118 -.01808 -.0111
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TABLE AS51.- MEASURED Cp DATA FOR MODEL II (SINE WAVES AND STRAIGHT RAMPS, A = 4.01 cm

Forward direction Reverse direction
</ Cp at velocity U_, m/s, of - /A Cp at velocity U, m/s, of -
15.2 22.9 30.5 38.1 15.2 22.9 30.5 38.1
.614 -.8118 -.8130 -.0122 -. 8127 922 -.9112 -.0128 -.0130 ~-.8134
. 849 -.8102 -.0110 -.0100 -.0182 . @s7? -.8113 -.8124 -.0131 -.8132
.0884 -.0088 -.98088 -.0884 -.9075 .0892 -.8038 -.0101 -.9105 -.9183
. .119 -.80882 -.8067 -.006856 -. 0054 127 -.80860 -.0056 -.0051 -.0045
.178 -.00¢62 -.08071 -.08859 -.0039 L1682 -.0006 . 8001 .0010 .9032
. 285 -.8853 -.0849 -.0044 ~-.8832 . 197 , 1831 . 9038 . 8040 . 00651
. 248 -.80860 -.8035 -.0032 -.0824 . 233 . 8073 .00875 .0094 0112
275 -.0038 -.8034 -.00823 -. 00091 . 268 .3108 .B11S .0143 .B1708
.318 -.0016 -.0012 -.98005 . 0081 . 303 .8134 .B151 .9183 .82089
. 345 -.0081¢ -.0004 0003 .ge1s . 338 .0146 .8172 .8209 .B218
. 381 -.0002 . 0007 .0816 . 2830 373 .8149 .0178 .a187 6282
416 -.0004 .0013 8819 . 0840 . 403 .0138 L9143 .8150 LO1ES
«451 .0018 .0013 . 0030 . 8843 BT .0169 o111 .8118 .a12%2
. 486 .8012 . 0823 . 0831 . 8837 479 , 983 .8@81 . 86350 .ae923
.521 0822 .8039 . 8047 . 80859 .S514 .8852 .8851 . 0056 .0055
.5986 . 8047 . 0062 .9873 . B898 . 949 .8838 . 0044 . 8849 .BB53
592 . 8084 . 0089 .0108 .0124 . 584 . 00834 . 0041 . 90855 . 8061
L6627 . 0094 0115 .8147 .0162 619 . 0042 .8838 .80843 .8052
.662 .812S .a148 .81886 8267 555 L0834 .8833 . 8843 .985S1
<637 .B8139 0163 .0199 0224 . 690 . 8023 . 8820 . 8034 .8037
.732 . 8144 .8157 .0182 . 8280 . 723 8819 .0811 .0016 8822
. 767 .8119 .B8132 .08148 LH15E .7608 -.0800 .0gas -.00661 .ge1s
.303 . 0078 .06891 0106 0104 . 795 . 0805 -.0008 -.900eS . B804
.338 .8a8s2 . 808561 . Q069 .d8se .830 -.80208 -.00818 -.8015 -.0889
.873 . 0089 . 0009 0014 .B80823 .8381 -.B858 -.080858 -.908508 -.00846
. 388 -.00851 -.00855 -.00853 -.0054 916 -.0854 -.08876 -.8871 -.0062
. 943 -.008%2 -.008993 -.8107 -.8183 951 -,9085 -.0884 -.8093 -,0083
.978 -.0114 -.0131 -.a113 -.8122 .9886 -.8101 -.8109 -.01186 -.8188

131



b Bt A e OO I
T MO Wr M
[T (VIR RPN O 0

W~
[ Y]
[

8565
. 399
934
. 968

132

TABLE AS52.- MEASURED Cp DATA FOR MODEL III (SINE WAVES AND STRAIGHT RAMPS,

Forward direction

C at velocity U, m/s, of -

P
15.2 22.9 30.5
~.9153 -.08157 ~.a196
-. 1169 ~.3177 -, 8183
-.B163 -.0161 -.8172
-.6151 -.9150 -.0147
-.6119 -.8123 -.0114
-.9937 ~-.0024 -.0672
-.0a74 -.0064 -.0054
-.0943 -. 0037 -. 6821
-.8825 -.080614 . 9908
-.0003 . 9009 .8024
.6016 . 0041 .0852
L0944 . 0064 .0077
L Ba7Ss .6089 .a112
. 9099 L8121 L0152
L8124 L8151 L8184
L0165 8197 . 0220
L9175 L8211 L8249
L9195 .9228 L9254
.0191 .0z25 L0244
L8191 L8231 L0245
L0183 L8196 .azz7?
.@138 L0160 L0136
L6104 .0116 .0120
. 0033 .882g . 8827
-.9037 -.0044 -.8047
~-.0068 -.0073 -.868%0
-.8100 -.08114 -.0119
-.914¢6 -.B157 -.68161

-.0171 -.0183 -.8195

38.1

-.9199

2
LB125
o
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. 584
619
L6553
688
722
. 7E7
791
228
. 560
. 893
. 929
L9632
. 997

A = 3.23 ¢cm)

Reverse direction

(o]
p

15.2

- B132
-.9131
-.8177
-. 8131
-.a189
~. 887z
-. B2
L0934
.eag2
.B1z2e
L9153
s D Wrard
L8127
L0199
L8187
8172
. 8145
.a118
. BE38
. 8875
. 0049
.Ba19
-.008S
-.8031
-. 8852
-.0074
-. 0167
-.0178
-.0179

at velocity U_, m/s, of -

22.9

-.08210

-.81%5
-.8183
~.9151
~.0128
-.0880
-.8gu?
. 0045
.gasa
8158
.81¢88
. 8203
L8213
0228
.aza3
L0139
.0146
9122
. 8895
.8872
.0843
. 8eev
~.084¢
-.86835
-.g872
-.8089
-.8117
-.8175
-.8198

30.5

-.az2za
-.8214
-.8193
-.0161
-.9122
-.887¢
.0083
. BREE
8124
8172
L8223
.8229
8241
.8268
.822¢
.a134a
.8168
L8124
.@aas’?
. B0E7T
. 6644
.881%5
-.08012
-.8837
-.68875
-.00%2
-.81z2¢6
-.0818¢
~.08208

38.1

L8289
82493
LB262
LB2TT
L0292
L8245
L8218
L0177
L8143
.9189
. 0073
LHEEES
. 00822
-. 8067
~.00248
-.0882
-.088%
-.8124
-.8189
-.0208



TABLE A53.- MEASURED CP

C
x/A P
15.2
818 -.0168
. B44 -.06147
. 879 -.8119
L1133 -.08100

. 148 -.86879
- 132 -.8067
217 -. 0862

. 251 -.8837
. 286 -.06831
.32 -.0013
. 355 -. 0802
. 389 .8BBs
424 . BPRB9
. 458 . 0851
492 . 0867
. 527 . 0033
.56l . 8995
L5986 . 8999
. B30 91108
CEES .8130
LE€33 .B9149
.73 L2179
763 L2131
.883 8165
. 837 .08113
872 . 8848

. 386 -.0028
. 941 -.8107
. 373 -.8152

Forward direction

at velocity U, m/s,

22.9

L0168
.0144

. 8888

-.9873

-.09%€6
. 86850
. 8834
. 8029
-.80816
. 8008
.881S
. 8827
.8855S
. 8684
.8892
L0116
.0118
.8127
.08148
0173
.0293
.8211
8188
8127
. 08855
-.8833
-.8128
-.8171

9126

30.5

-.@183
-.0147
-.8119
-. 008908
-.8055
-.0044
~.8033
-.0024
~.0801%
.0010
.0d11
.0033
. 0038
. 00874
0112
.0127
9135
L8128
.0148
L8165
L8133
.B231
L8225
0201
.813¢
.g8es
-.86838
-.01328
-.0182

APPENDIX
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DATA FOR MODEL IV (SINE WAVES AND STRAIGHT RAMPS,

A = 3.86 cm)

Reverse direction

‘p

15.2

-. 8173
-.8179
-.014S
-.8082
-.8821
. B850
. B34
L8134
.3158
.8144
L8137
8119
91086
L0104
81008
.8a92
. 0856
L8041
. 8831
.Ba13
-.8002
-.9809
-.8023
-.0018
-.8040
-.a847
-.0074
-.ps89
-.812%

at velocity U_, m/s, of -

22.9

-.8177
-.8171
-.08132
-.0851
.po16
.BO77
.8131
.0176
.9125
. 8168
.8160
.0132
.8129
0121
.8117
.0111
.gea1
.BesSe
. 0047
.8023
.0817
. 9867
~. 0085
-.0004
-.0024
-.8035S
-.0839
-.0084
-.0125

30.5

-.0192
-.081583
-.0135
-.0061
.8021
. 8098
.0155
.0208
.9217
.8197
.8172
.0147
.8134
.0129
.81308
.011@
.a07vs
.90849
.8832
.8823
.0820
-.08883
-.0018
-.00084
-.080825
-.0839
-.06061
-.0086
-.,08136

38.1

-.0218
-.8224
- B1E7
-.BB52
L8029
L0138
9219
. 8250
.B8248
L0211
.a182
L8156
@152
.8145
.8131
8124
. 0833
.8085%5
. 8045
. 0034
L8022
L0811
. Beog
.00a1
-.001:3
-.0832
-.885c
-.B807c

-.813%
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TABLE A54.- MEASURED Cp DATA FOR MODEL 12 (SINE WAVES AND STRAIGHT RAMPS, A = 4.62 cm)

Forward direction Reverse direction
/A Cp at velocity U_, m/s, of - /A CP at velocity U, m/s, of -
15.2 22.9 30.5 38.1 15,2 22,9 30.5 38.1

.14 -. 8289 -.9964 -.1a21 820 - 8712 -. 8739 -.0%08 . 1611
L8453 -.a72s -.97TEE -.858% BS54 ~. 3559 -.0€62 -.08748 -.68511
L8832 -.a592 -. 3815 -. 98551 La89 -, 3408 -.8455 -.8513 -.85c2
117 -. 8450 -.0514 -.851% 124 -.B299 -.8215 -.08318 -.Q385
152 -.58296 -.0418 -, 9396 158 -.9198 -.8148 -.B852 . BE57
186 -.68309 -.0328 -. 8388 . 192 -.H835 .6125 . 8338 . 84895
221 -.0250 -.8251 -.B22s 227 L8283 . 8457 .B5E8 8763
258 -.8179 -.9177 -.8163 . 261 L8442 8662 .B329 .05891
. 250 -.8114 -.8114 -. 8087 . 296 .B558%3 .0733 . 0834 .BB877
. 324 -.0024 -.9851 -. 008 3 . 331 .BSs82 . 8649 . @783 .8737
. 359 -.0p021 -.8807 . 8028 L8832 . 365 .85132 . 8579 . 6587 LRELS
L3932 L H0386 8043 .Barvs .8101 . 400 . 8459 0480 . 0498 . 8520
422 . B854 9119 .9138 .015a . 434 G394 L6414 . 0423 .0442
452 L6124 .9146 .8188 . 469 .8319 . 8338 .B8353 L8371
. 497 LB180 .8z00 L8244 . 503 8282 .8276 . 08285 .8381
521 .B243 . 8250 . 0298 . 538 L8218 .B229 .8229 0250
. 585 .0287 . 8325 L0362 S5r2 ., 8178 .8183 .ai122 .91389
. 500 L0351 . 8405 L0428 . 587 8142 .8142 .8140 .14
. 635 L0424 .B464 8511 541 . 0035 . 8688 . 88388 . 8097
LBE9 .9560 sE-1-%c @520 -Ya . BB33 .BB42 .0e3s . 0026
va4 . 8605 . 8630 L8747 .718 -.Boo1 -.0000 -.0015S -.0083
739 .a7e7s L8813 L8394 . T45 -.9048 -.884a -.0057 -. 0068
e .8720 L8851 8344 .77 -.81088 -.8187 -.812S -.a11g
287 .B733 8773 . 9845 =) -.8162 -.8177 -.0179 -.8182
342 L8530 .08534 . 8568 3 . 348 -.8211 -.0228 -.8253 -.8254
. 876 L8136 .B171 8168 L8173 . 883 -.08289 -.0318 -.8340 -.8355
L9111 -. 8226 -.82ve . -,8317 -.0833% =l e -.8381 -.8413 -.0453 -. 0453
. 346 -.0588 -.0635 -.0711 -.8755 952 -.8457 -.9525 ~.8558 -.8583
. 920 -.B8878 -.0933 -.10849 -. 1885 . 986 -.8634 -.8724 -.08776 -.0838
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TABLE A55.- MEASURED Cp DATA FOR MODEL 13 (SINE WAVES AND STRAIGHT RAMPS, A = 4.01 cm)

Forward direction Reverse direction
A Cp, at velocity U, m/s, of - /A Cp at velocity U, m/s, of -
15.2 22.9 30.5 38.1 15.2 22.9 30.5 38.1

.81 -.9724 -,B796 -.0867 -.03%0 .825  -.0674  -.0741 -.0505  -.03688
.014 -.9724 -.B8783 -.8827 -.8837 . 060 -.0598 -. 0643 -.8712 ~.0780
.B49 -. 8682 -.0647 -.08687 -.87z9 . 094 -.0439 -.0491 -.0531 -.asv2
.033 -.0477 -.0498 -.0541 -.08558 129 —-.8312 -.08347 -.03%0 -. 0365
.118 -.8387 -.0398 -.0415 -.0427 T163  -.9189  -.B199  -.8177  -.@14z
.152  -.8314 -,8317 -.08326  -.0324 197 -,08090  -.0046 . 0063 .B155
.186  -.9243  ~-,0251 -.0234  -.@239 L2321 . 6058 .a172 . 6340 L B45%
.221 -.9184 -,8181 -.0173 -.06154 . 265 L8231 L0415 . 8580 .BE7S
. 255 -.8133 -.8133 -.08187 -.00898 . 294 . 8407 .9591 o712 .0396
289 -.0887  -.PBEL  -.08043  -.0020 334 .0S42  .0664 0764  .0821
.324 -.8034  -,8006 .8023 - 8038 .368 L0583 L0624 L0682 .ara7?
.358 . 0043 .0e37 .0078 . 80383 . 402 .6528 . 0534 .0551 L0607
.392 . 9885 . 8894 .0131 .8147 .43 . 0457 L9467 .0488 851z
.426 .08129 .0149 .0178 .08195 L4711 . 8386 .0390 .04982 . 9427
. 460 .0160 .0283 .0236 82586 .5085 .9313 .8319 .98325 0257
. 495 .8219 .B257 .0301 .831¢ .540 .927s .8251 .B267 .B29z
. 029 .0293 .8313 . 0356 .08382 574 .8199 .8204 .821s L0226
. 564 8337 .0389 .04249 . 8450 L €648 .a159 .9150 .9159 0177
.598 .0417 . 8457 . 0597 .0544 L6472 .812¢ . 8099 L0113 o115
.632 . 0488 L8544 .8598 - 0647 676 . 8075 .B861 . 00863 . 8075
<666 . 0568 L8648 .0723 L0777 71 . 8929 .0014 .@083 L0814
. 701 . 8639 L0742 .0813 -6863 .745  -.@@26 -.0983%5 -.0051 -. 0036
.735 . 0682 L8779 .0824 -8871 LPP -.B868 -.008980 -.8180 -.0092
. 7TE9 L8632 Q679 8729 .B878%5 .S14 -.0118 -.0151 -.08159 -.0160
.883 . @557 .8527 . 8357 . 8587 .848  -.9147  -.B8202 -.0221 -.0230
.837 .9311 .0297 .6302 .0317 L8582  -.8261 -.9285 -.0301 -.B299
.871 . 0035 . 8006 .6BB2  -.0083 .917  -.98314 -.8361 -.0395 -.0406
.986  -.8257 -.0312 -.0346 -.0370 .951 -.B411  -.9462 -.@507 -.8532
.940 -.0S@2 -.8586 -.0643  -,0675 .98¢ -.B559 -.BE654 -.8703 -.0742
. 975 -.a782 -.0784 -.08854 -.9824 .99Q -. 0624 -.0681 -.8738 -.9501
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004
.0639
.075
. 189
142
178
212
. 247
.281
. 317
. 351
. 386
.428
. 435S
4589
.925
. 559
.994
. 628
662
. €696
.732
767
.3081
. 835
. 878
. 905
. 948
.97S
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TABLE A56.- MEASURED C DATA FOR MODEL 14 (SINE WAVES AND STRAIGHT RAMPS,

A = 3.23 cm)

38.1

P
Forward direction Reverse direction
Cp at velocity U, m/s, of - /A CP at velocity U, m/s, of -
15.2 22,9 30.5 38.1 15,2 22,9 30.5
-.0632 -.0661 -.,8739 -. 8773 LB2S -. Q605 -.0624 -. 86983
-. 8624 -.8622 ~.0591 -.B716 868 ~. 8566 -. 8576 -.0648
-.05882 ~-.8527 -.0582 -. 9508 . 835 -. 0461 -.0459 -.0534
-.0422 -.0428 -.0477 -. 89477 1328 -. 8356 -. 8357 -.8387
-.0347 -.08351 -.08369 -.0363 . 165 -. 0219 -.8240 -.08257
-.8277 -.B8267 -.08287 -.B27z . 199 -.B8142 -.0119 -.0118
-.8281 -.9193 -.082061 -.B178 233 -.89035 -.80807 . 8852
-.8116 -.8117 -.8188 -.BB79 . 268 . 0049 L8133 . 8249
-.08054 -.0052 -.86831 . 8005 . 304 L8179 .8381 . 0448
. 0001 .8817 . 0047 . BO7E . 338 . 0328 . 0443 . 85686
. 0059 .8097 .0138 .81€68 . 372 . 0455 .8563 .08659
.91286 .0141 .0195 .0219 . 486 . 8531 .0611 .8700
.18z . 0208 . 0254 .8383 <441 .8559 8619 .BE98
.8243 . Q267 . 8331 . 8368 475 .8524 . B558 .8597
.8309 . 8329 . 0396 8444 .511 .9484 . 0475 . 8508
.B8353 . 84085 .0489 . 8524 . 545 .B43¢6 . 8485 .0414
.8445 . 8501 . 9585 . BE3E .588 .9338 .0335 . 8354
.8517 .8581 .BESS .872¢8 <614 LB277 .B282 .8298
.g552 .0659 .a713 .B782 .649 0224 .0285 .0233
.as598 .0651 , 8730 .B884 . 683 8165 .8157 <0167
. 0574 .0E18 . 8685 . 8725 .T19 01040 , 8079 . 88386
.8533 .8553 .B585 8633 . 7593 , 8053 .0B29 .0018
. 8433 .8427 . 8455 . 0481 . 788 ~.BB33 -.08032 -.86853
.0274 .82v9 , 8298 .0299 . 822 -.812¢6 -.0114 -.08135
.8853 . 0028 -.0001 . 8BS . 858 -.,81352 -.0199 -.8214
-.012S -.0179 ~.0200 -.B821S .891 -. 0237 -.8275 -.8293
-.8324 -.8381 -.0413  -.044¢€ .925  ~-.9353  -.@374 -.0423
-.8499  -.09551 -.0597  -.0647 L9861 -.p471 -.8515 -,@572
-.0607 -.0650 -.0711 -.89748 . 998 -.8559 -.0601 -. 0668

-.87@2
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TABLE A57.- MEASURED C, DATA FOR MODEL 15 (SINE WAVES AND STRAIGHT RAMPS, A = 3.86 cnm)

Forward direction Reverse direction
/A Cp at velocity U, m/s, of - </ Cp at velocity U_, m/s, of -
15.2 22.9 30.5 38.1 15,2 22.9 30.5 38.1

.009  -.8870 -.8943 -,8967 -.1064 .934  -,8567 -.0643 -.0770 -.0859
. 836 -.0741 -.8782 -,8826 -.8385 . 869 -.8425 -.0488 -.08553 -. 8626
.870 -.8583 -.8643 ~.0649 -.0685 . 104 -.0289 -.8334 -.8381 -.0418
. 165 -.8486 ~-.0508 -.8513 -.0555 . 139 -.8239 -.8244 . -.0231 -.0211
.-139 -.8397 -.08394 -.04081 -.0417 . 169 -.8164 -.0126 .08089 .0147
174 -.8327 -.8320 -.08387 -.0332 . 283 . 8006 L0144 .8372 .B8521
. 209 -.08255 -.B8239 ~-.B82295 -.8213 . 238 L8241 .8432 .0633 . 0751
. 243 ~-.B82049 -.8178 -,0170 -.8158 271 .B0458 .8635 .8752 .6818
L2278 -.8139 -.8123 ~-.8098 -.8895 . 387 8572 .8642 .B668 8721
.312 -.0083 -.0071 -. 8048 -.08835 . 341 .8523 .8578& .85895 . 8596
.343  -.8036 -.@@22 . 0004 .0021 .376 .0493 . 8488 . 0495 . 8540
. 382 .6011 .8032 . 8075 . 0071 .410 L0415 . 8489 .8429 .8445
L4117 .8887 .0081 0102 .812¢ . 445 «9364 . 8356 . 8357 .8384
451 .8184 .8126 .0161 L8177 479 .8299 .8384 .B8316 .8321
. 485 L8151 L0191 .0219 .9235 .515 .0279 .8259 .08253 .6280
.521 .8196 . 8241 .B271 . 8360 . 549 8207 .8216 .0211 .022¢6
.555 .B261 . 8300 .B8333 .8352 . 583 .B173 .8144 .8158 .0174
.5%@ . 8368 .8354 . 8387 . 8400 .518 .68112 .8183 .8192 8122
624 .8374 .8431 . 9473 . 8499 . 652 .8103 .08686 . 0866 . 009390
.659 .8438 .0483 . 8541 . 8586 .5688 .08034 .8p827 .8817 .80843
.693 . 8599 .8588 . 0655 . 0657 722 . 089 -.0014 -.8011 -.00132
.729 .0574 . 8693 .8770 .8823 .757  -.@pS58  -,0062 -.0066 -.0071
. 762 .8787 , 8798 8918 .895% 791 -.80889 -.0112 -.0118 -.8140
. 737 .8753 .0824 . 8836 .8942 . 828 -.0148 -.01786 ~-.8177 -.0192
. 831 L8645 . 0694 .0768 B77T7 . 861 -.8203 -.8215 -.0225 -.0268
. 861 9404 .0383 .04083 . 0488 . 895 -.8271 -.8289 -.08322 -.0323
.5896 .6021  -.8817 -.0843 ~-,0851 .938 -.0346 -.0398 -.0417 -.0433
.93t -.9422 -.9502 -,05608 -.0601 «964  -.8446 -.0482 -.0554 -.8550
.966  -.0795 -.0544 -,0923 -.1015 1.086  -.,8595 -.8682 -,8782 ~-.B83949
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TABLE AS58.- MEASURED Co DATA FOR MODEL 17 (TRANSVERSE V-GROOVES, A = 2.54 cm)

Forward direction Reverse direction
/A Cp at velocity U_, m/s, of - X/ Fp at velocity U, m/s, of -
15,2 22.9 30.5 38.1 15,2 22.9 30.5 38.1
9.000 -. 0585 -. 8571 -.a752 -.08064 .8083 -.0619 -.8711 -.0808 -.08855
833 -.8539 -.08607 -. 8571 -.0871% . 638 -.85385 -.0587 -.0628 -.B674
. BE9 -.8424 -.0485 -.8515 -. 8547 .073 -.,094B3 ~.0448 -.08482 -,04924a
. 1063 -.0372 -.8378 -.0404 -.8417 . 108 -, 9302 -.8338 -.08351 -. 9361
. 139 ~.B8283 -.8302 ~-. 0304 -.831% 141 -.0236 -.8244 -.8248 -. 8241
172 -.8227 -.02089 -.8228 -.8225 L1777 -. 0188 -. 08171 -.0162 -.0148
212 -.0148  -.8139 -.0136 -.01&7 211 -.81058 -.0891 -.0877 -.005%
241 -.0118 -.8091 ~-. 00672 -.08049% . 244 -, 0042 -.08025 . 60809 . 8025
.275 -.00853  -.0020 .0082 .9013 .279 .ee11 .0045 . 8083 0111
211 .9011 L8842 . 8avre .9183 L3314 . 0678 L0113 L6167 .0193
. 334 . 008386 8111 9146 .0186 . 348 .01409 .0197 .8243 8271
. 378 .0133 .B168 .08214 .B255 .382 . 0201 .0261 .8322 .9378
<413 .8177 L8240 .B8293 .B8331 L4417 L8266 . 8342 . 0405 . 0462
. 447 .B8247 .8318 .0368 .0413 . 451 L9341 . 0422 .9517 .BSE7
.482 L8327 .08402 . 8460 83513 485 . 0434 . 0531 .P616 .B7Ba
.515 . 8385 . 0423 8562 B840 .518 .8474 . 0545 0622 0669
. 549 . 9449 85865 L0652 L8716 .S553 . 0439 . 8493 . 08539 L6561
.583 L0463 .0534 .8575 .Bezz .587 .8392 .04914 . 0446 . 8465
L6158 . 9486 . 9475 . 8497 L8317 .€22 .9333 . 0342 .0361 .08380
.E52 .B8351 . B83%0 .8413 .84285 .6568 .B2Es .8276 .8282 8298
.686 .8293 .9318 .8315 .0329 .639 .azev7 8211 .8211 0221
721 .8240 .B243 8242 .B253 . 725 .9151 .0148 . 8144 .9152
.7S¢E L8171 .8171 L9163 L8173 . 759 0101 .Bpsz . 0068 . B8a78
. 789 .08138 . 0096 . 0089 .BB8s .7a8 .pOs53 .0019 . 0024 . 0020
.823 .8832 . 9025 . 0089 . B00E 228 ~-. 08027 -,0060 ~.B065 -. 0867
. 859 -.0024 -.00854 -.006g -. 0064 . 861 -.0113 -.0137 -.8156 -.0164
. 294 -.g0082 -.00896 -.0110 -.0811% . 897 -.08189 -.8220 -.8240 -.08252
.27 -.8166 -.0200 -.0222 -.8242 .931 -.8269 -.0311 -.0343 -. 8365
. 962 ~.8319 -.0368 -.0393 -.9418 L9687 -.08389 -.8436 -.08481 -.8512
. 997 -.8517 ~-. 8626 -.8676 -.80733 1.000 -. 0576 -.0698 -. 0777 -.9827
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APPENDIX

TABLE A59.- MEASURED Cp DATA FOR MODEL 18 (TRANSVERSE V-GROOVES, A = 2.54 cm)

Forward direction Reverse direction
</ Cp at velocity U_, m/s, of - /A Cp at velocity U_, m/s, of -
15,2 22.9 30.5 38.1 15.2 22.9 30.5 38.1
. 838 -.8603 -. 8577 -. 8745 . 085 -.855% - =1 -.677r2
064 -.8493 -.08536 -.08581 L0158 -.8559 -. S -.06741
. 898 -.0419 -.0428 ~-.8455 048 -.9461 - e -.06584
132 -.8322 -.B8350 -.0367 L0383 -.8345 - 3 -.0414
. 1866 -.8251 ~. 8269 -.8276 118 ~-. 8257 -.3273 -.@8296
. 208 -.828S -.8208 -.828% . 151 -.a172 -.817S -.8185
. 235 -.0152 -.0144 -.08145 L1268 -.9688% -.6831 -.8678
289 -.08100 -.08101 -.8084 -.0021 .B018 . 0065@
. 383 -.0059 -.8852 -.00829 . 8859 8116 .016%2
. 338 -.80816 -.00883 8021 LB136 L8216 .98290
372 . 6834 . 0053 . 8067 L322 L0248 .e327 L0418
. 406 .8871 .0108 . 8125 . 355 LR327 .@423 . @559
. 440 .B8113 .B144 ,0173 . 338 L0492 .B513 L0514
474 L0155 .0192 , 8231 424 . 8445 .85083 , 85568
. 588 . 8200 .825¢ 0278 453 . 8407 . 0458 . 8456
. 542 .82686 . 08368 .8352 . 432 .8352 .B392 .839¢
. 576 .08318 .B372 . 0426 .S26 L0309 8326 .8328
.E10 . 8379 . 8439 . 8499 . 560 LB279 . 82756 .8270
645 . 8439 . 8543 0624 . 594 L8211 8221 .0219
578 . 8495 . 8587 L8674 L5283 L8134 .9179 LEB17S
712 . 0455 . 8536 . 8573 LEE2 L8132 .0124 8122
. 7486 . 0404 L0421 . 8448 LB97 .gas2 .8831 . 0636
. 781 .9304 .8321 .8327 L7321 .a@s3 L1932 .a831
214 .B209 .0219 8219 B2z . TES -.0009 -.8818 -.002S
. 849 8122 . 0095 . 8897 La1a? . 206 -.0058 ~.0065 -.8878
. 882 .0018 -.0018 -.00828 -.8821 L5534 -. 8116 -.9112 -.0131
317 -.08097 -.0148 -.08133 -.81&2 . 368 -.B157 -.08176 -.0191
. 952 -.0281 -.B333 -, 8357 -.0368 202 -.8207 -.8257 -.0279
. 984 -.085185 -. 08606 -. 8668 -.a780 . 936 -.B239 -.833%9 -.8372
. 395 -.0619 -.BE828 -.8745 -.08837 L9709 -.0428 -.847€ -.B8539

139



APPENDIX

TABLE A60.- MEASURED CP DATA FOR MODEL 19 (TRANSVERSE V-GROOVES, A = 2.54 cm)

Forward direction Reverse direction
\ Cp at velocity U_, m/s, of - /A CP at velocity Uy m/s, of -
x/ 15.2 22.9 30.5 38.1 15,2 22.9 30.5 38.1
. 0642 ~-. 8703 ~.a771 [sTakc] ~. 548 -.8631 -.87a83
-.8518 -.8551 - 0508 010 -.0855% -. 8544 -.9782
.92 -.B8431 -.0439 -.0474 H45 -.A4ET -.0850% -.8582
.136 -.8334 -.0358 -. 8353 . Bza -, 83325 -. 8357 -.B8385
. 1E5 -.8279 -.828%6 -.83205 114 -.8218 -.8250 -. 82686
. 199 -.8224 -.8222 -.0244 . 149 -.68134 -.9138 -.8141
. 234 -.8130 -.8182 -.8181 . 182 -.3649 -.8043 .80818
. 267 -.8127 -.98127 -.81248 217 .82 . 8883 8196
. 383 -.0895 -.8078 -. 8082 .251 L1133 . 8240 .8377
. 336 -.08042 -. 0044 ~-.0825 . 285 .gzre .940% . 8577
. 370 -.60811 8883 L0016 319 366 . 8494 .85394
.08819 .804% . U063 . 353 . 0396 . 80434 .8548 L8573
.885¢6 . 8@94a 0103 . 388 .ada2 .B442 . 8474 . 8494
.9185 .812¢6 <8154 L9422 LB3Z6E . 8389 <8417 LB4z2
.8138 .8168 .B2e9 .B225 .457 . 8306 .B35¢€ .8345 L0364
.8139 SBESE 8278 491 .8272 .82932 .8z01 .8zg9
.8227 L9296 L8327 .S2E «B25S .B235 . 8252 .B2532
<R2E9 .8359 .0487% . 568 .0135 L0198 .B8206 8213
.9315 .0417 L8452 . 995 L8161 .B1e3 .8172 0171
8378 .8516 L8558 . 638 L0157 L8117 <8117 L8127
. 0456 .859¢ L8673 564 . 8898 .80672 .86¢64 0BT
.852% . 8643 .B719 L8313 . 597 <0849 . 8044 . 8048 .8034
L8514 . 85388 . 86651 .8783 racici .Baz1 -.8801 -.8018 -.8817
B424 . 84595 .8493 L9582 1 -.0034 -.088:58 ~-.804¢ -.080854
. 851 .aze7? .8289 .B8z2g0 LH232 .38l -. 08783 -.908%4 ~.B889%& -.8832
. 836 .8129 .8109 .8097 . 883% . 835 -.9182 -.8129 -.0144 -.0144
. 220 -. 8041 -.8678 -.a18s .27 -. 8171 -.08128 -.8192 ~-.82a4
. 956 -.82351 -.8300 -.8350 . 984 -. 8216 ~.0240 -.8257 -.82385
. 9390 . 8515 -.8734 -.0284 .23 -.B8283 -.0341 -.08363 -.8392
. 392 -.BESE ~-.8770 -.8842 =y -. 8373 -.844¢ -. 6482 -.8518
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TABLE A61.- MEASURED Cp

C
P

15.2

-.08588
-. 8554
-.08439
-, Q375
-.8312
-.BZ41
-.8198
-.9133
-.8117
-.0064
-.0010
.B@z2
88681
.818S
8139
L8175
. D;..o
8252

Forward direction

at velocity U_, m/s, of =

38.1

22.9

-.867S
-.8603
~-.0581
-.0398
-.0322
-.0258
-.0187
-.0129
-.0083
-.0834
0811
8041
.88%6
9134
02081
0224
.827¢6
.82313
L8383
. 84295
L0473
.08568
. 854S
.B7E0
.B7P32
-.B267
-. 85388
-.0668

30.5

O:l

-. 8551
-. 8548
-. 0429

-.8334

-.8254

-.01%91

-.9130

-.8084

-.80925
. 0926
. 8857
.81z
L8156
L8212
. 8258
.8308
.8349
. @407
.g461
. 8533
L0619
8721
. B398
.B317

-. 8339

-, 8659

-.8738

o
|"J

.BET
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DATA FOR MODEL 24 (CIRCULAR ARCS AND STRAIGHT RAMPS,

A = 2.54 cm)

Reverse direction

p

15.2

L8108
L0283
. 8387
. 8394
0407
. 0347
, 0318
. 9255
. 0249
.9194
.B171
.B123
. 0873
.Bas¢é
-.0P93
-.9014
-.98v0
-.6111
-.817
-.0:25
-.B359
-.8434

at velocity U, m/s, of -

38.1

22.9

-.0485
-.8454¢
-.08315
-.0127
-.9149
.0832
. 0269
.842S
L8462
L8457
8413

.837S

.B322
. 8257
8238
. 8217
.0178
.0112
.8eg2z
L8845
. 0804
-.083%3
-.88%48
-.013%
-.01856
-.8275
-.@382
-.0472

30.5

-.0547
-.0491
~-.0344
-.0111
-.8133
.0159
.6411
. 0497
. 8535
.04732
. 8428
.B369
.B8323
.9278
L0823
L0193
0162
.01089
. 00782
. 80838
. 0009
-.0853
-.g1e2
-.0153
-.B8220
-.0300
-.0414
-.8524

- 8BSV

L0387
L9522
. 0567
L, ASSS
, 84588
. 0440
. 8334
.a327
.8282
.B8244
L2821
8160
L0115
. 0087
., 8033
.08832
. D046
.B1e2

-.9143

82249
-.8317
. 8431
ass

coe
Pt R b
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TABLE A62,- MEASURED Cp

Forward direction

C at velocity U_, m/s, of -

x/A P

15.2 22.9
813 -. 8392 -.845%
L8439 -.8345 -.0413
. 838 -.8299 -.B8333
117 ~. 8239 -.B273
138 -.06213 -.922%
. 154 ~.8163 -.g81v8
222 -.8132 -. 0133
. 253 -.9164 -.8183
298 -.8076 -. 0068
. 320 -.0842 -. 8045
. 357 -.6813 -.0006
387 . BBz .go2e
428 . BE33 . 0o42
. 455 . 0066 . 0073
493 .22 0105
. 522 .B189 .9127
1-3 L8133 LO1ES
. 530 L0189 8194
827 L8131 . 8224
i re LB21e .B2ET
L6393 8251 .B314
L7249 L9236 L8352
.7El L0354 L0412
.71 . 8338 L0472
L2329 0404 . 95885
. 338 . 82388 L0291
. 897 -.08041 -.08114
943 -. 8329 -.0414
L9383 -. 08334 -. 0453

142

30.5

-.8520
-.0457
-.8387
-.0288
-.8241
-. 6137
-.B8135
-.0102
-.85858
~.0034
8012
. 8838
. 0052
. 0897
L8124
L8169
.08193
.8235
8263
.03119
LB3E7
L0428
L0494
.BSeg
L0554
L8319
-.B8153
-.8472
-. 0498

38.1

APPENDIX
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DATA FOR MODEL 34 (CIRCULAR ARCS AND STRAIGHT RAMPS,

A =1.27 cm)

Reverse direction

Cp

15.2

-. 8234
= =]
-.9232
-. 8158
~.8184
=, QBe3
-.0833
8822
. Bags
.8151
L8197
. 8225
. 0287
.B225
.Aa2e2
.08204
L0177
L0154
8125
L8113
. 8988
. BOE2
. 0833
-.9813
-.8843
-. 00868
-.d189
-.0177
-. 8251

at velocity U,, m/s, of -

22.9

-.8356
-.B8359
-.8261
-.0171
-.8108€
-.0888
-.0058
.5848
L8127
L8226
.82¢4
. 0298
L0274
. 8265
.8227
0226
.9138%
.9164
.8138
0122
8832
. 8854
. 8025
-.80682
-. 80891
-.08888
-.0118
-.0191
-.828¢

30.5

-.B837S
-.8393
-.8297
-.0131
-.0121
~-.0087
-. 8041
. 0068
.0zav
L8322
.833S
.B835%
. 0294
.8318
.8253

. 0227

L8197
L8166
L8132
.8185
. 8876
. 0841
.0818
-.98025
-.28508
-.6889S
-.0134
-.8224
-.g322

38.1

- 8332

-.8391
-.0z28%8
-.917&
-.0112
-. 8889
-.0823
.0148
. 0222
L8359
0401
L9337
. 0351
L8347
LH2ZET
.8257
L0211
8181
8142
8127
0856
. 0945
. 0032
-.8868E
-.8835a
-.8038
-.0125
-.8228
-.0229



TABLE A63.- MEASURED Cp

Forward direction

APPENDIX

DATA FOR MODEL 44 (CIRCULAR ARCS AND STRAIGHT RAMPS, A = 5.08 cm)

Reverse direction

Cp at velocity U_, m/s, of - X/ Cp at velocity U_,, m/s, of -
15.2 22,9 30.5 38.1 15.2 22.9 30.5 38.1
-.0841  -.0919  -.9964 -.1028 L8380 -.0617  -.@687 -.0782  -.0240
-.9792  -.@861  -.0934 -.0974 .B65  -.0572  -.0614  -.BES3  -.07€

-.0677  -.0722 -.0749  -.0777 L1806 -.0431  -.0451 -.0522

-.8493  -.9498 -.0512  -.0495 ‘134 -.0309 -.0344  -.0375

-.83594 -.034¢ -.,8315 -.8306% 169 -. 0258 -.0235 -, 0131

-.9292 -.B238 ~-.08220 -.8268 293 -,0113 .00384 .B8301

-.89193 -.0171 -,8151 -.812% L2237 . 9237 . 05063 LBE30

-.0130  -.0186 -.0090 -.007@ PSS 6506 “oes1 e

-.0671 -.80845 -.0827 -.a82e .386 , 9635 . 88655 .A737
- G027 - 0043 - 0862 - 0086 .375 .0529 . 0551 . 8560 .9583
- 0044 « 8055 - Q074 - 0083 .410 L0472 . 0465 0467 L0491
- 06358 - 0108 0114 -8133 L444 8398 .0393 . 0406 . 5425
»0144 -8155 -0172 -2189 .479 . 9348 .08327 . 0346 . 8359
-8174 - 8204 -02235 - 0237 513 0299 . 0275 .0297 L8314
- 0238 - 9247 e - 8389 .S47 . 6256 . 8239 . 0235 0284
- 0287 -@sar - 8335 -B3ce .582 . 6202 .0198 .6189 L0213
i - 8359 I -0423 LE17 L0166 L0146 .0152 L8155
-0413 -@d44 i » 501 651 0115 L0184 . 0036 0102
=482 i - 6567 =HBO6 .65€ .BBES3 . 0852 . 0034 . 0854
-0576 - 0631 -B677 L0728 721 .6028  .0014  .000% L0012
-0674 -074z -0ce3 - 0262 .755 -.0014  -.B030 -.0043  -.0020
073 - 0847 - @335 - 03986 .789  -.0B60  -.0080 -.0096  -.0086
- 0341 - 1008 1115 1191 L824 -.0095  -.0117  -.0122  -.0134
- 98397 -0912 0976 -1016 L858 -.0135  -.0157  -.0174  -.017¢
- 9358 - 8348 -8352 -8362 J§%2  -.D167  -.B8199  -.0285  -.020!

-.0538 -.8€48 -.av23 -.877%

926 -.836¢6 -.08394 -.8437 ~.8453

-.0859 -.B93%  -.1p2z -.107% 961 -.0585 -.0627 -.0669 -.074%

--0848  -.0934  -.100% -.1055 .996  -.0656 -.0704 -.@7S3  -.@0823
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APPENDIX

TABLE A64.- PREDICTED AND .-
Cp Ce/Ce o TABLE A65.- PREDICTED C, AND Cg/Cp

DATA FOR MODEL 1 (SINE WAVES, DATA FOR MODEL 2 (SINE WAVES,
A= 2.54 cm) A = 2.54 cm)

[Navier-Stokes spectral code; [Navier-—Stokes spectral code;]
U_ = 22.9 m/s - U, = 22.9 m/s
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TABLE A66.- PREDICTED Cp

AND C

APPENDIX

£/Cf,0

DATA FOR MODEL 16 (SINE WAVES,

A= 2,54 cm)

thier—Stokes spectral codej

U =

@

22.9 m/s

"
N
>
Q)
o]

S IR 1% T ] R SRRt BE:
L2 - B3RS
LHEST Y - BEE
CH2ED - HE5E5
L1153 -.a511
L1447 —.ad41a
L1743 -, |33l
s B YD -, & 1

o £ - .5
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TABLE A67.- PREDICTED Cp

AND Cp/Cp

DATA FOR MODEL 3 (SINE WAVES,

U

A

= 2.54 cm)

[Navier—Stokes spectral code;]
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TABLE A68.- PREDICTED CP

AND C./C.

DATA FOR MODEL IV (SINE WAVES,

A= 1.27 cm)

[Navier—stokes spectral code; ]

U

@

22.9 m/s
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TABLE A69.- PREDICTED Cp

AND C

£/C¢ o

DATA FOR MODEL VII (SINE WAVES,

A = 5.08 cm)

[Navier-Stokes spectral code
22.9 m/s
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TABLE A71.- PREDICTED Cp AND Cf/Cf o DATA FOR MODEL I
r
(SINE WAVES AND STRAIGHT RAMPS, A = 4.62 cm)

[Navier-Stokes spectral code; U = 22.9 m/s]
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TABLE A72.- PREDICTED Cp AND Cf/Cf o DATA FOR MODEL II
’
(SINE WAVES AND STRAIGHT RAMPS, A = 4.01 cm)

[Navier-Stokes spectral code; U_ = 22.9 m/s]
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TABLE A73.- PREDICTED cp AND Cg/Ce ., DATA FOR MODEL III
14
(SINE WAVES AND STRAIGHT RAMPS, A = 3.23 cm)

[Navier-Stokes spectral code; U, = 22.9 m/s])
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TABLE A74.- PREDICTED Cp AND Cf/Cf o DATA FOR MODEL IV
14
(SINE WAVES AND STRAIGHT RAMPS, A = 3.86 cm)

[Navier-Stokes spectral code; U, = 22.9 m/s]
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TABLE A75.- PREDICTED Cp AND Cf/C DATA FOR MODEL 12

f,o
(SINE WAVES AND STRAIGHT RAMPS, A= 4.62 cm)

[Navier-Stokes spectral code; U_ = 22.9 m/s]
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TABLE A76.- PREDICTED Cp

APPENDIX

AND C./C DATA FOR MODEL 13
f/'~f,o

(SINE WAVES AND STRAIGHT RAMPS, A = 4.01 cm)

[Navier-Stokes spectral code; U, = 22.9 m/s]
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TABLE A77.- PREDICTED Cp AND Cf/Cf o DATA FOR MODEL 14
14
(SINE WAVES AND STRAIGHT RAMPS, A = 3.23 cm)

[Navier-Stokes spectral code; Uy, = 22.9 m/s]

Forward direction Reverse direction
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TABLE A78.- PREDICTED Cp AND Cf/cf o DATA FOR MODEL 15
14
(SINE WAVES AND STRAIGHT RAMPS, A = 3.86 cm)

[Navier-Stokes spectral code; U, = 22.9 m/s]

Forward direction Reverse direction
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TABLE A79.- PREDICTED Cp AND Cf/cf,o

DATA FOR MODEL 17 (TRANSVERSE
V-GROOVES, A = 2.54 cm)

[Navier—Stokes spectral code ;]
U, = 22.9 m/s
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APPENDIX

TABLE A80.- PREDICTED Cp AND Cf/Cf’o DATA FOR MODEL 18
(TRANSVERSE V-GROOVES, A = 2.54 cm)

[Navier-Stokes spectral code; U_ = 22.9 m/s]

Forward direction Reverse direction
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TABLE A81.- PREDICTED Cp AND Cf/C DATA FOR MODEL 19

f,0
(TRANSVERSE V-GROOVES, A= 2.54 cm)

[Navier-Stokes spectral code; Up = 22.9 m/s]

Forward direction Reverse direction
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L8537 LEHEeT 1.4435 L3491 - B33 1
L3987 La1z3 1.7335 LT -, 1
a2z -, BOES 1.6465 .apes - 1
L3514 -. 8240 2.1220 L A%Ea - 1
«FVEY — HEZS £2.5215 CHEET -. 1
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APPENDIX

TABLE A82.- PREDICTED Cp AND Cf/Cf,o DATA FOR MODEL 24
(CIRCULAR ARCS AND STRAIGHT RAMPS, A = 2.54 cm)

[Navier-Stokes spectral code; U, = 22.9 m/s]

=]

Forward direction Reverse direction

C

»
~N
>
Q
o]
X
Q
Hh
o

-6 f,Ba0m 1.7427
- B LB23TF 1.3311
- K 3 o SIS B 5 1.2888
- B5E 1 LTt i LTE9S
-. 8495 S 3E S1EEd F CZFER
~ 83322 FESE L1354 a ~.4227
- .B2e1 E4A7 L1EE2 —-. 4081
-. 1388 . T RYT oddd - Fgs
-.81244 EEYE Rl i .
— 197 LERRE LETTE Qs LSaes
- H145 W F CR I = = 1.8747
-.8111 . L3450 b LTess
-~ BATE . B LOTRE S E =TS 1.2758
- HB33 . 2 L4187 . 4 3T
CHEL B RS . B v 1.2555
LBESd .7 LATSS L2394 1.8494
LB1EZ LB L5ATL LRZES 1.2281
CLHLZE . =D | . B b= .2 3
L1958 ] .S ] LB13A 1.3 7
LB2Z2E e .5 LH143 el
LBE298 . 3 o L8181 1. 3¢
B389 . B B LHEdE 1.4
LAdEs . LHBZ2E 1.
LEHYED . -. 84817 1.8:
LBES1 . -. 8854 1.3
CHEZE -. 8113 1.1:
LBEET . -.3te8 1.4
LHEST b . -. Bzl 1.1
—.H231 2 . Sl 5 i 1.
—LBRE2E 2 - B35 1.
-, B75E 1 . -.H84354 1.
-. 0811 1 . ~-. 3552 1.
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TABLE A83.- PREDICTED C AND Cf/Cf DATA FOR MODEL 34
p 10

(CIRCULAR ARCS AND STRAIGHT RAMPS,
A =1.27 cm, 64 GRID POINTS)

[Navier-Stokes spectral code; U, = 22.9 m/s]

Forward direction Foxrward direction

@]
o

X/A

>
N
>J
Q
el

!
.
-
D)
pumy
b
-
o
-
]
.
.
D)
.
-
o
o

fx)

OO0 -

[}

Do)
> RNy Ty
] >n 4
SR R SR AN

-
o
L5 5

AL N PRI =
.
[ )

.
|

.

Dan )

- T
T o N won
.
-~
U]

!
[\x )
.
o

L s

.
()

I
.
[N

J
.
D

E1

Az

1% 111

E 13z

LBoRZ -4 L ST 145

BT 43 -, 3489 S PR LBles

LB -, B4495 LB LB1ER
.1ast -, 0411 LT1EZ LBZEY . T
L12aE -, @zaz LTS3 R spededs . .4
<1350 .k LF1ET LOzdd LE2EE
. 135848 -k LTH0E CHZET LSEES
. 1851 -k LETLE LRE2E L4140
L1202 -k =T SRI2E LGRARE
. 13SE -k : L B35S . d

21as ~ak . BRI

-22el =k . ER

L2415 - LEGE3

L2SET ~-. A . .a4az

L2724 ~-. i L BSOA

.2E7 -. @ . L ASAS

3334 - . L B43S

3134 - . LBZ9

- 33453 - . CB18S

Ly - L LEL

B33 - . -, A158

2175 - . -, @311

Fva - - B3T3

12 7

4

3

1
21
44
45
47

| S
A .
U )
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TABLE A83.~ Concluded

Reverse direction Reverse direction

x/A

(@]
T

Ce/Ce o x/\ c Ce/Ct o

42T
L4432 .
. 4594 .
L ATSE .

A ER Y] .

-
1
n
o

WO -

DR NN n ]

(Ve B

L BEGE - BGE 2.0218 =] LBILE 1
BB LR Y 1.68381 e . v 1
LBZ24 - 847 1.48v42 S . ] 1.
LHIER —. 841 LOETE =] . o 1.
LS — LRIV 53 .3 . 1 1.
SRS -k e HTTE .o . K v 1.
sl | — .k . B LHZRS 1.
CBE3 - . B B LH1Es 1.
L1E7a ~ . .3 B LHLTL 1.
L1212 -.a L2147 EGET LELET 1.
L1252 -. L BEIET CEESS LH1ZS 1.
L1541 -. 4 -. 1585 SJES1A LE115 1.2
LGSR - - 3427 EHERE LB1BRG 1.2
L1E2n - H3EE S =l | sl 1.7
LRI -. 7410 LT2T7E CHATS 1.2
L2221 -, 3453 LTz . B 1.3
L2417 - a4Ee L TTES . i
L2597 N -, 1128 LT . 1.3
c2VTD « B L IEae LTERE - 1.4
L2948 st CEL1E .8 -. 1.7
L3113 . LTEST = -. = 1.3
L Z2EE . 6 aval = -. 1 1.4
. 3455 N} LHEDS -, BEEE 1,478
CIEZB .| . -. 81483 1.4432
. ITED . B . -\ 1z= 1.471
345 . B . —.d0147 1.414
L4185 . B . -, 1155 1.48
1174 1.7
252 1.
21 1.
1

bk b ek b e b pdk d et s
" .

LA SN ORI (I O U S i B

1
1
1
[
4
4

A~ =)
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TABLE A84.- PREDICTED Cp AND Cf/Cf o DATA FOR MODEL 44
r
(CIRCULAR ARCS AND STRAIGHT RAMPS, A = 5.08 cm)

[Navier-Stokes spectral code; U, = 22.9 m/s]

Forward direction Reverse direction

Q
el

x/A c Cf/cf,o x/A

B 6 SN-LIR 1.8571 G, Baa - @393

a31g - Ba20 1. 2816 . B248 - BETe

.8 - B2l 1,813 LBS1E -. 8356

. - 8573 . 4530 L B7EE -.BE1H

11 ~. @401 CSETE L1861 - BE23

14 -.6z79 STV L1346 -.8323

L1264 -.Bz23 L2453 1665 L8127

L2111 - B1ES CEETS L2831 L BE16

L2420 ~. 8115 871z L2411 . BE3S

L2738 - a7 L TIED LZTET L BE71

L3633 -. 0058 9475 L3114 L0314

L3347 SN -LLE EET 3 L3451 a7z

. 3EE1 N EL LBTRZ L ETEI L BEZE

. 3374 L BB37 . E3AS 4118 L8532

L4289 L B13E . 3482 L4434 L8443

. 4EBE . B2A3 L SETE L 4TEE . B394 1

L4924 L AZ3E 2265 .SB7E L B32E 1

L5244 L B31E 5526 . 5394 . 8275 1

LSS6E .Bz5z 7817 L5711 B3 1. 83236

. 5290 L8435 L4245 ERZE LE164 1.1931

LE217 B4 CEE11 B33 -8111 1 N

L6549 . BEGE 3755 VB L BEE1 1 s

. ES5E L BESS  5BES T NTLE: 1 3

7233 . 8823 : . 727E -. @827 1. 1948

. 7S57 . B8297 . 7550 -, @041 1 3

L TIES .1@sz . 7EES - . 0096 1 4

8335 L0564 L E196 -. 8138 1.8738

4 . B25a L8502 -.@187 1.2819

L5339 ~. G455 L8267 ~.a2z1 1.

. 3287 - 8974 L3111 -. 8382 1.

. 3452 -. 6234 . 3400 . 1.

. 375E -, B934 L3535z -, 8337 1.
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