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SYMBOLS

F F-function

h altitude or vertical distance of the model or airplane above the mea-
suring station, a function of the unit Heaviside step function

I reference length

M Mach number

p static pressure

p, total pressure
V

R radius of the equivalent body of revolution

S cross-sectional area of the equivalent body of revolution

t variable of integration

V perturbation velocity in the r-direction

x,r,Q cylindrical coordinates

x' variable of integration

y distance along the abscissa of the F-function

Y ratio of the specific heats

e angle of downwash

8U shock wave angle

Ap sonic boom overpressure

a angle of sidewash

( )' first derivative

Subscripts

0 zero, equation 5

1 quantity ahead of the normal shock and behind the oblique shock
(see appendix)

2 quantity behind the normal shock (see appendix)

» free stream



AN EVALUATION OF THE METHOD FOR DETERMINING THE WHITHAM F-FUNCTION

USING DISTRIBUTIONS OF DOWNWASH AND SIDEWASH ANGLES

Joel P. Mendoza and Raymond M. Hicks

Ames Research Center

SUMMARY

The method (due to Landahl et al.) of computing the Whitham F-function
using distributions of downwash and sidewash angles was evaluated with two
different models. F-functions which were calculated for a 4° (half angle)
cone cylinder at Mm = 2.01, using theoretically and experimentally derived
flow angles, show that the method of Landahl et at- is sensitive to small
inaccuracies in the measured flow angles. An oblique wing transport model was
tested at 0° angle of attack at Mm = 2.01. In this test, two different probes
were used at two different distances from the model (one probe measured flow
angularity and the other static pressures). The pressure signature derived
from the F-function (computed using distributions of downwash and sidewash
angles measured at the distance of 0.32 body lengths) was extrapolated and
compared to the pressure signature measured at the distance of 0.87 body
lengths with the static pressure probe. The agreement between the two pressure
signatures is poor, and the discrepancy is believed to be due largely to the
many inaccuracies involved in using a probe designed to measure flow
angularity.

INTRODUCTION

A method, based on the Whitham theory (ref. 1), for predicting the over-
pressure characteristics of aircraft flying at supersonic speeds was presented
by Hicks and Mendoza in reference 2. In this method, ground overpressure
characteristics are determined by extrapolating the static pressures measured
in the near field of a model tested in the wind tunnel. Since only a single
configuration at one Mach number was investigated in reference 2, it was felt
that further evaluation of the method was necessary. In the evaluation, data
were used from a number of wind-tunnel tests conducted on a wide variety of
model shapes at Mach numbers ranging from 1.68 to 4.63. In each case, data
measured at one distance were extrapolated and compared to data measured at
larger distances in the wind tunnel and, in each case, the agreement was
excellent. These results are presented in references 3 and 4.

During the evaluation period of the Whitham-based method (ref. 2), an
effort was underway by Landahl et at. to develop a different method for com-
puting the F-function from experimental data which would include higher order
terms neglected by the Whitham theory. This method, together with its appli-
cations to an axisymmetric body, was presented in reference 5. Further devel-
opments of this method were presented in reference 6 which showed that, in



order to include the higher order terms, distributions of downwash and sidewash
angles for several roll angles must first be obtained. Using the method of
reference 6, Ferri et al. (ref. 7) computed the sonic boom for a clipped-tip
delta-wing/body configuration. Their predicted sonic boom level appeared to
be lower than any previously presented on a similar wing/body configuration.
And to verify this, calculations were performed using the alternate form for
the Whitham F-function expression of reference 2. It is expressed as a func-
tion of the downwash angle e instead of Ap/p. The sonic boom level given by
this method, although considerably higher than Ferri's value, was consistent
with previously reported data (ref. 8). As a result, an investigation was
conducted to. resolve the differences in sonic boom levels given by the two
different methods and to determine if a pressure signature (computed from the
F-function given by the method of ref. 6) can be extrapolated to larger dis-
tances. The results of the investigation are presented in this report.

MODELS AND APPARATUS

The models and the flow-angle probe of the present investigation con-
ducted in the 20-Inch Supersonic Wind Tunnel at the Jet Propulsion Laboratory
are described herein together with two models used in previously reported
investigations. A description of the 20-Inch Supersonic Wind Tunnel is con-
tained in reference 9.

Probe

Because of the favorable results obtained with the flow angle probe used
in references 6, 7, and 10, a similar probe was constructed for use in the
present investigation. The flow-angle probe, shown in figure 1, was manufac-
tured by joining together three different components; namely the hemispherical
tip, the transition section, and the probe afterbody. The hemispherical tip
was constructed by inserting five small stainless steel tubes within a 2.77-mm
(inside diameter) tube. The five small tubes, together with spacers, were
silver soldered in place and ground to the desired hemispherical shape. The
transition section (made of brass and configured to a truncated cone cylinder)
was soldered to the probe tip and, in turn, soldered to the stainless steel
(17-4PH) probe afterbody. In addition to the flow-angle probe, a static-
pressure probe was used in the present investigation. Details of the static-
pressure probe can be found in reference 2.

Wedge

Shown in figure 2 is the 6° (half angle) wedge which was used to cali-
brate the flow angle probe. The wedge, which was constructed of steel, was
aligned with the centerline of the wind tunnel and fixed to the sidewalls of
the test section of the JPL wind tunnel.
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Cone Cylinder

Shown in figure 3 is the 4° (half angle) cone cylinder which also was
used to calibrate the flow-angle probe. It was mounted on a linear actuator
so that it could travel longitudinally along a line parallel to the centerline
of the test section.

Transport Model

A sketch of the oblique-wing transport model is shown in figure 4. The
model, although lacking engine pods, is complete with wings and empennage and
was constructed of steel.

Other Models

Two models which were tested in previous investigations, are the 3.24°
(half angle) cone cylinder model (ref. 4) and the clipped-t'ip delta-wing/body
model (ref. 7). Sketches of these models are shown in figures 5 and 6,
respectively. Results from references 4 and 7 for these two models are dis-
cussed in a later section.

TEST PROCEDURES

In order to compute the F-functions for arbitrary model shapes, using
the method of reference 6, distributions of downwash and sidewash angles must
be obtained for several model roll angles. The' flow angles are determined on
the surface of an imaginary cylinder enclosing the model. The model'reference
point is located on the axis of the' cylinder which is parallel to the flow.
The radius of the cylinder is less than one body length. In this investiga-
tion, the instrument used for measuring flow angles was the flow-angle hemi-
spherical probe (fig. 1). Calibrations and accuracy determinations for the
hemispherical probe, together with measurements of the distributions of down-
wash and sidewash angles for the oblique-wing transport model, are discussed
in the following sections. Standard sonic-boom testing technique using a
static-pressure probe (refs. 4, 8, 11) were also used with one of the models
in this test (the oblique-wing transport model).

Probe Calibration and Accuracy

The procedures used in calibrating the flow-angle probe are similar to
those reported in reference 10 and are described briefly herein. Probe cali-
brations were made by measuring pressures at each of the five orifices of the
probe at different probe pitch-and-roll angles. The probe was calibrated at
each of the following survey Mach numbers: 1.48, 2.01, 2.62, and 3.27. At
each Mach number, the probe was rolled from 0° to 180° in 10° increments and,
at each roll angle, the probe was pitched from -5° to 5° in 1° increments.
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Although the probe calibration procedures were similar to that of reference 10,
the accuracy determinations were different. Probe accuracy was determined in
the present investigation by making comparisons between the flow angles deter-
mined from probe measurements and those given by exact inviscid solutions to
supersonic flows over wedges and cones.

To establish the accuracy of the probe for determining flow angles in a
simple two-dimensional flow field, the probe was placed in the flow field of a
6° (half angle) wedge at the test Mach numbers of 2.01, 2.62, and 3.27. The
probe was pitched by 1° increments from -7° to 0°. It is noted that when the
probe is pitched to -6°, the probe axis is parallel to the surface of the
wedge. The boundary-layer effects were initially neglected. Later, better
agreement between the experimentally and theoretically derived wedge flow
angles was obtained by applying flow-angle corrections due to boundary-layer-
displacement thickness. This result is further discussed in the next section.

To establish the accuracy of the probe for determining flow angles in a
simple axisymmetric flow field, probe pressure measurements of the distribu-
tion of downwash angles for a 4° (half angle) cone cylinder were made at Mach
2.01. To obtain the distribution of downwash angles, the cone cylinder model
was mounted on a linear actuator which permitted the model to be moved longi-
tudinally along a line parallel to the centerline of the test section. The
probe was mounted on spacers fixed to the floor of the test section. This
permitted the probe to be aligned longitudinally with the centerline of the
wind tunnel.

Flow Field of the Oblique-Wing Transport Model

Using the same general arrangement of model and probe used in the cone
cylinder case, distributions of downwash and sidewash angles for the oblique-
wing transport model were obtained from probe pressure measurements made at
Mach number 2.01. These flow angle distributions were obtained at each 5°
increment in model roll angle from -5° to 25°. The model was at 0° angle of
attack and at the distance of 0.32 body lengths (88.128 mm) from the probe.
To measure the flow-field static-pressure distribution (pressure signature)
for the oblique-wing transport model, a 2° (included angle) conical static
probe was used in place of the hemispherical probe. Because the method of
reference 2 has been previously shown (ref. 3) to be applicable to distances
as close as 1 body length, the distance between the model and the static probe
was increased from 0.32 to 0.87 body lengths, the maximum distance obtainable
that was free of reflected shocks. The pressure signature measured at this
distance has been compared to the pressure signature obtained from the
F-function computed from the method of reference 6 and is discussed in a later
section.



RESULTS AND DISCUSSION

Theory

Whitham's expression (ref. 1) for nonsmooth axisymmetric bodies is

y = x -
(1)

where

g = (Moo
2 - I)1/2 and k = (Y + 1)AO/21/2S3/2

Pressure signatures are computed using the expressions

Ap_
p ~

a: - = J/ -

(2)

Hicks and Mendoza (ref. 2) computed F-functions using experimentally derived
values of Ap/p. They rearranged expression (2) in the form

= (23r)1/2 Ap

YA4

y = x -

(3)

The data (refs. 2 and 3) indicate that these expressions are applicable to dis-
tances as close to the model as one body length. An alternate form for F is

where

y = x -

v = Be/(8 + e)

1/2
(A)

In this report, Hicks and Mendoza used this expression and data from refer-
ence 7 to compute the ground-level sonic boom for Ferri's clipped-tip delta-
wing/body model. Ferri, on the other hand, used Landahl's expression



= x - Sr + kFr1/2 + td- - - K

(5)

where

y =
3 + e

v
K = -

(26)1/2

..if
6 Jo

de

Measurements of Downwash and Sidewash Angles

Figure 7 shows measured and corrected downwash angles at Mach number 2.7.
Corrections (described in ref. 7) to the measured downwash are applied only to
those measured in the vicinity of the Shockwaves generated by the model.
Because of the angle of the shock and the thickness of the pressure probe, one
set of probe orifices may lie in the flow-field region upstream of the shock,
while the remainder of the orifices may lie in the downstream region from the
shock. The flow angle computed in this case, doubtlessly, will be in error,
since the probe calibrations are not applicable. The flow-angle probe can
only be used in the flow regions between shocks. Schlieren photographs were
used for locating those flow angles measured near the shocks. The correction
process, as described in reference 7, is to simply discard those flow angles
measured at or near the shock. However, because the shock waves appear on the
schlieren photographs as having finite thickness, some uncertainty is intro-
duced in selecting which flow angles are to be discarded.

Sidewash angles used to calculate 32<}>/802 = v da/d9 are shown in figure 8
for two different longitudinal stations in the wind tunnel. The slope do/d6
is taken at the required value of 0. For example, the slope da/d9 is evalu-
ated at 0 = 0° for computing the overpressures directly beneath an airplane in
straight and level flight. The method employed in reference 7 is to fair a
curve through the data points and to take the slope of the curve at 0 = 0°.
However, obtaining values of do/d9 with a high degree of credibility is dif-
ficult, since considerable scatter often exists in the data.
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Pressure Signatures From Reference 7

Pressure signatures were computed using both expressions (4) and (5),
from Whitham and Landahl, respectively. These are compared in figure 9 to
show the effects of neglecting the higher order terms. Curve 1 was computed
using the alternate form of the Whitham expression (eq. (4)) and the measured
downwash angles given in reference 7. Whitham's alternate form was used
because of the availability of measured downwash angles. No attempt was made,
however, to correct the measured downwash angles by the method described in
reference 7, because of the uncertainty in selecting which data points to dis-
card. Curves 2 through 4 were derived from F-functions computed by the
Landahl method. Because of model symmetry about the 9=0° plane, the distri-
butions of sidewash angles, a versus 6, would be expected to show symmetry
about the point 6 = 0° at all x-stations. The F-function in this case would
not include contributions from the term 92<}>/392, because do/d9 = 0 at 9 = 0°.
Curve 2 does not include the 32<j>/362 term, and it is interesting to note the
similarity between the curves 1 and 2 computed using the methods of Whitham and
Landahl et al. , respectively. F-functions given in reference 7 were used to
compute curves 3 and 4. Curve 4 is the pressure signature whose F-function has
been corrected by an area-balancing method proposed in reference 7 to eliminate
multiple values of the F-function. The apparent effect on the pressure signa-
ture of neglecting the term containing <}> (eq. (5)) is small, as shown by the
comparisons of curves 1 and 2. However, by imposing nonzero values of 9 <J>/39
in the F-function calculations (as suggested by Ferri et al.) a reduction in
area in the expansion region behind the shock wave of the wing at angle of
attack, is observed (curve 3). As a result, curve 3 differs substantially from
both curves 1 and 2. This difference in areas, as shown later, accounts for
the large difference in the predicted ground overpressure characteristics.
Also the effect of the F-function area balancing (ref. 7) further reduces the
maximum ground overpressure. The effects of the different near-field pressure
signatures (fig. 9) on the predicted ground overpressures given by the extrapo-
lation method of reference 12 are illustrated in figure 10. Curves 1 and 2
are observed to agree well with each other, wereas curves 1, 3, and 4 are
entirely different from one another. This is noted particularly in the large
differences in both the shock strength and wing-shock location.

Present Investigation

No attempt was made in reference 7 to extrapolate pressure signatures
from one distance to larger distances in the wind tunnel. Therefore, a wind-
tunnel investigation was conducted to determine whether the pressure signature
derived from the F-function (from Landahl et al.) could be extrapolated to
large distances. This investigation was conducted in the 20-Inch Supersonic
Wind Tunnel at the Jet Propulsion Laboratory. The flow angle probe was cali-
brated for survey Mach numbers 1.48, 2.01, 2.62, and 3.27 at 132.69 kN/m2 total
pressure. The accuracy of the flow-angle probe is demonstrated by flow-angle
measurements in the flow fields of a 6° (half angle) wedge and a cone cylinder
for which exact inviscid flow-field solutions exist. The 6° (half angle)
wedge was tested at Mach numbers of 2.01, 2.62, and 3.27 at 132.69 kN/m2 total
pressure. The measurements of the downwash angles are shown in figure 11.



Also presented in the figure are downwash angles obtained from total pressure
measurements and by iteration of the oblique shock relations. Both the mea-
sured and calculated flow angles are observed to be somewhat greater than the
expected value of 6.1° (6° wedge half angle plus 0.1° for the boundary-layer-
displacement thickness). The discrepancy remains unexplained at this time.
Because the wedge was aligned with the centerline of the test section and was
not instrumented to permit the determination of the "wind on" angle of attack
directly, the actual wedge-flow deflection angle was determined by using the
oblique shock relations (ref. 13) as described in the appendix.

To demonstrate the accuracy of the probe for use in simple axisymmetric
flow fields, F-functions computed from measured and theoretically derived
downwash angles, and by the Whitham theory (see eq. (1)) for a 4° (half-angle)
cone cylinder at Mach number 2.01 are shown in figure 12. The measured down-
wash angles give higher values of F than those calculated by the two other
methods, which agree closely with one another. Thus the calculation of the
F-function by the method of Landahl et at. appears quite sensitive to the
small errors in the measured downwash angles. Similar results using the stan-
dard sonic-boom experimental technique of measuring static pressures are shown
in figure 13. Here the F-function for a 3.24° (half angle) cone cylinder at
Mach number 1.68 is computed from static-pressure measurements (eq. (2)) and
from the Whitham theory (eq. (1)) using exact expressions for the cone-
cylinder cross-sectional area distribution. Agreement is good except in the
region of the bow shock wave, where smearing of the pressures, due to model and
probe vibration and stream turbulence, is apparent. (The smearing phenomenon
is discussed in detail in ref. 11.)

Extrapolation of Pressure Signature

A comparison of measured and extrapolated overpressure characteristics
for the 3.24° (half angle) cone cylinder is shown in figure 14. Data mea-
sured at a distance of 10 cone lengths were extrapolated (using the method of
ref. 2) and compared to data measured at a distance of 20 cone lengths. Good
agreement is noted, except in the region of the bow shock, because of smearing
of the measured pressures.

Oblique-Wing Transport Model

To determine whether the F-function (calculated from flow angles mea-
sured in the near field) can be used to predict overpressure characteristics
measured at a larger distance, an oblique-wing transport model at 0° angle of
attack was tested at Mach number 2.01 with 132.69 kN/m2 total pressure. Since
this model is highly asymmetric, the 82<j>/362 term would be expected to be
different from zero at 9 = 0°. Two pressure signatures, one derived from an
F-function which was computed from flow-angle measurements and the other from
static pressure measurements are shown in figure 15. The pressure signature
computed from the F-function derived from flow angles measured at a distance
of 0.32 body lengths was extrapolated and compared to the pressure signature
measured with a static pressure probe at the distance of 0.87 body lengths.



The agreement is considered poor and the discrepancies shown between the two
pressure signatures are believed to be largely due to the inaccuracy of the
probe measurements.

Advantages and Disadvantages of the Two Methods

Method from reference 2— The advantages of this method are: (a) it is a
simple experimental technique, (b) no corrections to the data are necessary,
and (c) the technique is demonstrated to be reliable and accurate (see refs. 3
and 4). The only disadvantage, for most configurations, is the near-field
pressure signature must be measured at the distance of at least one body length
from the model. This is not considered to be a serious limitation of the
method.

Method from reference 6— The advantage of this method may be that measure-
ments can be made at small distances from the model. This would permit the
use of large models and/or small wind tunnels. However, there are several
serious disadvantages of this method: (a) corrections must be applied to the
measured downwash angles before calculating the F-function, (b) the numerical
differentiation of the sidewash angles is difficult to perform accurately, and
(c) it is a complicated experimental technique which involves difficult mea-
surements of the downwash and sidewash angles.

CONCLUSIONS

While the method of reference 6 has the advantage of permitting measure-
ments to be made close to the model, it has several disadvantages. It is
sensitive to small inaccuracies in the measured flow angles. It requires
derivatives of the sidewash angles which are difficult to obtain because con-
siderable scatter often exist in the measured data. Flow angles in the
vicinity of shock waves cannot be accurately measured, making it necessary to
correct the distributions of downwash and sidewash angles before the
F-function can be calculated. And the most serious drawback in the method of
reference 6 is its complexity. It is more difficult to apply than the method
of reference 2. The poor agreement between the measured and extrapolated data
for the oblique-wing transport model is believed to be largely due to the
inaccuracies in the measured flow angles.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif. 94035, Sept. 8, 1975



APPENDIX A

ITERATIVE METHOD FOR DETERMINATION OF FLOW TURNING ANGLE

Sketch of flow quantities.
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All three of the preceding.expressions (eqs. (A1)-(A3)) are used in the
following expression

= 0 (A4)

Equation (A4) is a function of Qw alone, since Mm, p, and p, are known
'-co 2̂

quantities. An iteration on 6^ is performed until equation (A4) is satisfied.
With 0 known, the wedge angle is obtained from the expression

tan 5 =
5 cot Qw(Mao

2 sin2 QW - 1)

5 + M 2 (6 -5 sin2 6,,,)
(A5)
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Figure 9.- Pressure signatures of the clipped-tip delta-wing/body model at
Mm = 2.7, a = 2.60, h/l = 0.56., and 6 = 0°.
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Figure 10.- Ground-pressure signatures extrapolated from data measured at
hfl = 0.56, using the method of reference 12, for 6=0°.
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Figure 12.- F-functions for a 4° (half angle) cone cylinder calculated by the
theories of Whitham and Landahl e.t al, , at M = 2.01.
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Figure 13.- F-functions for the 3.24° (half angle) cone cylinder at Mro = 1.68.
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Figure 14.- Pressure signatures for a 3.24° (half angle) cone cylinder at
M = 1.68 and h/l = 20.
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