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Behavior of Pressure and Heat Transfer in Sharp Fin-Induced
Turbulent Interactions

P. E. Rodi* and D. S. Dolling1

University of Texas at Austin, Austin, Texas 78712

An experimental study has been performed of sharp fin-induced shock wave/turbulent boundary-layer interac-
tions at Mach 5 under moderately cooled wall conditions. The experimental data include mean surface pressure
and heat transfer rate distributions for fin angles of attack of 6, 8,10,12,14, and 16 deg. Data were acquired in
spanwise and conical coordinate systems to assess the behavior of the surface properties. Although the surface
pressure distributions collapse in conical coordinates, the heat transfer distributions do not. Instead, the heat
transfer was found to be nearly constant along rays from a virtual conical origin determined from the pressure
distributions.

Nomenclature
Cf = skin friction coefficient
Ch = Stanton number
QIP = Stanton number at initial peak heating
C/jpk = Stanton number at peak heating
Chre{ = reference Stanton number
haw = adiabatic surface enthalpy
hw = surface enthalpy
MOO = freestream Mach number
P = mean surface pressure
Pe = surface pressure at interaction edge
ppk = peak surface pressure
Ppi = plateau surface pressure
Pr = Prandtl number
q = mean surface heat transfer rate
q0 = stagnation point heat transfer
Ree = Reynolds number based on 9
Re^ = freestream Reynolds number
r = radial distance from VCO
Taw = adiabatic surface temperature
Tw = surface temperature
X = downstream distance from fin leading edge
Y = spanwise distance normal to X from fin leading

edge
Ys = spanwise distance from fin to inviscid shock wave

trace
Z = vertical distance measured upward from test surface
<*SG = shock generator angle
P = conical angle measured in the plane of the test

surface
PQ = angle of the trace of the inviscid shock wave
PAI = angle of primary attachment
Psi = angle of primary separation
Ps2 = angle of secondary separation
Pu = angle of upstream influence
8 = boundary-layer thickness
<5* = boundary-layer displacement thickness
9 = boundary-layer momentum thickness
He = viscosity at boundary-layer edge
n = boundary-layer wake strength parameter
pe = density at boundary-layer edge
(j) = conical angle above the surface
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Introduction

T HE development of flight vehicles traveling at supersonic and
hypersonic Mach numbers has brought with it a wide range of

difficult problems for the aerodynamicist. One problem of practi-
cal importance is the inviscid/viscous interaction between a shock
wave and a turbulent boundary layer. Local surface heat transfer and
pressure can be unexpectedly high, and the unsteady nature of such
large-scale separated interactions raises structural fatigue concerns.
To understand these phenomena better, many investigations have
been undertaken. Initially, many investigators studied flows that are
nominally two dimensional, such as those generated by impinging
planar shocks, steps, or unswept compression ramps. A review of
much of this early work is presented in Ref. 1. However, most prob-
lems of practical interest are three dimensional.

One geometry generating a complex three-dimensional flow-
field is that of an unswept sharp fin at angle of attack, Q?SG»
creating an attached planar inviscid shock wave that interacts
with an incoming turbulent boundary layer (Fig. 1). The result-
ing flowfield has been studied both experimentally and numerically.
Reviews of much of the work through the 1980s, with a discus-
sion of many of the outstanding issues, are presented in Refs. 2
and 3.

In most of the experimental studies, for all but the smallest fin
angles, a quasiconical region of large-scale boundary-layer separa-
tion occurs beyond an inception region near the fin leading edge
(Fig. 2). Within the separated region a streamwise vortex is formed
and extends downstream. The separated flow attaches just ahead
of the fin/surface corner. Features of the interaction footprint, such
as upstream influence and separation line locations, deduced from
surface tracer techniques4-5 and the mean pressure distributions5

collapse in conical coordinates from a virtual conical origin (VCO).
The rays defining important features of the interaction footprint are
also shown in Fig. 2.

Semiempirical expressions have been developed for scaling fea-
tures such as length of the inception region,6 angle of upstream
influence line,4 and pitot and yaw angle profiles7 over ranges
of Mach and Reynolds numbers. More recent investigations us-
ing various optical techniques8"10 have yielded much informa-
tion about the flowfield structure in the conical "cross plane."
Figure 3 shows a schematic of one such flowfield based on
these studies. It is clear that in separated interactions, the invis-
cid shock wave bifurcates into a lambda-shock pattern. The in-
viscid flowfield between the lambda-shock intersection and the
boundary layer appears to contain a transonic (in the cross plane)
jet impinging on the surface just ahead of the fin. This jet im-
pingement is believed to be responsible for the high-local-surface
pressure and heat transfer. Although many interaction features col-
lapse in a conical coordinate system, the skin friction distribution11

does not. Since the heat transfer and skin friction both result
from viscous effects, it might be anticipated that the skin friction
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Fig. 1 Unswept sharp fin interaction, general features.

Fig. 2 Sketch of sharp fin interaction footprint.
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Fig. 3 Schematic from conical shadowgraph of crossflow plane, M&
3, «SG = 20 deg interaction, from Alvi and Settles.9

distribution would provide some information on the character of the
heat transfer distribution.

In a conical flowfield, the primary variables p,u,v,w, and T
are described by the two conical angles, ft and 0 (i.e., constant
along rays). However, quantities that involve derivatives of these
variables (such as skin friction and heat transfer) are not necessarily
constant along rays. For example, assume a ray is defined as (pi , </>i)
where (j>\ is small (i.e., just above the surface). Along such a ray the
temperature is constant, T\. The surface temperature, Tw, is also
constant and defined by the ray (/?!,</> = 0). By definition, the
surface heat transfer is proportional to dT/dZ and is given by

With increasing distance from the conical origin, the value of dT/dZ
decreases. In fact, the temperature gradient dT/dZ is proportional
to sin 0 which, for small angles, equals AZ/r with r being the
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Fig. 4 Skin friction coefficient plotted against the conical angle (3 for
MOO = 4, aSG = 20 deg, based on Fig. 8 of Kirn et al.12

radial distance from the conical origin. Therefore, # = —kdT/dZ =
-fcAZ/r or

qr = C\ and = C2

where C\ and C2 are constants. A similar behavior holds for the skin
friction coefficient C/.

The laser interferometer skin friction (LISF) technique has been
used to study the skin friction distribution in these interactions.11'12

The distribution in the conical cross plane exhibits small peaks lo-
cated just outboard of the primary and secondary separation lines, as
determined from surface flow visualization (SFV). Further inboard
the skin friction increases to a peak value close to the fin. This peak
can be an order of magnitude greater than the undisturbed level
(Fig. 4). LISF data taken along rays from the VCO, determined
from SFV, show a gradual increase in skin friction within the in-
ception region and then a constant value beyond. This behavior is
inconsistent with the conical flowfield model.

Many investigations of heat transfer in sharp fin-induced shock
wave/turbulent boundary-layer interactions were made before the
quasiconical nature of the interaction was understood. A typical
spanwise heat transfer distribution across the interaction was shown
in Fig. 1. The heat transfer rate rises above the undisturbed value
and may have a local peak near the separation line. Further in-
board, the heat transfer rapidly increases and reaches a peak value
near the fin with a slight reduction in heating as the fin is reached.
A number of semiempirical correlations have been developed for
the magnitude13 and location14 of the peak heating value and for
the magnitude15 of the initial heating peak. These are discussed
later in the paper. Recently, Lee et al.16 measured the heat trans-
fer in conical coordinates. Resistance temperature detector sen-
sors were placed along two constant radius arcs measured from
the fin leading edge. These data provide the heat transfer distribu-
tion in the conical cross plane. Using the normal Mach number,
Mn, as an estimate of the interaction strength, an attempt was made
to correlate the peak heat transfer #max, by plotting #max vs Mn.
This was successful for interactions from Mach 3 to Mach 6. In
their experiment, the radial distance between the arcs was small
and no additional data were taken along conical rays to establish
the behavior of the heat transfer distribution with radial distance
from the conical origin. To the author's knowledge, no study has
been conducted to investigate the heat transfer distribution along
conical rays in sharp fin induced shock wave/turbulent boundary-
layer interactions.

The purpose of the current research was, therefore, to deter-
mine the nature of the mean surface pressure and heat transfer
distributions in such apparently conical interactions and determine
whether the conical assumption is valid. This is an important ques-
tion with many practical implications. For example, the use of such
a simplifying assumption leads to greatly reduced computational
requirements for computing these interactions, and it is important
to understand the validity of this approach.

Experimental Program
Models and Flow Conditions

The experiments were performed in the 7 x 6 in. (17.8 x 15.2 cm)
blowdown tunnel at the University of Texas at Austin. The tunnel
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Table 1 Incoming boundary-layer properties

8, in. (cm)
<5*, in. (cm)
0, in. (cm)

0.25 (0.64)
0.096 (0.24)
0.009 (0.023)
8340

0.00106
0.72

uses air and was operated at a freestream Mach number, M^ =
4.90, total pressure of 315 psia +/-3 psi (2.17 MPa) and total
temperature of 760°R +/- 2°R (422 K). The nominal freestream
Reynolds number was Re^ = 11.6 x 106/ft (38.1 x 106/m). Since
the model was initially at ambient temperature, these test conditions
produced a moderately cool wall with a model surface temperature
to adiabatic surface temperature ratio, Tw/Taw = 0.8.

The sharp fin model was made of stainless steel and was 6.00 in.
(15.24 cm) long, 3.50 in. (8.89 cm) high, and 0.375 in. (0.95 cm)
thick with a 11-deg bevel on the expansion side beginning at the
leading edge. The fin was mounted normal to a brass flat plate with
its leading edge 19.43 in. (49.35 cm) downstream of the plate lead-
ing edge. This location permitted natural transition of the boundary
layer to occur well upstream of the interaction. With the fin removed,
surveys of the pitot pressure through the boundary layer were made
0.5 in. (1.3 cm) upstream of the fin location. A pitot probe with
an opening 0.050 in. (1.3 mm) spanwise by 0.014 in. (0.4 mm)
high was used to obtain good spatial resolution within the boundary
layer. The velocity profile was calculated from the pitot surveys.
The static pressure measured at the wall (by a surface tap) was
15% greater than the freestream static pressure. To account for this
variation, a linear static pressure distribution was assumed. Know-
ing the local static and pitot pressure, the Mach number could be
determined using the Rayleigh pitot formula. An assumed total tem-
perature distribution was used to convert the Mach number profile
to a velocity profile. This temperature distribution was determined
from a two-dimensional numerical solution of the boundary-layer
equations. The actual total temperature is not expected to differ
more than 9°R (5 K) from the assumed linear distribution over the
region where the pitot data were acquired. A least-squares law-of-
the-wall/law-of-the-wake curve fit was made of the velocity data
using the approach of Sun and Childs.17-18 The boundary-layer pa-
rameters determined from this fit are given in Table 1. Further details
of the experiment are given in Ref. 19.

Pressure and Heat Transfer Measurements
Measurements included mean surface pressure and mean heat

transfer distributions. The pressure measurements were made us-
ing pressure taps connected to a scanivalve. The scanivalve used
a differential pressure transducer referenced to vacuum and cali-
brated using a Bourdon tube gauge, estimated to be accurate to
within +/—0.02 psi. This uncertainty corresponds to about 3% of
the freestream static pressure and 1 % of the highest pressures within
the interactions. Heat transfer rate was measured using commer-
cially available Schmidt-Boelter gauges (Medtherm Corp., model
#8-20-36-20903). These gauges contain a small substrate just under
the measuring surface, such that heat transfer to the gauge creates a
temperature gradient across the substrate which produces an output
signal from a thermopile. The output voltage is then compared to
a factory supplied calibration, and the heat transfer rate is deter-
mined. Each gauge is approximately 0.125 in. (3.2 mm) in diameter
and also contains a T-type of thermocouple for the measurement of
the surface temperature. The absolute accuracy of the heat transfer
rate measurements is difficult to define precisely without an inde-
pendent calibration. Therefore, the gauges were tested in two flows
producing known heat transfer rates, and the results were used to
determine the experimental uncertainty.

Heat transfer rate measurements were first made in the undis-
turbed flat plate turbulent boundary layer and compared to the Van
Driest II (VDII) prediction20 calculated from the known flow condi-
tions. This case generates a heating rate at or below those in the sharp
fin interaction. The gauges indicated an undisturbed heat transfer
rate 10% below that predicted from the VDII method. However, the
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Fig. 5 Locations and orientations of transducer rows.

repeatability of the gauges over many runs was within +/— 8%. The
average measured heat transfer rate (Ch = 0.00060) was combined
with the local skin friction coefficient determined from the law-of-
the- wall/law-of-the- wake velocity fits (C/ = 0.00 106) to determine
the measured Reynolds analogy factor (2Ch/Cf = 1.1 3). This value
for the Reynolds analogy factor is well within the data scatter in the
literature.21

As a second test, the stagnation point heating on a probe in the
Mach 4.90 freestream flow was measured. This heating rate is higher
than that expected in the fin induced interactions. One Schmidt-
Boelter gauge was installed in a small probe that was made in the
shape of a circular cylinder and pointed end-on to the flow. The
measured heat transfer was compared to the stagnation point heat
transfer predicted from a self-similar solution of the compressible
boundary-layer equations using the Lees-Dorodnitsyn transforma-
tion. Using this transformation, the expression for the stagnation
point heat transfer to an axisymmetric body is

(haw - hw)

Boison and Curtis22 have measured directly the velocity gradient
at the stagnation point, due/ds, on a number of blunt axisymmetric
shapes in a Mach 4.76 flow, and their results were used in the pre-
ceding expression. The predicted and measured values were within
8% for every calibration run. Thus, based on these two calibra-
tion experiments, measurements of the heat transfer footprint of the
S W/TBL interactions are estimated to have a maximum uncertainty
of+/-8%.

A 5.25-in.- (13.34-cm) diam brass instrumentation plug, which
lay flush with the test surface, was built for the Schmidt-Boelter
gauges. A similar plug was used for the pressure measurements.
The face of each plug was divided into four transducer fields. Each
field contained a similar pattern of transducer locations (or pressure
taps) slightly offset from its location in each of the other fields.
By rotating the plug 90, 180, and 270 deg from the initial orien-
tation, data from different runs could be combined to improve the
measurement point density. Mean surface pressure and heat transfer
data were obtained along a spanwise row for angles of attack of 8
and 16 deg (shown schematically in Fig. 5a). Data were also taken
along conical cross-plane rows (Fig. 5b). These conical orientations
were obtained by simply rotating the instrumentation plugs. A third
plug was made to measure the heat transfer along rays from a VCO
(Fig. 5c). These data were taken to further explore the conical nature
of the interaction footprint.
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Results and Discussion
Spanwise Surface Pressure Measurements

As mentioned earlier, to improve the data density, each surface
pressure and heat transfer distribution is composed of the results
from two and four wind-tunnel runs, respectively. The scatter that
such a technique can produce has been minimized by normaliz-
ing the data by the undisturbed values corresponding to each run.
Examination of the kerosene-lampblack surface tracer patterns con-
firm that all spanwise pressure and heat transfer measurements were
made within the quasiconical region of the interaction footprint. The
lengths of the leading-edge inception regions and the upstream in-
fluence angles for each fin angle of attack, as determined from the
surface tracer patterns, match previously developed semiempirical
correlations indicating that these flowfields have scales and orien-
tations consistent with earlier work.19

The pressure distributions along a spanwise row normal to the
freestream direction located 2.0 in. (5.1 cm) or 85 downstream of
the fin leading edge are plotted in Fig. 6. For each case, the data
have been normalized by the undisturbed pressure measured along
the same row outboard of the interaction. The abscissa is the span-
wise distance from the fin normalized by the spanwise distance from
the fin to the trace of the inviscid shock wave, Ys. For each fin angle
of attack greater than 6 deg, the data are displaced upwards one
unit of the ordinate. As expected, increasing the angle of attack
increases both the physical scale of the interaction as well as its
severity. For the smallest angle, the pressure rises very gradually
from the undisturbed value. A small plateau region in evident just
outside of the inviscid shock wave followed by a gradual rise as the
fin is approached. The plateau pressure is defined as the maximum
value in the plateau region. For higher angles of attack which gen-
erate a pressure distribution with a distinct peak-trough-peak shape,
the plateau pressure is defined as the magnitude of the first peak.
The peak pressure, Ppk, for the 6-deg case is 1.69 P^, compared to
the theoretical value of 1.99 P^ from the oblique shock solution. In
interactions such as these, the maximum pressure and heat transfer
occur very close to fin. Spatial resolution constraints prohibit well-
resolved measurements of the highest pressures near the fin/test
surface junction.

Scuderi15 has correlated both the peak pressure and the plateau
pressure in terms of the normal Mach number

'-0.167 (1)

(2)

for the plateau pressure. Figure 7 shows a plot of the maximum
measured pressure as a function of normal Mach number. Equation
(1) is shown by a solid line. The discrepancy between the correlation
and the measured maximum pressure is as high as 20%. However, the

for the peak pressure, and
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spatial resolution limitations mentioned earlier and believed to be the
cause. The plateau pressures are also plotted in Fig. 7 as in Eq. (2).
Once again there exists a discrepancy between the correlation and
the current measurements, although to a lesser extent than with
the peak pressure. This discrepancy cannot be attributed to spatial
resolution, since the plateau region typically has a significant spatial
extent.

Spanwise Heat Transfer Measurements
Heat transfer distributions along a spanwise row located 2.1 in.

(5.1 cm) or 85 downstream of the fin leading edge for each fin angle
of attack are plotted in Fig. 8. The data are normalized by the undis-
turbed value at the interaction edge measured during each run. The
length scale has again been normalized by the spanwise distance
between the fin and the inviscid shock wave at this streamwise lo-
cation. Again, for aso > 6 deg the data are displaced upwards one
unit of the ordinate.

As seen in the pressure results, increasing the angle of attack
increases both the physical scale of the interaction as well as its
severity. At each fin angle, the heat transfer rate begins increasing
at essentially the same location as the pressure. Beginning at asc =
8 deg, a small peak in the heat transfer is seen just inboard of the
start of the interaction. This peak grows in magnitude as the angle
of attack is increased, reaching a value Chw/Che = 1.7 for aso =
16 deg. A similar peak was seen at aSG = 10 deg at M^ = 3.95 in
the study by Aso et al.23 The normal Mach number is around 1 .50 in
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both cases. The heat transfer peak is much smaller in physical extent
than that of the pressure plateau. Inboard of the first peak, the heat
transfer rate drops to nearly undisturbed values creating a trough in
the distribution. It then increases rapidly as the fin is approached.

As the fin angle is increased, the first peak and the trough in
the heat transfer distribution move slightly outboard as the overall
interaction grows. The width of the peak in normalized coordinates
increases gradually with angle of attack although never reaching the
extent of the pressure plateau. Within the region of rapid increase
from the trough value to the maximum value, a slight inflection in
the distribution develops for the two largest angles. The inflection
point is located near the location of the trace of the inviscid shock
wave. Similar features can be seen at aso = 10 and 16 deg in the
work of Aso et al.23 at M^ = 3.95. Although the normal Mach
number of the former case matches the present aSG = 8-deg case,
no such inflection was seen in the current data. The normal Mach
number of the latter case falls just above that of the current case of
«SG = 14-deg. This inflection was not seen by Law24 at Mach 6.
However, the relatively poor spatial resolution of that study may be
responsible for its absence.

The peak in the measured heat transfer distributions occurs very
close to the fin, Y/ Ys < 0.5. Spatial resolution limits prevent locat-
ing the peak exactly. For each angle, the heat transfer peaks lie very
close to the locations of the maximum measured pressure. There-
fore, a single flowfield phenomenon may be responsible for both the
peak in surface pressure and the peak in heat transfer.

Before the conical behavior of these types of flowfields was un-
derstood, Hayes13 developed an empirical correlation for the peak
heat transfer in the form

sin ft - 1.0K-, + 0.75 (3)

based on results up to M^ = 5.85 and aso = 20 deg. The constant
nst is found from Fig. 9 and for the current position, x/8 = 8,
was set to 4.0. Recently, Lee et al.16 and Settles25 used the normal
Mach number as a first-order measure of interaction strength and
reported that the peak heating could be correlated by the following
expression:

for data in the range 3 < M^ < 6. The current data are plotted with
Eqs. (3) and (4) in Fig. 10. The agreement between the experimental
data and these correlations is quite good.

Scuderi15 used an expression based on two-dimensional pressure
interaction theory to relate the normalized heating in the initial peak
region to the normalized plateau pressure

s~* i s~* _ / r> /p \0.85 ff\\

The comparison between Eq. (5) and the current data is also shown
in Fig. 10. Note, only data from cases with a clearly defined pressure
plateau are plotted.

Overall, the agreement between the spanwise pressure and heat
transfer distributions and correlations developed earlier is quite
good. With the spanwise measurements indicating no unexpected
flowfield phenomena, further examination of the interaction foot-
prints could be made with confidence.
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Fig. 11 Surface pressure in conical coordinates, C*SG =

Conical Cross-Plane Measurements
To assess the conical behavior of the heat transfer and pressure dis-

tributions, additional measurements in the conical region were made
with the instrumentation plugs rotated to align the rows of pressure
taps and heat transfer gauges perpendicular to rays emanating from
the VCO. Although it was not known a priori whether the pressure
and heat transfer field would be conical, an initial assessment was
possible by using a VCO determined from kerosene -lampblack sur-
face flow visualization patterns (VCOV).19 For the 8-deg case, the
pressure plug was rotated clockwise 15 deg (as viewed from above)
from the orientation used in the spanwise measurements. The two
rows of pressure taps located at 0.92 in. (2.34 cm) and 2.35 in. (5.97
cm), or 3.75 and 9.45, respectively, from the fin leading edge were
used to acquire the data (see Fig. 5b). The value of 15 deg for the
plug rotation was picked somewhat arbitrarily, being roughly half
of fly. This value of plug rotation permitted very close matching
between the linear measurement rows and the curved conical cross
planes of the interaction. For the 16-deg case, the instrumentation
plugs were rotated clockwise 30 deg.

For both angles of attack, data measured along two rows in conical
cross planes were analyzed, along with the spanwise data discussed
earlier, in an attempt to locate a virtual conical origin based upon
these pressure data (VCOP). The technique used to locate the VCOP
consisted of four steps: 1) plotting the data against Y/YS, 2) iden-
tifying specific features (e.g., initial pressure rise, plateau, trough)
and their locations in each distribution, 3) passing a straight line
through the locations of the same feature on different distributions,
and 4) determining the intersection of these pairs of lines. A number
of different feature combinations were used to find the best over-
all choice of VCOP for each angle. For these two fin angles, the
pressure data were found to collapse in a conical reference frame
(Figs. 11 and 12). The collapse of both the spanwise and conical
pressure data is quite good, indicating the success in finding the
VCOp and the validity of the conical assumption when examining
the pressure footprint. These VCOP positions are located upstream
of the fin leading edge and behind (away from the compression side
of the fin) the extrapolated trace of the inviscid shock wave for both
fin angles. The VCOP locations, with respect to the fin leading edge,
are presented in Table 2.

The heat transfer distributions in the conical cross plane were
measured in a similar manner as the pressure distributions and are
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Table 2 VCO/> locations

Directional component aso = 8 deg «SG = 16 deg
(Streamwise distance from

VCOp to fin leading edge)/<5 3.55 1.90
(Spanwise distance from

VCOp to fin leading edge)/<5 1.44 0.91
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Fig. 12 Surface pressure in conical coordinates, C*SG = 16 deg.
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plotted in Figs. 13 and 14 in Chr vs ft coordinates from the VCOP.
As mentioned earlier, in a conical flowfield the quantity C/,r is a
constant. In these two figures, the product Chr has been normalized
by the quantity Che8. The plots show both rows of conical heat
transfer data along with the earlier Spanwise heat transfer data. The
heat transfer distributions do not collapse in a conical coordinate
system using the VCOP as the origin, nor do they collapse if plotted
using the VCOV. This raised the question of whether a different
VCO could be found to collapse the heat transfer data. As was done
previously to locate the VCOP, key features of the heat transfer
distributions were identified and used to locate a VCO based on
the heat transfer distributions (VCOh). However, no VCOh could be
found to collapse either set of heat transfer data.

In summary, the surface pressure measurements made along con-
ical crossflow planes collapse very well using conical coordinates
from a virtual conical origin, consistent with earlier experimental
studies. However, no virtual conical origin could be found to col-
lapse the heat transfer data in conical coordinates.

Measurements Along Conical Rays
To investigate the heat transfer distribution further, a third in-

strumentation plug was built in which heat transfer gauges were
located along rays from the VCOP. This plug contained two rays,
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Fig. 15 Heat transfer along rays from VCOp, asc = 8 deg.

of five transducer ports each, positioned for aso = 8 and 16 deg, as
shown in Fig. 5c. Along each ray, transducers were placed at 2.50,
3.00,3.50,4.00, and 4.50 in. (6.36,7.62, 8.89,10.16, and 11.43 cm)
from the VCOP. All of these stations are beyond the leading-edge
inception region as determined from the surface tracer patterns.19

Although the gauge positions were designed for a 16-deg. fin angle,
tunnel starting difficulties limited the angle to 15 deg. This differ-
ence is not expected to have a significant impact on the results to be
discussed. The reduced number of transducers employed permitted
measurement of all of the gauges during the same wind-tunnel run,
thereby avoiding the scatter which may occur when combining data
from different runs.

The angles of the two rows of transducers were selected to match
features of the conical pressure distributions. For the 8 deg case,
the angles used for the transducer rows were ft = 18 and 28 deg.
The first angle corresponds to the kink in the pressure distribution
between the plateau and the sharp rise near the fin (see Fig. 11). This
position is just outside of the inviscid shock wave. The second angle
was selected to fall within the initial pressure rise and to place the
transducers along a ray whose angle is significantly different from
the first. For the 16 deg case, the angles used for the transducer rows
were /3 = 27 and 33 deg. The first angle corresponds to the trough
between the pressure peak and the final pressure rise as seen in the
distribution in Fig. 12. This ray is just outside of the inviscid shock
wave. The second angle was selected to match the initial pressure
peak of the pressure distribution.

The heat transfer measurements along conical rays from the each
VCOP are shown in Figs. 15 and 16 for fin angles of 8 and 15 deg,
respectively. The heat transfer has been normalized by the value
of the undisturbed turbulent boundary-layer heat transfer measured
by each gauge. Each data point is an average for all runs and is
plotted along with its repeatability bar. Along both rays for each
fin angle, the heat transfer is roughly constant. This behavior is
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Fig. 16 Heat transfer along rays from VCOp, asc = 15 deg.

very similar to that seen in the skin friction distributions by other
investigators.11 As seen earlier with the conical cross-plane data,
no 1/r type behavior is seen, as would be expected with a purely
conical flowfield.

Conclusions
Experimental measurements of mean surface pressure and heat

transfer have been obtained for fin angles of attack from 6 to 16
deg at Mach 5. These data compare favorably with predictions from
empirical correlations developed in earlier studies. Additional mea-
surements have been made to study the behavior of the heat transfer
distribution, specifically to examine whether or not it behaves qua-
siconically. The conclusions from this research are as follows:

1) Correlations based upon normal Mach number prove adequate
for predicting the peak pressure, plateau pressure, and peak heating.

2) The mean surface pressure distributions display conical sym-
metry. A virtual conical origin of the pressure field was found for
each case, and the pressure distributions collapse well when plotted
in a conical coordinate system.

3) The mean surface heat transfer distributions are not conical.
Heat transfer data, taken at 8- and 15-deg fin angle of attack, along
rays from the virtual conical origin of the surface pressure field do
not decay as would be expected in a purely conical flowfield, but
instead are nearly constant.
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