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Interaction between an Advancing Shock Wave
and Opposing Jet Flow

THOMAS M. WEEKS* AND DARSHAN S. DosANjnf
Syracuse University, Syracuse, N. Y.

The interaction between a plane shock wave advancing in a shock tube and an opposing
axisymmetric jet flow was recorded experimentally and analyzed. Shadowgraph, schlieren,
and interferometric observations revealed that the shape of the shock distortion (bulge)
caused by the jet flow closely resembled that of the local jet mean velocity distribution. Ob-
lique shock relations, applied across shock bulge segments, yielded local flow jump param-
eters. The density distribution thus obtained compared favorably with interferometric re-
sults. Beginning at the bulge apex as a maximum the flow field exhibited several adjacent
density maxima and minima in the axial direction. Within 1J and 10 nozzle diameters in the
radial and axial direction, respectively, these oscillations attenuated, and the density ap-
proached the uniform value observed behind the undisturbed normal main shock front.
Applying mass and momentum conservation relations and assuming isentropic processes in
the axial direction, corresponding flow field quantities were obtained. An intense, inter-
mittent compression wave system with wavelength nearly equal to the jet diameter appeared
behind the moving shock front. The intensity of the propagating discrete wavelets was found
to be of the order of 170 db and was observed to diminish in accordance with moving point-
source emission theory.

shock

Nomenclature

a = speed of sound
b = jet mixing zone width
c = jet core radius
d = jet nozzle diameter
/ = intensity of compression waves
k = optical constant (0.000292)
I = shock bulge amplitude
1R = decibel scale intensity of compression waves
L = test section width
M = Mach number
N = fringe jump number
p = pressure
Pi = emission point of wavelet Wi
r — radial distance from jet axis
n = distance from point P» to wavelet Wi
rim = radius corresponding to one-half maximum

bulge amplitude
Tm = radius corresponding to one-half maximum jet mean

velocity
r0 = limiting radius of interferometric analysis
5 = shock strength = pzu/piu
T = absolute temperature
u = particle velocity in x direction
Ue = jet exit velocity
Us = shock speed
v = particle velocity in r direction
Wi ~ iih wavelet
x = axial distance from nozzle exit
x' = axial distance from shock bulge apex towards nozzle

exit
% = direction of light path through test section
|8 = shock bulge slope angle
6 = angle between direction of emission and direction of

motion of emitting point Pi
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X = wavelength of light
\R = radiation wavelength
P = density
co = frequency of discrete radiation = azu/\R

Subscripts
0 = stagnation conditions
1 = ahead of shock wave
2 = behind shock wave
1.7,2; = jet flow conditions ahead of and behind shock wave,

respectively
lu,2u = uniform conditions ahead of and behind shock wave,

respectively

Introduction

THE concurrence of shock waves and fluctuations or dis-
turbances in high-speed flow systems is experienced

commonly. The convection of these disturbances through
the shock waves plays an important role in a variety of gas-
dynamics and aerodynamics problems and has formed the
subject of a number of recent investigations. Lighthill1
analyzed the scattering of energy when sound or weak shock
waves pass through turbulent flow. Ribner2-3 studied the
convection of a pattern of vorticity and also the passage of a
single vortex through a shock front. Werner4 extended
the analysis to the convection of a bounded cellular vortex
field as well as a single column of vortex cells through a shock
wave and predicted the transient behavior (distortion) of the
shock wave and pressure disturbances generated downstream
of the shock front.

Powell5'6 established that noise characteristics (frequency,
intensity, and directionality) of jet flows markedly change
above choking, i.e., when shock waves appear in turbulent
jet flows. The continuous frequency noise spectrum then is
dominated by a powerful whistle or screech whose wavelength
(or frequency) is related to the regular shock pattern through
which the upstream flow disturbances are convected.

Another class of problems, which has gained some practical
importance, involves the interaction of a shock wave with an
injected jet flow. Such an interaction takes place when a
forward-facing jet flow is injected from the blunt nose of a
hypersonic re-entry vehicle. This has been investigated as a
possible means of alleviating the heat transfer problem7 but
apparently results in an increased rate of convective heat
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Fig. 1 Block diagram of experimental facility

transfer to the vehicle.8 As another example, if a re-entry
vehicle was to be decelerated within the earth's atmosphere
by means of a high-thrust retrorocket, the rocket exhaust
would interact with the standing bow shock front.9 Such
jet flow-shock interactions are known to result in the displace-
ment and distortion of the bow shock.10 In these flow con-
figurations the jet is directed from high to low pressure side
of the shock front. In close formation supersonic flight, the
jet exhaust of the leading aircraft may interact with the body
shock waves of the one following. Here the jet flow is di-
rected from the low to the high pressure side of the shock
front. It is apparent that if relative motion between these
aircraft takes place a problem akin to propagating shock-
jet flow interaction arises.

Similar interactions between a traveling shock front and
turbulent jet flows were investigated experimentally in a
shock tube by Dosanjh.11 In his experiments an axisyna-
me trie jet was directed, in one case, from the high to the
low pressure side of a receding shock front and, in another,
from the low to the high pressure side of an advancing shock
front. In both cases distortion of the shock front occurred.
In addition, in the latter case, an intense intermittent high-
frequency radiation appeared in the flow field behind the
shock front. Dosanjh pointed out that the wavelength of the
wavelets was nearly equal to the nozzle diameter (or local
jet flow diameter).

Dosanjh's experiments were conducted, however, with a
-.—— SHOCK

JET

SHADOWGRAM
Fig. 2 Traveling shock-opposing axisymmetric jet inter-
action; S = 1.46, x/d = 3.20; choked jet: poij/Pi* = 2.00,

d = fin., TW = 73°F

single nozzle diameter and shock strength. The optical data
were entirely shadowgraphic, yielding only qualitative details
of the flow field behind the shock front. Therefore, further
experimental investigations of the interaction between a
traveling shock wave and opposing jet flow were undertaken
to extend systematically the earlier investigations including
additional nozzle diameters, shock strengths, jet exit velocities
(subsonic and choked), and x/d locations of the shock front
from the nozzle exit. The shock-jet flow interactions were
recorded using shadowgraph, schlieren, and interferometer
techniques. The nature of the local shock distortion, inter-
action field density distribution, and the discrete wavelet
radiation (wavelength, strength, and attenuation) was in-
vestigated.

Applying oblique shock relations, the local flow jump condi-
tions across shock segments were obtained. The results were
compared with the interferometrically determined density
distribution.

Experimental Facility
A 6-in.2 cross section, 24-ft-long steel shock tube, with a

4-in.-diam optical glass window located 15 ft from the dia-

a) Schlieren horizontal knife edge

b) Monochromatic interferogram

Fig. 3 Traveling shock-opposing axisymmetric jet inter-
action; S = 1.46, x/d = 3.00; subsonic jet: poij/piu — 1-87,

Ue ~ 1100 fps, d = J in., Toy = 74°F
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phragm was used in these investigations (Fig. 1). Shock
speeds (and, therefore, strengths) were obtained from the
measured time of transit of the shock front between two hot
wire transducers placed 3 ft apart.12

The compressed air supply (maximum pressure, 350 psig;
total storage volume, 450 ft3) was dried, filtered, and regu-
lated to maintain various constant jet settling chamber
pressures for a wide range of mass flow rates. Axisymmetric
converging nozzles with J-in., ^-in., and 1-in. diameters were
mounted individually in the center of the shock tube in a
direction opposite to that of the advancing shock front. Pre-
liminary investigations used an arrangement in which the far
end of the shock tube was open and the jet efflux accumulat-
ing in the expansion chamber flowed out the open end. Here,
the jet flow was surrounded by an opposing back flow which re-
sulted in additional distortion of the shock front. This prob-
lem was alleviated by exhausting the expansion chamber
with a rotary piston vacuum pump (Fig. 1), the exhaust
rate being adjusted to establish the desired pressure (usually
atmospheric) .

Experimental Procedures and Conditions
Traveling shock-opposing axisymmetnc jet interactions

were recorded interferometrically. The shock strength S was
varied from 1.27 to 2.0, and the jet was operated at exit veloci-
ties ranging from subsonic (Ue = 350 fps) to choked with p0i//
Piu as high as 2.36. The relative position of the shock front and
nozzle exit was varied from x/d = 0.74 to 12. Monochro-
matic and white light interferograms were recorded simul-
taneously using a filtered (448 m/z) and unfiltered single
magnesium spark. Some of the experimental runs were re-
peated adapting the interferometer as shadowgraph and
schlieren systems. Typical examples appear in Figs. 2 and 3.
Additional details of the construction and operation of the
shock tube and associated systems are available in Ref. 13.

Glass slides of the interferograms were scanned using an
optical comparator, and the fringe locations at constant x/d
stations were obtained. An IBM 650 Fortran program was
written to solve Abel's integral

a) /-Narrow shear layer
Q ' -Local shock bulge extent

N = - f
~ X J o

L
Piu

The assumption of axial symmetry led to the employment
of the constant density annular zone method. The zones
were chosen such that consecutive zone radii corresponded to
consecutive fringe positions on the interferogram. Thus the
geometrical zone coefficients as well as the density field were
obtained with a single computer program using the raw fringe
location data directly. J It should be noted that this method
can be extended only to a radius r = TQ of the innermost ob-
servable fringe. For additional details, see Refs. 13 and 14.

The optical records of shock-opposing jet interaction re-
vealed three distinct flow phenomena: 1) The opposing jet
flow distorts the advancing shock front. 2) The jet flow
and the drift flow behind the shock wave are modified by the

A-A
Jet mean velocity u,j

Drift flow velocity upi

Fig. 4 Sketch of propagating shock-opposing jet interac-
tion; coordinates fixed on a) jet nozzle, b) advancing shock

Shock Distortion

The local shock distortion caused by the opposing jet is
in the form of a bulge depression bearing a striking resemb-
lance to the jet mean velocity profile just ahead of it. For
example, when the shock front is located in the free-turbu-
lence (similarity) region of the jet flow, the bulge shape is
nearly Gaussian (Fig. 3). As the shock wave progresses into
the potential core-mixing region, the shock bulge develops a
normal portion the size of the local jet potential core, and the
surrounding portion of the shock bulge profile still resembles
the local jet mean velocity profile. A careful examination of
optical data revealed that the turbulent nature of the jet
flow caused only secondary local distortion of the shock bulge.

In order to predict the shape of the shock bulge theoretically,
it is necessary to know the flow properties behind as well as
ahead of the shock front. The flow properties behind the
shock bulge, however, depend upon its shape. This non-
linear interdependence of the "shocked" jet flow and the
shock bulge shape complicates any theoretical analysis.4
A first-order approximation was derived assuming that the
shock bulge adjusts itself such that uniform pressure condi-
tions are achieved immediately behind the shock front (i.e.,
Pv = P2u). Experimental observations revealed, however,
that immediately behind the shock bulge the pressure is
higher than the uniform value p2u but attains this value ap-
proximately 1 nozzle diameter downstream. The analysis
was based entirely on the mean flow properties (see Fig. 4
for notation). Viscous effects were neglected. The equa-
tions of motion were written for flow conditions both out-
side and inside the jet flow region in a coordinate system
fixed on the moving shock front (Fig. 4b). These equations
reduce to a single differential equation describing the shock
bulge slope:

>1A/2 - PluUs*

interaction. 3) A discrete wave system is generated behind
the shock front.

t The integration procedure required in analyzing shock-
axisymmetric jet interactions is tedious and subject to some
degree of error. It, therefore, appeared desirable to use a two-
dimensional (f-in.) wall to wall jet mounted in the arrange-
ment of Fig. 1. It was found, however, that because of Coanda-
type entrainment asymmetry the jet deflected toward either the
top or bottom wall. A mounting arrangement with the far end
of the shock tube open resulted in oscillatory deflection of the jet
flow. Therefore, the resultant jet flow field in both cases was
unsatisfactory to shock-jet interaction studies. For additional
details of the difficulties encountered, see Refs. 13 and 14.

- Plut/s2]1/2 '

Details of the derivation of Eq. (1) appear in Ref. 13. If
v\i« (uu'j Us), then

dr/dx' « { [ p u (Us + ttW)2/Pi« Us
2] - 1} -1/2 (2)

For incompressible jet flow pi, = piu, Eq. (2) becomes
dr/dx' « {[(U, + uu)/U,]* - l}~1 /2

or
sin/3 « US/(US + w) = Afi«/Miy (3)

Thus the simplifying assumptions vu « (MI,-; Us) and pi/ =
pit* reduce Eq. (2) to the well-known correspondence between
normal and oblique shocks having the same strength.
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From Eq. (2) it is apparent that in the absence of jet flow
(Ulj = 0) the slope dr/dxf of the shock front becomes infinite
(normal shock), and for u\j > 0 the shock bulge slope takes on
finite values. However, in the potential core region of the
jet flow where u^ — Ue, the central portion of the shock bulge
is observed experimentally to be normal, i.e., its slope is in-
finite. Therefore, Eq. (2) does not describe the shock bulge
slope in the potential core region. Additionally, in this
analysis the shock bulge can be no wider than the jet flow.
However, the shock bulge is observed experimentally to ex-
tend beyond the jet boundaries (Figs. 2 and 3). This dis-
crepancy may be attributed to the fact that, as the shock front
advances toward the jet exit, it passes through a progressively
narrowing jet cross section. If the adjustment of the shock
bulge to the local jet extent is slower than the rate of de-
crease of jet width, the shock bulge will appear wider than
the local jet flow. Also, on the jet boundary, at a given in-
stant, the junction of the oblique shock contained in the jet
flow region and the main normal shock front must smoothen
due, tQ the viscous effects, This also will cause the shock
bulge to extend beyond the local jet flow boundaries.

If the local jet velocity distribution for two-dimensional or
axisymmetric jets is prescribed just ahead of the shock bulge,
then Eq. (2) can be integrated. For shock locations in the
free-turbulence portion of the axisymmetrical jet, the Gaussian
mean velocity distribution15

was used in Eq. (2). Nondimensional plots of this jet mean
velocity distribution and the numerical integration of Eq.
(2) are presented in Fig. 5a. In the case of the shock located
within the potential core-mixing region the velocity distri-
bution

u^/Ue = [I - [(r - c)/6]2/3}2 (5)
was chosen after Kuethe,16 where constants c and b are
determined experimentally (see Fig. 5b). It can be seen that
in both cases agreement is fair, justifying the first-order
approximation for the shape of the shock bulge in the jet
mixing region (surrounding the potential core) as well as in
the similarity region.

An additional oblique shock surface was observed to form
at the bulge apex extending toward the jet boundary to about
the size of the nozzle diameter (Fig. 2). In the case of shock
locations in the free turbulence portion of the jet, the ex-
tended shock originated at the bulge apex, and the resulting
configuration resembled the diamond shock cell pattern in
a choked jet. For shock locations within the potential core-
mixing region the extended shock surface originated at the
normal shock disk circumference, and flow calculations con-
firmed the presence of the observed slipstream originating
at the triple point.

Flow Field behind Shock Bulge

The analysis of numerous interferograms of shock-jet
interaction was carried out in order to evaluate the nature
of the overall density field behind the shock front. Values
of the density ratio p2/pi were obtained at several locations
downstream of the shock front as a function of radial distance
r. For example, the radial and axial variations of the
density ratio p2/pi (corresponding to Fig. 3) are presented in
Figs. 6a and 6b, respectively. The characteristic shape of
these curves is typical of other interactions as well. For
clarity only a few curves are presented in each plot. It is
apparent that, beyond 1.5 nozzle diameters from the jet axis
and 10 nozzle diameters downstream from the shock location,
the density ratio assumed the uniform value p^u/piu which is
slightly lower (no more than 1%) than that predicted by
shock speed measurements. This negligible difference may
be attributed to a slight decrease in shock strength caused
by the nonuniform flow present between the last timing sta-
tion and actual interaction location (a distance of about 3.5
ft). Closer to the jet axis (up to r = r0) the density ratio
PZ/PI is seen either to rise above or fall below the shock alone
value PZU/PIU. In the axial plot, Fig. 6b, a high-density region
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forms at the shock bulge apex, followed axially by a region of
decreasing density attaining a minimum about 2 nozzle diam-
eters from the location of the maximum. This is followed
by an increase in density, another relative maximum, and so
on. The distance between adjacent maxima or minima is
of the order of 4 nozzle diameters. The local upstream
velocity u^ and the local shock bulge angle ft were measured,
and the corresponding upstream temperature TU « (wi/)1/2

was obtained. Across local segments of the shock bulge
oblique shock relations were applied, and the density, pres-
sure, and temperature ratios (p2/pi, PZ/PI, T2/Ti) were calcu-
lated. The density ratio thus obtained was compared to the
interferometric values (Fig. 7). In Fig. 7a (corresponding
to Fig. 3) the shock location is in the free-turbulence portion
of the jet. In Fig. 7b the shock front is located in the poten-
tial core-mixing region of the jet. The dashed line in the inset
indicates the position at which p2/pi was evaluated. The
comparison reveals that the density ratio found from oblique
shock relations falls below that obtained from the interfero-
metric analysis by about 10%. Further examination of Fig.
7b reveals that, for the region between the jet flow boundary
(b) at r/d ~ 0.62 and the shock bulge boundary (a) at r/d =
1.1, the density and pressure ratios determined from oblique
shock relations fall below the uniform values P^U/PIU and
Pzu/Piu, respectively. The reason is that outside the jet
flow boundary (i.e., no opposing flow) the oblique shock
Mach number Us smft/a^u is less than the corresponding
normal shock Mach number U8/a\u. This density behavior
is not evident from the interferometric observations, appar-
ently due to the smoothening effect of the integration pro-
cedure. Since the accuracy of the results obtained both
interferometrically and from oblique shock theory was esti-
mated to be within about 5%, the agreement between the two
methods is fairly good. On the basis of this agreement, the
associated flow field characteristics were calculated. For the
pressure distribution just behind the shock bulge, see Fig. 7.
The appearance of a high-pressure region at the bulge apex
is evident for shock locations in and downstream of the po-
tential core. Farther downstream from the shock front, ap-

Stationary
shock

Density ratio
evaluation

Shock front contou
(b)Jet

boundary

/p, Oblique shock theory —

p/p{ From interferogram |

1.6

Fig. 7 Density distribution immediately behind shock
front; a) interferogram Fig. 3, b) shock located in poten-

tial core

Fig. 8 Intermittent compression wave pattern behind
shock front; upper portion, determination of average
wavelength; lower portion, location of emission points

proximate flow characteristics were calculated using mass and
momentum conservation relations and assuming isentropic
processes in the axial direction. The streamlines and ve-
locity profiles corresponding to Fig. 3 are shown in Fig. 4.
In order to improve the accuracy, the initial streamline
spacing was chosen somewhat narrower near the jet axis
where larger mass flow gradients were present. It was
found that the oblique shock bulge deflects the jet flow in-
ward toward the axis. Since the drift flow following the
oblique portion of the main shock front just outside the jet
flow boundary is directed opposite to this deflected flow, a
narrow shear layer develops. The extended conical shock sur-
face returns the flow parallel to the jet axis and reverses the
direction of flow behind it. The streamlines expand slightly,
reaching a maximum spacing at the first density minimum,
and then contract gradually to a uniform spacing farther
downstream.

In the case of shock locations within the potential core a
somewhat different flow field is established. The flow ve-
locity Upj behind the normal portion of the shock bulge is
constant and is a function of the local shock Mach number
(Us + Ue)/aij. At the circumference of this normal shock
disk, upj and density ratio p2//pi/ undergo a discontinuous
increase at constant pressure and then decrease radially along
the extended shock to the uniform values up and p2M/'PI« be-
hind the main normal shock. The flow remains parallel
to the jet axis, directed towards the shock front. These
calculations confirm the presence of the optically observed
slipstream that forms at the triple point and extends a short
distance downstream.

It was found that the pressure distribution at the first-
density minimum section was constant and equal to the uni-
form value pzu to within 4%. This suggests that the initial
expansion from the shock bulge apex yields uniform pressure
conditions, and, therefore, the subsequent density oscillations
are accompanied by temperature oscillations at constant
pressure. The assumption of a constant pressure process
downstream of the first-density minimum, however, had
no noticeable effect on the streamline spacing previously
calculated on the basis of isentropic expansion.

Intermittent Wave Field

Another interesting characteristic of shock-jet interaction
is the appearance of a clearly discernible, regularly spaced
(discrete) system of propagating compression wavelets in the
flow field behind the traveling shock front for both subsonic
and supersonic opposing jet flows (Figs. 2, 3, 8). The com-
pressive nature of the wavelets was established from interfero-
grams (e.g., Fig. 3) where the fringe jump across the wavelets
and the main shock front is in the same direction. This also
was confirmed by the examination of schlieren photographs.
In addition to the main wave system, a weaker pattern of nu-
merous wavelets (apparently of higher frequency) also was
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Table 1 Typical frequency and predominant wavelength
of radiated wavelets

Jet diameter d, in. Wavelength \R, in. Frequency co = -—^, kc

0.25
0.50
1.00

0.24 d= 0.03
0.51 ± 0.03
1.10 ± 0.03

55.61^
29.02V
14.50J

at S = 1.46

observed. Only the discrete system was investigated for its
predominant wavelength, frequency, and intensity.

It is worthwhile to point out that small fluctuations of the
interference fringes in the jet flow region behind the advanc-
ing shock front are more pronounced than those ahead of the
shock (Fig. 3). This suggests the possibility of an increase
in the jet flow turbulence level as a result of shock-jet inter-
action. No quantitative measurements of this effect were
undertaken.
a. Wavelength and frequency of radiated wavelets

The earlier suggestion by Dosanjh11 that the predominant
wavelength \R of the radiated wavelets may have a depend-
ence upon the jet diameter was examined further in this in-
vestigation. Considering the shock front to be stationary
and assuming the local propagation velocity of each wavelet
to be the vector sum of the local speed of sound normal to
the wave and the flow velocity bebind the shock u%, a ve-
locity-vector diagram was constructed at many points on
each wavelet as shown in Fig. 8. For each shadowgraph an
average value of the predominant wavelength \R was found
to be nearly equal to the jet diameter, d, and almost inde-
pendent of shock strength, jet exit velocity, and distance
downstream from the nozzle exit.13 An overall average value
of \R was found for each jet diameter. The results are
summarized in Table 1.

The discrete wave pattern was examined further to deter-
mine the actual wavelet shape. From an enlargement of
Fig. 3, normals to a wave Wi were constructed. These nor-
mals were found to cross the jet center line at nearly the same
point Pi, and the radii r* corresponding to Wi were equal.
The wave front, therefore, was almost spherical in shape,
and Pi was identified as its emission point (see Fig. 8 for
details of construction). Thus, the predominant discrete
radiation pattern consists of essentially spherical waves
whose wavelength is equal to the axial distance between emis-
sion points as well as the distance between two adjacent
wavelets, i.e., \R = (Pt-Pt-_i) = r» — r,-_i. Applying this
method to successive wavelets, the wavelength was again
found to be nearly equal to the jet diameter to within the
deviation shown in Table 1.
b. Intensity of radiated wavelets

The decibel intensity IR of a compression wave of excess
pressure Ap is given by

= 20 10 Iog(psas/P2a2) (6)

where the threshold noise level Apt = 0.0002 dynes/cm2 at
standard density ps and sound speed as. The second term
in Eq. (6) accounts for the reduced decibel intensity of a
compression wave behind the shock front since psas/p2a2 < 1.
However, for the range of shock strengths used this second
term was of the order of 1% of the first and therefore neg-
lected. Assuming the radiated wavelets to be very weak
Ap/p2 = 7 Ap/p2, and from Eq. (6) 1R = 20 logy p2 Ap/p2Apt
= 20 logySpiAp/pzApt. The quantity Ap/p2 was evalu-
ated from the interferograms by the integration procedure
already described in the section entitled Experimental Pro-
cedures and Conditions. The intensity IR vs the angular
location 6 (Fig. 8) of three consecutive waves (interferogram
Fig. 3) is shown in Fig. 9.

0 Degrees
Fig. 9 Intensity and decay of successive compression

waves (interferogram Fig. 3)

The attenuation of decibel intensity with increasing r* and
increasing 6 is evident. Lighthill17 has shown that the in-
tensity [7 oc (Ap)2] of sound emission from a moving point
source Pi varies as [r» (1 — M2u cos0)]~2, where M%u is the
source convection velocity u2u divided by the local speed of
sound a<iu. Starting with the maximum measured value of
IR (173 db), the decay of intensity of each wave with r and
6 was calculated. Good agreement with experimental re-
sults is evident (Fig. 9). Small differences may be attributed
to local nonsphericity of the wavelets due to their initial
passage through the nonuniform jet flow region, and loss of
accuracy of fringe jump measurements with increasing 6 due to
the changing orientation of the fringes along the wavelets.

An attempt was made to ascertain the emission mechanism
of the discrete wavelets. The jet flow turbulence can be
excluded as the direct cause of the discrete radiation, as its
overall intensity is concentrated within a frequency range
much lower than the observed frequency of the discrete radi-
ation (Table 1). It is suggested, therefore, that some mecha-
nism involving characteristic flow oscillations of the interacted
jet flow may be responsible for the intermittent wave system.
An examination of the flow field immediately behind the
shock bulge revealed the presence of an extended conical
shock surface and a high-pressure region with lateral extent
nearly equal to the jet diameter (Fig. 4). The longitudinal
extent of this high-pressure region is also nearly equal to 1 jet
diameter (Fig. 6b). The shock bulge is disturbed by the
passage of the jet flow eddies, resulting in local pressure and
velocity fluctuations. These in turn disturb the extended
shock cone and adjacent high-pressure region. This may
actuate an oscillation of the high-pressure region with a
characteristic frequency corresponding to wavelength \R « d.
Also the propagation of the compression waves over the shock
bulge surface will disturb it and in turn may further perpetu-
ate the oscillation of the high-pressure flow region. The
emission mechanism of the superimposed pattern of numer-
ous weak wavelets appears to be related directly to the pas-
sage of the small-scale jet flow eddies through the shock bulge.
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Constant Convective Heating Rate Surfaces for Lifting Re-Entry
Vehicles

WILBUR L. HANKEY JR.* AND LAWRENCE E. HooKsf
Aeronautical Systems Division, W right-Patter son Air Force Base, Ohio

A constant emissivity surface of known area is considered. It is assumed that heat input
to the surface is balanced by radiation to space. The minimum peak temperature possible
on this surface occurs when the surface temperature is constant. It is shown that constant
temperature is equivalent to constant local heating rate. Constant convective heating rate con-
tours are determined by setting Lees' 1956 equation for laminar heating rate distribution equal
to unity and solving for the surfaces that satisfy that condition. The resulting nose and lead-
ing edge geometries are presented for a ratio of specific heats of 1.2. Stagnation region heat-
ing rates and temperatures for constant convective heating rate surfaces and circular arc sur-
faces are compared at the same flight condition. Stagnation heating rates on the constant
convective heating rate surfaces are approximately 70% of the values on circular arc surfaces
fitting the same vehicle.

Nomenclature

A = area
K = a constant of proportionality
n = 0 for a planar body, 1 for a body of revolution
P_ = local static pressure
Pr = average Prandtl number
q = local heat transfer rate per unit area
Q = total heat transfer rate
R = local radius of curvature
S = distance along body surface from stagnation point
T = absolute temperature
V = local inviscid gas velocity, tangent to the body except when

freestream conditions are indicated
x = distance along body axis from stagnation point
y = distance from body axis to body surface
/? = dimensionless stagnation point velocity gradient, (1/Foo),

(dVs/de)s equal to {(T - 1)/7)1/2

7 = effective ratio of specific heats
e = emissivity
0 = angle between tangent plane at local body point and

tangent plane at the stagnation point
M = absolute viscosity

Stephan-Boltzmann constant
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Subscripts
a = conditions at point where sonic velocity occurs
c = conditions on a surface with circular arc cross section
E = conditions on a surface with an elliptical cross section
0 = condition at the termination of constant heating rate sur-

face
S = stagnation point conditions
8 = conditions at outer edge of boundary layer
oo = freestream conditions

I. Introduction

RE-ENTRY vehicles may be classed as ballistic vehicles or
lifting vehicles. Ballistic vehicles are characterized by

short re-entry time and turbulent boundary layer during the
critical heat pulse. Lifting vehicles have a long re-entry
time and laminar boundary layer during their critical heat
pulses.

The flight corridor of either type of re-entry vehicle is
limited by its ability to absorb or reject the re-entry heat load.
The heat pulse applied to a ballistic vehicle during re-entry is
of such short duration that cooling by ablation allows the
vehicle to survive. Because of long re-entry times, however, it
is probable that lifting re-entry vehicles will rely on cooling
by reradiation over significant portions of their flight paths.


