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FOREWORD

This report was prepared by MITHRAS, a division of sanders
associates inc., for the National Aeronautics and Space Administra-
tion, Liquid Rocket Research and Technology Branch, Washington,
D.C. Mr. Hartwell Long of the Jet Propulsion Laboratory, California

Institute of Technology was the Technical Manager.

The investigations whose results are reported here, represent
the work accomplished during Phase I of contract NAS 7-576 during the
period 1 June 1967 to 1 June 1968. Phase II of this contract is pres-
ently unde rway and will be completed June 1, 1969.

The research reported here was performed in the Aeroscience
Department of MITHRAS under the direction of the department
manager, J.A. F. Hill. Mr. P.O. Jarvinen was project engineer and
wrote the interim final report. Mr. Norbert Durando contributed
substantially to the development of the entrainment along the inner

and outer interfaces and to the location of the inner interface.

ii

Approved for Public Release JPL CL#YY-XXXX




SUMMARY

This report discusses the progress accomplished during the
first year of a two-year contract to study Propulsive Re-Entry Aero-
dynamics. Analytical methods were developed during the first year
to predict the flow field in the immediate vicinity of a planetary entry
system composed of an aeroshell with a single retrorocket which
exhausts into a subsonic or supersonic counterflowing planetary
atmosphere. In the second year a digital computer program will be
developed for the analytical solutions, and the analytical model will be
tested by performing an experimental test program and comparing the

experimental results with the analytical predictions.

The analytical investigation considers the flow field due to a
single supersonic retrorocket exhausting from an aeroshell into on-
coming subsonic, transonic, or supersonic streams in the large thrust-
ing coefficient regime, 0.5< CT = T/q00 Am< 15, which is the range
of thrusting coefficients encountered during the terminal landing phase

for planetary landing on Mars or Venus.

Analyses are provided for all the geometrical features of the
flow field such as the location of the terminal shock, jet boundary, and
the profile for the interface between the jet and atmospheric gases. In
addition, analyses are developed which describe the growth of the mix-
ing layers along the interface and at the edge of the jet boundary and
dead-air region and the reattachment of the shear layer to the aero-

shell or the recompression of the shear layer in wake type flow.

A comprehensive discussion of the experimental wind tunnel

test program to be accomplished in Phase II is presented.

iii
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1. INTRODUCTION

1.1 BACKGROUND

Studiesl"6 of the exploration of the planet Mars have indicated a
need to augment the aerodynamic decleration of the lander vehicle with
a deployable aerodynamic decelerator, and/or retrorocket system
which operates in the terminal descent phase (the last several thousand
feet of altitude above the surface) and slows the lander vehicle to assure
a safe landing. Lander vehicles without terminal deceleration systems
have excessive velocities at the surface of the planet due to the low
atmospheric density which exists on Mars. All systems considered, in
the references cited, for the terminal descent phase, employ a retrorocket
system for the entire or concluding landing sequence with the aeroshell
providing the main deceleration from atmospheric entry to the beginning
of the termal descent phase. Aeroshell vehicles are typically members
of the blunted-sphere-cone family, with included half angles of sixty
degrees. Parachutes and ballutes have been suggested as possible
deployable aerodynamic decelerators, and retrorocket systems with
from single to six engine configurations have also been considered.
Lander vehicles with three or four retrorockets appear more attractive

than the other alternatives.

Aeroshell, deployable aerodynamic decelerator and retrorocket
systems have been joined in various combinations and used in various
staging sequences. One system that has been proposed consists of a
combination of the aeroshell-retrorocket systems. Propulsive
deceleration is used from the beginning of the terminal descent phase
until the vehicle reaches a few feet above the surface with aeroshell
separation occurring near the surface. Because the lander vehicle

with a retrorocket system is passing through an atmosphere as it
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descends to the surface, the flow of exhaust gases from the retro-
rocket motors is modified by the interaction with the atmosphere. The
atmosphere causes the retrorocket exhaust gases, which are being
discharged forward into an oncoming stream to turn and flow back

over and about the lander vehicle. The lander vehicle is immersed

in a bath of atmospheric and retrorocket gases which will influence the
heating, the deceleration and the vehicle control. Thus, a prerequisite
for a Mars lander design which employs a retrorocket system is the
understanding of the interaction of a retrorocket with a countercurrent

flow.

The general features of the flow field about vehicles with a
single rocket or jet exhausting through the aeroshell into a super-
sonic counterflowing gas stream are shown in Figures 1 and 2. The
retrojet issues into a region of separated flow and expands laterally
to a maximum diameter determined by the ratio of the jet exit
pressure to separated (dead air) flow pressure. The upstream
exter;t of the retrojet is bounded by a terminal or jet shock which
adjusts its pitot pressure to balance that of the free stream. The free
stagnation point at which the pitot pressures are actually balanced is
somewhat upstream of the terminal shock, and defines the apex of the
interface between the jet and atmospheric gases. The thickness of
the inner shock layer, between the jet shock and the interface, is
fixed by the requirement that it contain the flow passing through the
jet shock. If the flight speed is supersonic, a bow shock forms ahead
of the interface, as sketched in the figures, and defines an outer
shock layer. Its thickness and the flow within it are the same as for
a solid body defined by the profile of the interface. The bow shock is,
of course, absent at subsonic flight speeds but the external flow may
still be calculated as if the interface were the surface of a solid body.
For the retrojet flow the shape of the interface is determined by a
local balance everywhere between the pressure distribution correspond-

ing to the external flow and the internal pressure generated by the jet.
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The velocities on either side of the interface between the retrojet and
atmospheric gases are different and viscous forces are generated which
form a shear layer spreading out into both gases. Gases in this shear
layer merge ‘with those at the Inner Interface and they then flow
downstream together as shown in the figures. The scale of this flow
pattern is determined by the thrust of the retrorocket gases acting

on the counterflowing atmosphere. If the aeroshell is large with
respect to this scale, the shear layer attaches to its surface as shown
in Figure 1. If, on the other hand, the aeroshell is small relative to
the flow pattern, the annular shear layer converges behind the aero-

shell in a wake-like flow, as shown in Figure 2.

1.2 OBJECTIVES OF THE STUDY

This report discusses the progress accomplished during the
first year of a two-year contract to study Propulsive Re-entry
Aerodynamics. The objectives of the first year of study are to develop
the analytical means required to predict the flow field in the immediate
vicinity of a planetary entry system composed of an aeroshell with one
or more retrorockets in sub or supersonic flight through a planetary
atmosphere and to determine the forces, moments and heating conditions
on the aeroshell. In the second year a digital computer program will
be developed for the analytical solutions, and the analytical model will
be tested by performing an experimental test program and comparing

the experimental results with the analytical predictions.

The analytical description of the flow field generated by a rocket
exhausting into a counterflowing gas stream must include calculation
procedures for the jet flow, including the location of its terminal shock,
the jet boundary, the profile of the interface between the jet and
atmospheric gases, the growth of the shear layers along the interface,
and along the edge of the jet boundary and dead-air region, the
reattachment of the shear layer to the aeroshell or the recompression

of the shear layer in wake-type flow.
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In the analysis, we have taken a balanced approach to a problem
in which the properties of free jets, regions of separated flow, and
reattaching or recompression shear layer all interact to determine a
very complex flow pattern. This balance has two aspects: one consists
in using mutually consistent degrees of approximation in treating the
various features of the flow; the other consists in using a method for
one feature which yields information in a form acceptable to the method
used in treating another feature of the flow which interacts with the
first. The completely analytical methods which resulted were developed
without recourse to method of characteristic solutions. We have used
a degree of approximation which provides results with acceptable

engineering accuracy.

1.3 SUMMARY OF WORK ACCOMPLISHED DURING THE FIRST YEAR

A literature search was made to locate previous analytical and
experimental work on how a rocket or jet exhausting through an aero-
shell and into a counterflowing gas stream affects the aeroshell.
Allied fields such as thrust-vector control and attitude control were
canvassed for relevant information that could aid the investigation.
The results of the literature survey are discussed in the Summary of
Previous Investigations, Section 2, and the references are documented

in Appendix A.

In the analytical investigation, we have considered only the flow
field due to a single supersonic retrorocket exhausting from an
aeroshell into oncoming subsonic, transonic or supersonic streams
so far. The large thrusting coefficient regime, 0.5 < CT = T/qooAm< 15
is considered. This is the range of thrusting coefficients encountered
during the terminal landing phase for planetary landing on Mars when
values of retrorocket ignition altitude and vehicle velocity at ignition
are considered which are represented of direct entry or entry from a
parking orbit (Section 3 and Appendix B). The analysis is general and

also applies to the terminal landing phase for landings in Earth or
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Venus atmospheres. All the main features of single jet flow field are
described in this report. Two regimes of flow are distinguished on the
basis of whether the returning shear layer reattaches to the aeroshell,
or passes around it to a point of confluence which marks the beginning
of a wake. Analyses for the jet flow, jet boundary and terminal shock
location are developed without need for method of characteristic solu-
tions (Section 4.2.2). The jet flow model utilizes the Hill-Draper7
approximation for the flow from a nozzle into a vacuum. The jet
boundary locations are determined from Charwats approximate method. 8

9 10, is used

A momentum balance analysis, similar to that of Finley
to locate the interface between the free stream and jet flow (Section
4.2.3). A convenient relationship between the diameter of the blunting
sphere, the ratio of the jet total pressure to free stream pitot pressure
and the ratio of dead air to free stream pitot pressure is found. Fluid
entrainment and mixing in the aeroshell-single jet flow field is con-
sidered and the rate of growth of the exhaust and interface mixing

layer are determined (Section 4. 2. 4).

The recompression and recirculation conditions for reattach-
ment of the shear layer to the forward face of the aeroshell vehicle
or recompression of the shear layer at the wake neck region are
discussed in Section 4.2.5. Concepts for the dividing streamline and
stagnating streamline are considered. Conservation equations are
developed to describe the foreign gas recirculation and enthalpy balance
in the recirculation region. The overall flow field for the jet exhausting
into an oncoming stream is determined in an iterative manner
(Section 4.3). After assuming a recirculation region pressure, the
jet flow, jet surface location, location of the terminal shock on the
jet centerline, and the interface geometry and mixing layer inclination
to the aeroshell surface are calculated. The dividing streamline
location in the shear layer is found and the recompression conditions
are evaluated. The manner in which the solution is to be iterated
until the pressure rise and conservation of foreign gas recirculation
and enthalpy at reattachment or recompression are satisfied simul-

taneously is discussed.
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A comprehensive discussion of the experimental wind tunnel
test program to be accomplished in Phase II is presented in Section
5.0. The purpose of the experimental program is to substantiate
simplifying assumptions made in the analysis as well as establish the

practical capabilities of the analytical method itself.
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2 REVIEW OF PREVIOUS WORK

The existing literature on the effects of jets projected upstream
from the nose of bodies in supersonic flows is considerable, dating back
at least 15 years. However, not all previous work has been dedicated
to the use of forward facing jetsfor deceleration. References 11 and
12 describe some early investigations by the NACA with small jets on
slender bodies. Their purpose was to reduce the drag but, since the
magnitudes of the reduction achieved were less than the thrust which
could have been obtained by directing the jets aft, they were not really

successful.

In the middle 1950's a program was begun at the MIT Naval
Supersonic Laboratory to develop the forward-facing jet, or ''aerospike',
as a means of shielding infrared guidance systems from the aerodyna-
mic heating associated with the flight of high-performance missiles
(References 13 and 14). Wind tunnel tests were run on both single and
multiple jets covering a range of supersonic nozzle-exit Mach numbers.
The measurements included pressure distributions, drag and heating
rates. At about the same time a more basic investigation of sonic jets,
using interferograms to measure density fields, was conducted at the

University of Toronto (Reference 15).

In the period since 1960 NASA has conducted several investi-
gations (References 16-21) which extend significantly the range of
variables previously covered. References 18 through 20 contain many
fine photographs of the interaction of sonic and supersonic jets
exhausting counter to supersonic and hypersonic main streams. In
these tests the jet flow exhausted forward from tubes or flat faced
cylinders and did not reflect the interactions of interest in this study

where the jet is exhausting from a sphere-cone aeroshell.
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In Reference 17, Peterson and McKenzie made experimental
measurements of the forces and moments for a semi-ellipsoid body
shape which had four simulated retrorockets on the forward flat face
which operated countercurrent to subsonic and supersonic airstreams.
Experiments were performed at stream Mach numbers ranging from
0.25 to 1.90 and for total thrusting coefficients CT = T/qooA ref UP
to 10.

In connection with a classified project, 22 forward-facing jet
tests were conducted in a hypersonic tunnel (Moo=9) with a number of
jet gases and analytical models were developed to account for the
observed experimental results. Charwat and Faulman23 conducted
some experiments under roughly the same conditions as the MIT

work13’ 14

and developed a more detailed analysis than had hitherto
been available. More recently, Good and Hill in connection with a
program of chemical releases from sounding rockets, has developed
analytical models and conducted experiments for the previously
unexplored regime of very large (CT = 100) thrusting coefficients.
(Reference 24) In this regime the jet plume is much bigger than the
vehicle from which it issues and the flow pattern is quite different

from that previously investigated.

The most recently published study of the retrojet is that of
Finley9 who again covers the range of conditions explored by MIT and
Charwat. He considers, both analytically and experimentally, the
exhaust of a sonic jet from an orifice at the nose of a body in a direction
countercurrent to a supersonic main stream. It is an excellent piece
of work and his main contribution is an analytical method for sonic jets
which predicts the flow pattern and pressures on the body for thrusting
coefficients up to about CT = 0.5. The predictions of his analytic
model for the location of bow shock, interface and jet shock are in
excellent agreement with the data. Related discussions of this
investigation are presented in References 10,25,26. The experiments

of Reference 26 consider the reattachment of an axisymmetric free
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shear layer to a spherical surface and the Chapman-Korst reattachment

model is shown to correlate the results very well.

An investigation of retrojet flow with multiple nozzles has been
reported in Reference 19. The interaction of the individual jet plumes
is similar to that observed in other investigations (References 27 and
28) of multinoz:le flows issuing into still air. As the individual
plumes merge, a portion of the flow is reversed and impinges on the
aeroshell, again in a manner similar to that reported by G8ethert
(Reference 29) in connection with his investigation of base heating of
cluster-nozzle rocket exhausts. It seems that the only previous
investigation of aeroshell heating by a retrorocket plume is reported in
Reference 30. The recovery, or equilibrium temperature was found
to be closer to the chamber temperature of the rocket than to the

stagnation temperature of the airstream.

A complete list of references for forward facing jets into
oncoming free streams is contained in Appendix A.1. References for
the interaction of a transverse jet with a free stream and the use of jets
for thrust vector control are listed in Appendix A.2. The interactions
of jets with surfaces are considered in Appendix A.3. Of all the
references contained in Appendix A.l, the works of Finley are
most applicable to the present investigation. The experiments and
theories for transverse jets, thrust vector control and interaction of
jets with surfaces, though they are interesting and informative, are

not directly useful to the present investigation.

From the preceding analyses and experiments, some general
conclusions may be formed about the interaction of a forward facing

jet with a countercurrent free stream.

1. Four distinct flow regimes have been identified of which the
first three are illustrated by schlieren photographs in Figure 3-5 in

the order of increasing C For low thrusting coefficients, the jet

T
penetrates forward a short distance from the nozzle exit plane.
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(Regime 1 CT =.04 Figure 3). If the thrusting coefficient is increased
to the point where the nozzle exit pressure and dead air pressure are
equal, the jet penetrates far upstream into the oncoming flow (Regime 2
CT =0.12 Figure 4). Regime 1 and 2 flow fields are unsteady. The
upstream penetration of the jet decreases with further increases in the
thrusting coefficient and a steady flow field is formed closer to the
vehicle. The flow field is approaching this condition in Figure 5

(Regime 3 C,,=0.28). As the thrusting coefficient is increased still

further, the Zteady flow field increases and size and the diameter of

the flow field becomes large with respect to the nozzle exit diameter.
. (Regime 4). Photographs of this regime are shown in References 19
and 20. An example of Regime 4 flow is shown in Figure 6 for

CT = 109.

2. The behavior of the total drag of the body plus retrorocket
as CT increases is illustrated in Figure 7 based on Reference 13.
The sharp drop in the curve at CT = 0.1 corresponds to the transition
from Regime 1 to Regime 2. The subsequent transition to Regime 3 is
by contrast very gradual, occurring approximately at the minimum in
the curves. As CT increases in Regime 3 the drag rises with it
linearly and is offset an approximately constant amount from the curve
corresponding to the retrothrust alone. As noted elsewhere
(References 16, 17, and 19) the value of CT required to achieve an actual
increase in total drag (over the value without retrothrust) is quite
large. For the case illustrated, this requirement, is approximately,
CT >1.6. Similar values have been reported for all other tests with
the exception of Reference 21. If the objective of the retrojet system
is to provide braking over and above that obtainable from the vehicle
drag alone, it follows that the only flow regimes of interest are 3 and
4. The anomalous results of Reference 21 should be investigated
further, however. The results obtained for multiple retrorockets in
Reference 17, both with respect to bow shock displacement and drag

variation are similar to those observed with a single jet.

10
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3. RETROJET OPERATING CONDITIONS

The main conclusions of an analysis of retrorocket braking
during the terminal landing phase are reviewed here. The process is
considered in greater depth in Appendix B. We assume that the
trajectory is vertical before retrorocket firing and that the forces of
gravity and aerodynamic drag acting on the vehicle may be neglected
during retrorocket firing. It is assumed that a deceleration force of
constant magnitude is applied from retrorocket ignition to landing.

The variation with time of the mass of the lander vehicle is considered
in the analysis. The thrust magnitude is chosen such that the vertical
velocity of the lander is reduced to zero at the surface. The manner
in which the analysis may be applied to nonvertical landing trajectories
is discussed in Appendix B. Low m/CDA vehicles in dense Martian
atmospheres have nearly vertical trajectories during the terminal
landing phase, while the same vehicles in the VM 8 atmospherez’ 31
(lowest density atmosphere - Figure 8) follow terminal landing
trajectories which initially (at retrorocket ignition) make shallow
angles with the surface. Reference 2 (pp. 2-125, 2-126). The thrust-
to-weight ratios for reasonable lander vehicles are sufficiently high

so that neglecting the force of gravity in the analysis is reasonable.
The analysis is intended to supply a preliminary feeling for the magnitude
of certain parameters affecting the terminal landing phase and is not

exhaustive in scope.

The required propellant mass fraction versus retrofire velocity
is shown in Figure 9, while the required thrust to earth weight ratio,
T/W, versus the same parameter is shown in Figure 10 for various
retrofire altitudes. In Figure 9 the required propellant weight is
multiplied by a factor of 1.15 to allow for propulsion hardware. A
specific impulse, Is’ of 310 sec. was assumed for the rocket. In

general the amount of propellant expended for a rocket of specified

L1
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specific impulse depends only on the landers initial velocity while the
thrust-to-weight ratio required to reduce the lander velocity to zero
at zero altitude is a function of the initial velocity and altitude at

retrofire only (Appendix B).

At retrofire altitude, we may write the thrusting coefficient

CT = T/qooAm in the general form

T 2

2gC_ B
PV,

where

is the acceleration due to gravity,
is the lander-aeroshell drag coefficient,

is the lander-aeroshell ballistic parameter m/CDA ,
m

< ™ O ®™

is the initial velocity at retrofire,

and P is the density of the atmosphere at the retrofire altitude
and is obtained from a suitable model of the Martian

atmosphere.

T/W is described by Equation B-8, Appendix B.

Lines of constant vehicle ballistic parameter, 3, are also
shown in Figure 10and were obtained from calculations of atmospheric
entry in Reference 6. The lines of constant 8 are shown for a

typical set of entry conditions and the VM-8 atmosphere.

v, = 3.8 km/sec,
_ o
’Ye - 15 ’
o 5 mb surface pressure,
and H = 10 km atmospheric scale height.

12
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For those cases of interest where the propulsion system mass
expenditure is small (i.e., less than twenty percent), a constant mass
analysis may be used. In this case the thrusting coefficient at retro-

fire is simply

ho/H
BCy €
Cr= —H (2)
oo

where

p, is the surface density,

H is the atmospheric scale height,
and ho is the initial retrofire altitude.

To derive this expression, we have assumed an exponentially varying

atmosphere density

p=p, e /M (3)

The variation of thrusting coefficient with altitude after ignition is

found from the expression

BcDeh/ H

Cr= —F “

o
where h is the altitude of the lander vehicle. The variation of thrusting
coefficient with altitude for this approximate case is independent of

ignition altitude, ho’ and initial velocity Vo'

The variation of thrusting coefficient with altitude, determined
from the preceding equation, is shown in Figure 11 for a particular
set of vehicle and atmospheric parameters. The vehicle 8 is chosen

as 0.50 slugs/f’c2 and the surface density, Py’ and the scale height, H,

13
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2 kg/M3, corresponding to a surface

are chosenasp =1.32x 10°
pressure of 5 mb, and H = 10 kilometers (VM-8 Martian atmosphere,

Figure 3).

A drag coefficient slightly larger than unity is typical for blunted
conical shapes in the transonic-supersonic region32. If CD is assumed
to be unity, then the thrust coefficient would increase with decreasing
~altitude as shown in Figure 11. For an ignition altitude of 5 kilometers,
the initial thrusting coefficient would be 2. The thrusting coefficient
CT increases to 6.5 at an altitude of one kilometer. The thrusting
coefficients in Figure ll are representative for cases of low propulsion
mass expenditure. For larger propulsion mass expenditure, the
thrusting coefficient may be determined from Equation B-8,

Appendix B.

The nozzle area may also be computed from the thrust/weight

ratio, since

*
T CFPCA

w - BgCDA (5)

We get the simple result

(6)

%
A _ BeCh
A C

o)
=3

C

o

* *
In Figure 12 we have plotted d /drn (where d 1is the nozzle
throat diameter and drn is the vehicle diameter) versus the ballistic

parameter. This has been done for the particular conditions

P, = 200 psi,
c._. = L0,
and C_= 1.8

14
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ey

but the results may, of course, be generalized very simply according

to Equation (6).

Certain conclusions may be reached from the preceding

analysis.

1. If the propulsion system weight is limited to a reasonable
fraction of the vehicle weight, say less than 25 percent, the retrofire
velocity must be less than about 0.7 km/sec.

2. Inturn, if we use the nominal aerodynamic braking
trajectories of Reference 6, this sets an upper limit on the allowed

ballistic parameter of § = 0.7 slugs/ft2 (Figure 10).

3. Given a value of 3, it is obvious that the propulsion
system required will become lighter as retrofire is delayed and more
use is made of aerodynamic braking. It is also true, though less
obvious, that the thrust/weight ratio is also least for the lowest
retrofire altitude. (At least for the re-entry trajectory data of

Reference 6 which is shown in Figure 10.)

4. Retrorockets having thrusting coefficients substantially
greater than unity may be encountered during the final retrorocket
braking phase of a Mars entry mission (Figure 11). In fact, the thrusting
coefficient approaches infinity in the limit of small velocity. Since
the thrusting coefficient is proportional to the ballistic parameter, 3,
of the lander, lander vehicles with small 8 will require lower
thrusting coefficients during landing. In the two Voyager studiesl-s,
the aeroshell ballistic parameters were chosen as 8 = 0.3 slugs
per square foot and B = 0.2 slugs per square foot in an effort to
maximize the velocity decrease produced by the aeroshell vehicle

from entry to the beginning of the terminal phase, and thus, to minimize

the propulsion propellant requirements.

5. The engine size required is a strong function of ballistic

parameter, and depends less strongly on retrofire altitude (Figure 12).

15
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6. The following limitations of these typical results must be

kept in mind:

a)

b)

The rocket performance analysis is approximate,
neglecting gravity and aerodynamic forces. It will be
shown later in the report that at large thrusting
coefficients the aerodynamic forces acting on aero-
shell are indeed small, since the aeroshell is
immersed in a constant pressure bath. As far as the
thrust-to-weight ratio, T/W, is concerned, the
assumption of a vertical trajectory yields an upper
limit. If the flight path angle during retrofire

is v, these values should be multiplied by siny.

The aerodynamic ca.lculations6 which were used to
define initial conditions for retrofire are specifically
restricted to a certain entry velocity, entry angle and

assumed Martian atmosphere. Page 12.

16
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4.0 THEORETICAL ANALYSIS

The flow field about an aeroshell vehicle with a single retro-
rocket which exhausts countercurrent to an oncoming stream will now be
discussed. Thrusting coefficients from about 0.5 to 15 or greater will
be considered. We have seen previously that this is the range of thrust-
ing coefficients which may be encountered during a planetary landing on
Mars and which produces a retrorocket-aeroshell drag which is near or
greater than the drag coefficient of the aeroshell without retrorockets.
The magnitude of the thrusting coefficient has been shown to be an
indicator of the flow regime present. In the present analysis, it will be
shown that the overall dimensions of the flow field are determined by the
magnitude of the thrusting coefficient and that the diameter of the inter-
face or blunting sphere and the jet-shock standoff distance scale as the
square root of the magnitude of the thrusting coefficient. Thus the
thrusting coefficient is a good parameter with which to describe the
flow field. The subsonic, transonic and supersonic free stream speed
ranges (as opposed to the hypersonic range) are emphasized since the
aeroshell itself will be used for deceleration at higher speeds. Super-

sonic retrorocket nozzle flow will be considered.

4.1 GENERAL FEATURES OF THE FLOW FIELD

The general features of the overall flow field are shown in Figures

1 and 2 for the cases of shear layer attachment at the aeroshell shoulder
and recompression of the shear layer in the wake neck region for wake
type flow respectively. The retrorocket jet expands from supersonic
velocity at the nozzle exit plane to a high Mach number, experiences a
normal shock on the axis (jet shock or terminal shock) and decelerates
subsonically to a mutual stagnation point (free stagnation point). The
supersonic free stream flow also encounters a normal shock on the axis

(bow shock) and the recovered stagnation pressure for both flows,

17
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Po and Po for the mainstream and jet respectively, must be equal
f, 00 f:J
regardless of the jet pressure. The Mach number (Mj) of the jet flow

just before the jet shock occurs is of such a value that it will satisfy the

free stagnation point pressure as the jet total pressure, Po , is varied.

The terminal shock to a good approximation is a portion of a spherical
surface whose center is located at the nozzle exit plane (see Figure 1
Reference 20 for sonic jets and Figure 9 Reference 23 for supersonic
jets). The location of the jet boundary is dependent on the ratio of the
jet exit pressure Pe to the dead air pressure Pd' An interface separates
the free stream gas from the jet gases. The free stream gas which
passes through the bow shock wave turns and flows outward between the
bow shock wave and interface while the jet flow which passes through the
jet terminal shock flows outward between the jet terminal shock and
interface. Mixing between the free stream gases and the jet gases occurs
along the interface because properties such as the velocity and density

of the two fluids are different. Mixing occurs in the region which
separates the free stream-jet layer from the dead air region (recir-

culation region) too.

Two modes of flow are distinguished on the basis of whether the
returning shear layer reattaches to the shoulder of aeroshell or passes
around it to a point of confluence which marks the beginning of the wake.
Aeroshells from the blunted sphere-cone family are considered with a

typical aeroshell vehicle having an included half-angle of 60 degrees.

It is postulated that reattachment of the shear layer at the
shoulder of the aeroshell vehicle (Figure 1) occurs in the same manner
as observed by Wood33 on spiked cone-cylinders in hypersonic flow.
Reattachment at the shoulder is depicted in Figure 13. Wood noted
that, although the dividing streamline must meet the face of the body,
the outer part of the shear layer may pass outside of the shoulder. By
this mechanism, the deflection of the shear layer and the associated

reattachment pressure rise can be very much less than the values

18
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required to turn the flow parallel to the face of the body. Recompression
of the shear layer in the wake region (Figure 2) is assumed to take place
in the classical Chapman34 - Korst35 manner in which recompression
occurs along the separation streamline in an isentropic manner. In Figure
14 the angle that the shear layer in the wake type flow case makes with

the axis of symmetry is such that the mass flow reversed into the recir-
culation region by the pressure rise through the reattachment region is
Balanced by the mass scavenged from the recirculation region along the

jet boundary and along the inside of the free stream-jet flow shear layer.
The mass returned to the recirculation region when reattachment occurs

at the areoshell shoulder is balanced in the same manner.

It is possible that wake type flow will not close for subsonic
free stream conditions and the subsonic wake may approximate a three
dimensional Karman Vortex street. Also, there may be a region of
flow instability in passing from the mode where reattachment occurs
at the aeroshell shoulder to the mode where a wake type recompression

occurs. No data.is available to confirm or deny these possibilities.

In the following material, the details of the single jet flow
pattern are discussed. The jet flow within the jet boundary, the
location of the jet boundary and terminal shock, the position of the
interface, the mixing along the interface and dead air region, the
reattachment or recompression conditions and the iterative manner

in which a complete solution is obtained are described.

4.2 THE SINGLE JET FLOW PATTERN

4.2.1 Flow Interaction Diagram

The elements required in the solution of the single jet flow field
are noted in Figure 15. The atmospheric and retrorocket exhaust

gases are treatedas chemically frozen perfect gases in the analysis. The
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principal parameters in the solution are:

1) the gas properties; molecular weight M, specific heat

Cp, and ratio of specific heats y;

2) the geometric parameters; aeroshell shape, and for the
retrorocket, the ratio of exit area to the aeroshell frontal area and

internal area ratio Aej/A*;

3) the flight parameters; Mach number Moo and Reynolds

number Rep :
(e's)

4) the retrorocket operating parameters; the total

temperature ratio Tt./Tt and the thrusting coefficient T/qooA’ based
J oo
on flight dynamic pressure and aeroshell reference area.

The magnitudes of the various variables encountered during the
solution of the flow field of a single jet exhausting into an oncoming
free stream are noted in Figures 16-18. The equations appropriate

to these Figures are discussed in Appendix C.

Figure 16 shows that total jet pressure to shocked ambient

pressure ratios Po /Po from 20 to 350 are required to produce
j f
thrusting coefficients, CT’ from 1 to 10 for the case of a M = 3.0 jet

exhausting into a supersonic free stream from a aeroshell with a

diameter to nozzle exit diameter ratio of 5.

The variation of jet exit to dead air pressure ratio Pe./Pd with
J
changes in the dead air to shocked ambient pressure ratio Pd/Po. and
J
total jet pressure to shocked ambient pressure ratio Po./Pof is shown

in Figure 17. A Mach three, y = 1.4, jet is assumed in the calculation.

Values of Pe./Pd from 5 to 100 are encountered for the conditions of

interest in this study. The location of the jet boundary is determined

directly by the magnitude of this ratio, Pe./Pd' Specification of the
J

free stream Mach number, M and specific heat ratio y_j and
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P_ /P0 determines the total jet pressure to total free stream
j f
pressure ratio, P /Po (Figure 18).
] fo's}

4.2.2 Jet Plume

Since the velocities in the dead air recirculating region are
small, the retrorocket exhausts essentially into still air which is at the
‘dead air pressure level Pd' The jet boundary location is determined by

the ratio of the retrorocket exit pressure, P_ , to the dead air pressure,

Py i.e., Pe./Pd' The jet flow inside of theeget boundary (inner jet flow)
is not affecteJd by the external flow and expands into the region bounded
by the jet boundary and terminal shock wave as if into a vacuum. For

a jet exhausting into a vacuum, the gas, upon exit from the jet, quickly
accelerates to within a few percent of its limiting velocity. The

farfield of the jet is essentially radial flow, with straight streamlines
appearing to originate from a common source near the exit plane of

the retrorocket.

4,2.2.1 Inner Jet Flow

The inner jet flow can be described without recourse
to method of characteristic solutions by the approximate method of

Hill and Draper. 7

Hill and Draper developed an analytical analysis for the
flow from a nozzle into a vacuum which may be used to specify the
spatial variation of parameters such as density, temperature, Mach
number, etc. in the inner jet flow. A schematic of the flow pattern
of a nozzle exhausting into a vacuum is shown in Figure 19. The
method replaces the tedious and costly method of characteristics
approach with a simple analytical model which allows many

calculations to be performed quickly and cheaply.
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Hill and Draper noted that published method of
characteristic solutions exhibit a very rapid decay of (dr;l/dQ )9, the
mass flow/sec/unit solid angle in the § direction, away from the axis and
that this decay could be closely approximated by the members of the

one-parameter family

(dm/dQ) 2
0 - 20 g (g) = exp [- A (1- cos 6)°] ™
(dm/dQ)o r (0)

where A is a parameter determined by satisfying the conservation of

mass and momentum flux in the jet. A is a function only of the Crocco

number, ¢ = V/Vl and C_ and C » the nozzle thrust and maximum
F Fmax

thrust coefficient respectively. Specification of the jet specific heat

‘ *
ratio, 'yj , and area ratio AeJ./A fixes CF and CFmax'

The variation of density along the centerline of the jet

was found to be given by

2 l/‘y—l
pres [T v ©

where the density is normalized with respect to its chamber value.

Once the point on the axis corresponding to any given
density is located with the above equation, the rest of the curve along
which the density has this value may be determined from Equation 7.
Parameters such as velocity, temperature and Mach number are also
constant along the constant density contours and can be determined

from gas flow tables.

A comparison between the Hill-Draper analytic approxi-
~mation and a typical set of constant property contours calculated
numerically by the method of cha.ra\ct:eris’cics3 is made in Figure 20.

A comparison of the predictions of the Hill-Draper theory for the mass
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flux distribution in the inner jet flow with method of characteristic
solutions of Piesik37 et al is shown in Figure 21. The agreement

is good. The Hill-Draper model may be used to calculate the flow

from a number of nozzle types using different gases since variations in
these parameters simply affect the value of A used in the computation.
Sonic and supersonic nozzle flows may be handled with this method. The
Hill-Draper Method can be used for solid propellant rocket motors by
Autilizing the methods discussed in References 38-39. This flow model

is used to obtain the locations of the terminal jet shock (Section 4. 2. 2. 3).

4.2.2.2 The Jet Boundary

The jet boundary may also be located with an analytical
method instead of using the method of characteristics approach. In

the region of thrusting coefficients of interest, 0.5 < C,, < 15, the jet

T
expansion from the nozzle is equivalent to the case of a jet expanding
into a constant pressure reservoir, where the pressure is equal to that

in the recirculating region.

During our literature search, the analysis of A. F.
Charwat entitled 'Boundary of Underexpanded Axisymmetric Jets
Issuing into Still Air' 8 was found and upon examination appeared to be
a simple approximate method which gave satisfactory results, at least
for the single comparison with a method of characteristics solution
made in his article, and suited to the pressure levels of interest. It
should be noted that there are other approximate analyses available
for locating the jet boundary, for instance references 40 and 41, but
reference 8 appeared to be especially well suited to low pressure

ratios.

Comparisons of Charwats' approximate method with
42 -
available method of characteristics solutions2 43 were made to
ascertain the accuracy over a wide pressure range of the method for

exhaust jets with supersonic exit Mach numbers.
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A comparison of jet boundary shapes calculated with
Charwats' approximate method and method of characteristic

4 .
solutions 2 is shown in Figure 22 for Me =2.5and M = 3.0 jets with
. e.

nozzle divergence angles of zero degrees. The jet boundary location is
a function only of the ratio of the nozzle exit to dead air pressure ratio.
The approximate method is found to be in good agreement with the
_characteristic solutions for nozzles with zero divergence angles for

jet exit to dead air pressure ratios from 2 to 20. Method of character-

istic solutions were not available in reference 42 above Pe /Pd = 20.

J
To test the approximate method at higher pressure ratios Pe /Pd’ for

nozzles with zero divergence angle, a comparison was made with method
of characteristic solutions contained in reference 43. The solutions

selected for comparison were those for a M, = 5. 35 jet, with Y = 1.24
J

and zero nozzle divergence angle. The boundary shape at a pressure
ratio, Pe /Pd’ of 188.1 is shown in Figure 23. The approximate
method id within 15 percent of the method of characteristic solution

at Pe /Pd = 188.1. Comparisons at other pressure ratios could not

)
be made due to a lack of method of characteristic solutions. A dis-

cussion of Charwats' method and further comparisons with method of
characteristic solutions are contained in Appendix C. In Summary,
we found that the approximate method is suitable for calculations over
the pressure ratios of interest and the desired degree of accuracy for
nozzles with zero divergence angle, and properly accounts for
variations in nozzle divergence angle at low pressure ratios. The jet
boundary locations for a Mach three retrojet exhausting air are shown

in Figures 24 and 25 and were calculated using Charwats' method.

4,2.2.3 Jet Terminal Shock

The terminal shock wave position may be determined
analytically, The terminal shock is located so that it will increase the

jet pressure to that of the decelerated free stream at the free stagnation
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point. The jet flow Mach number before the normal shock is such that
the normal shock compresses the exhaust flow back to a pressure level
which is equal to the pressure level of the free stream gas after passing
through the bow shock wave (for supersonic free stream conditions).
The balance of pressure determines the location of the free stagnation

point in the flow field.

For a specified free stagnation point pressure, the jet
shock location can be determined using the jet flow model of Hill and
Draper for the centerline density and Mach number decay and equations
for conditions across a normal shock. The Mach disc location is found
by iterating on the difference between the desired pressure and the pres-

sure behind the normal shock until this difference is zero (Appendix E).

A similar technique was used with good results to locate
the Terminal Shock location for underexpanded jets issuing into a still
atmosphere. (Ref. 44). Those results differ from the ones to be dis-
cussed here in that for underexpanded jets issuing into a still atmosphere,
the terminal shock may be located by assuming the normal shock re-
compresses the centerline exhaust flow to ambient pressure. For the
case of a jet expanding into a separated flow region countercurrent to an
oncoming stream, the jet boundary is located by the separated or dead
air pressure but the terminal shock location is located so that it will in-
crease the pressure to that of the decelerated free stream at the free

stagnation point.

The analysis of Appendix E was solved in order to locate
the terminal jet shock position on the jet centerline for the case of a jet
opposing a supersonic stream. To test the accuracy of the approximate
analysis for the location of the terminal shock wave, a comparison was
made with experimental data available for a single supersonic jet into an

18

oncoming stream.

A comparison of theoretical predictions for the location
of the jet shock with experimental data of Hayman and McDearman18

is made in Figure 26. The experimental data and theoretical
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calculations shown are for a M = 3.00 jet exhausting into a M = 2.91
counterflowing stream. It appears that the experimental data fairs
into the theoretical predictions for ratios of jet-to-shocked ambient
pressure greater than twenty. No data is available for this supersonic

jet with Po /P ratios larger than thirty. To place this comparison in

f
perspective, we should note that at Po /Po = 20, with a nozzle exit to
j f
diameter ratio, d /d__, of .2, G, = 0.56
e.” m T
where J *
C_AP
- i (9)
C = =
T qooAm qooAm

Since we are to consider CTl s to 15 in the present study, we will be
interested in the larger jet to shocked ambient pressure ratios where
the theoretical predictions appear to be reasonably good. Though a
more complete comparison than that made above of the analytical
method with experimental results is desireable, the absence of
appropriate experimental data at this time does not allow such a
comparison to be made. Since the Hill-Draper Model for exhaust
flow was shown to be in good agreement with method of characteristic
solutions for the inner exhaust flow (i.e. the exhaust flow bounded by
the jet boundary and terminal shock), was shown to accurately locate
the terminal shock wave in underexpanded plumes which are exhausting
into still air44 and provides reasonable predictions for the location

of the jet shock for a jet into an oncoming flow (Figure 26), it is used
for predicting the terminal shock location in the present investigation.
The location of the jet terminal shock is shown in Figure 27 for a
Mach 3 jet exhausting air with a specific heat ratio, v, of 1.4 as the
total jet pressure to shocked ambient pressure is varied from 10 to

350. For the pressure ratios, P0 /Po , of interest, the jet shock is
j f
located, from six to twenty nozzle exit radii, upstream from the

nozzle exit plane.
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4,2.2.4 Plume Shoulder Locations

As noted earlier, the terminal shock may be represented
by a portion of a spherical surface whose center of curvature is located
at the retrorocket nozzle exit plane. The intersection between the ter-
minal shock wave and jet boundary is a circle centered about the axis of
symmetry of the jet and will be designated at the plume shoulder location.
The lateral and longitudinal coordinates of the plume shoulder location as
ﬁeasured from the jet centerline and retrorocket exit plane respectively
are presented in Figures 28 and 29 for 'yj=1.4, Mej=3.0 jet. The jet
terminal shock depends only on the ratio of the total jet pressure to the
shocked ambient pressure while the jet boundary is a function only of the

ratio of the jet exit pressure to the dead air pressure.

4.2.3 Interface

4.2.3.1 Blunting Sphere Diameters from Momentum
Balance

The interface (first interface) between the shocked free
stream gases and retrojet gasesis determined using a momentum balance
analysis which is similar to thatused by Finley.9 The control surface
used for the momentum balance is shown in Figure 30 as a broken line.
The control volume is located about the interface which separates the jet
flow from the mainstream flow. The interface is taken to be a spherically
blunted cone with cone semi-apex angle @ and the diameter of the blunting
sphere df. The choice of a blunted cone shape is supported by previous
experimental results.9 The pressure on the conical portion of the inter-
face and the dead air region is constant at Pd’ the dead air pressure.

The pressure on the spherical portion of the interface decreases with

increasing polar angle, 8, until the dead air pressure level is reached.

The momentum theorem states that the net force acting
instantaneously on the fluid within the control volume is equal to the
time rate of change of momentum within the control volume plus the

excess of outgoing momentum flux over incoming momentum flux.
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The net force acting on the control volume was obtained by integrating
the pressure forces over the control volume. For a supersonic free
stream, the pressure acting on the spherical portion was assumed to

be that given by modified Newtonian theory;i.e.,
P/P_ = sin’ o +(P_/P ) cos? ) (10)
Of oo’ " of

where ¢ is the local inclination of the surface to the free stream

(Figure 30), P00 the free stream static pressure and Po the pitot pres-
f
sure of the free stream. A comparison of modified Newtonian theory

with experimental data 45 is shown in Figure 31 and indicates that this
is a suitable choice for Mach numbers greater than M = 1.5. Finley's
experimental data 9 showed good agreement with modified Newtonian

flow for a free stream Mach number of 2. 5.

We will first develop an analysis for free stream Mach numbers
greater than M = 1.5 utilizing modified Newtonian theory for the pressure
on the blunting sphere. The analysis is extended over the range from
M = 1.5 to subsonic free stream condition by another analysis which

starts on page 31.

The horizontal component of the net force attributable to the
spherical portion of the control surface was determined by integration

of the local pressure forces. We find that

2 2

wd md
_ f 4 f 2
ZFH— —g— cos cz(Poo-Pof)+ 7 cos aPof (11)

The total force acting on the control surface, including the dead air
contribution on the conical and rearward portions of the control surface

and the exhaust jet pressure contribution at the nozzle exit plane was
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found to be

2 2
\ 'rrdf 4 TTdf 2
. FH = g COs « (Poo- Pof) t 4= cos «a POf (12)
2
wd
f 2 2 2
- = cos o Pd - 'rrrej 1:’ej + nre‘ Pd
" J

- -where r, is the nozzle exit plane radius. The contributions to the

horizontal force balance of the portion of the conical surface and rear-
d

ward facing control surface above r = > sin ¢ cancel.

Upon substitution of the dead air pressure

Pd/Pof = sin’ a + (Poo/Pof) cos’a (13)

the net force on the control volume is found to be

2 2
! ndf 4 nd,
z FH= 5 Cos @ (Po - Poo) - —-]—4 (Pe.- Pd) =
f J
+ m, V, cos a + mjVe. (14)

J

The terms on the right represent the momentum flux in the jet

layer and nozzle flow respectively.

Equation (14) provides a convenient relationship between the
diameter of the blunting sphere df, the ratio of jet total pressure to

free stream pitot pressure, Po /Po and the ratio of dead air to free

j i
stream pitot pressure Pd/Po . Dividing both sides of equation 14 by
f
Po and recognizing that
f
. . . Ve wde
mj_mJ!:peVeAe_po. a * 4
) ) J\' © a
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we find that

2 Pe.
(45/dc) /<P0j/Pof) - - . 5= - (Py/P, )/
1/2 cos @ <l- cn> -\ 9

| Pe\/v \?2 PNV T
(P, /Py, 24 < ei>< :) s ‘[ 2y '< ej>< ei>M |
1 E3
] f v+1 Po/\a v+1 pp a £ To

\
(Pe./Po.)
J J
The term y) represents the contribution
1/2 cos” o (1-P_/P )
" o,

due to the nozzle exit plane pressure.

(P d/Poy(poi/Pof) B

4
1/2 cos (1-P00/P0f )

The second term,

is due to the dead air pressure and will be shown to be negligible, for
supersonic free streams, in comparison with other terms in expression

15 for the conditions of interest inthe present study; i.e., P0 /Po >>1.0.
j f
The third and fourth terms arise from the inward and outward

momentum fluxes respectively. The manner in which equation 15 is

solved is discussed in Appendix F.

The magnitude of the diameter of the blunting sphere was
evaluated from expressionl5for a M= 3.0 air jet exhausting into a
supersonic counterflowing air stream. The resultsare shown in
Figures 32 and 33 for free stream Mach numbers of M = 2.5 and 1.5
respectively. In each case the total value as well as the individual
contributions due to nozzle exit pressure, dead air pressure, inward

jet momentum flux and outward jet layer momentum flux are noted.
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For Moo = 2.5, the dead air pressure term is shown for

pressure ratios, P0 /Po » equal to 35, 175 and 350 which correspond
J f

to C.,.'s, where

T

Cp = —x— = 1= i, (16)

of 1.0, 5.0 and 10. 0 if a nozzle exit to vehicle diameter ratio,

: de /dm = .20 is assumed. For these pressure ratios the dead air

J
pressure term is of negligible size in comparison to the other

contributions and may be neglected in the computations.

The dead air pressure term is also negligible at Moo = 1.5,

Figure 33. The pressure ratios of Po /Po = 30, 150 and 300 at
j f
M =1 5 correspond to CT's of 1.0, 5.0 and 10.0 respectively if a

nozzle exit to vehicle diameter ratio, de /dm = .20 is assumed.

;
The foregoing calculations were limited to supersonic

(i.e. M > 1.5) flow wherein the external pressure distribution was

assumed to be of the modified Newtonian form:

P/Pof = c:os2 e + (Poo/Pof) sin29 (17)
The following analysis discusses how these calculations may be extended
over the range from M=1.5 to the subsonic external flow regime. In
this connection, it is noted that the flow model inside the interface is
completely independent of whether the external flow is subsonic or super-
sonic (except possibly from mixing considerations). The problem is
thus reduced to one of expressing the subsonic pressure distribution in

a suitable analytic form, and integrating the expression in an analogous
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way to the modified Newtonian distribution. In the subsonic case, of

course, there will be no bow shock, so that P0 is simply P,
oo

Reference 45 gives a compilation of data on the pressure
distribution on a spherical surface, covering both the subsonic and
supersonic ranges. The subsonic data from Figure 4 of Reference 45

has been correlated in the following form:

P/P = cos® 0+ fM ) sin’0 (18)
0f (o o]

2 "Moo 2 "n'M
f(Moo) = cos 5 + 0. 38 sin 200 (19)

The correlation is shown in Figure 34 where the solid lines represent

where:

data from Reference 45, and the dotted lines are calculated from
equation (18). It can be seen that the maximum error is less than 5 per
cent. Comparison of equations (17) and (19) shows them to be identical

when P_ /P is replaced by (M ). The subsonic analysis is thus
o’ " of [}
identical to the supersonic analysis when f(Moo) is substituted for

POO/POf in equation (15).
The blunting sphere diameter for subsonic and transonic free

stream conditions may be determined by integrating the pressure
distributions of Figure 34 over the spherically blunted cone control
volume. The variation of the blunting sphere diameter with Mach
number may be obtained from a somewhat simplified but equivalent
calculation. The interface is assumed to be a hemisphere so that the
hemispherical drag coefficients of Reference 45 (Figure 35) may be used
to evaluate the forces on the control volume. The integrations mentioned

above were done in Reference 45 to evaluate the drag coefficients for a
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hemisphere. In this case,

Z Fg'=D=Cpq_A_ (20)
and

z Fg'=m, V, + m Ve s (21)

J
For
p A"
. . _ e. * e.
m, = mj = pe.Ve'Ae. =P, p—-L a -—-l* Ae. (22)
J 3 ] J Oj a J

the blunting sphere diameter is found to be

E 3
] v, /2 |
j
E3
df 2 CT v./a Ae. 2 2
—)= =— 1+ L | - 2 4 M “, (23)
d C 1 A C o0 oo
m D 1+ ——s m “D
L M,

The derivation of the preceding equation and the definition of various
parameters are found in Appendix F. 1In the preceding calculations,
the jet layer is assumed to exit in a rearward direction parallel to
the jet axis of symmetry. (o = 00). To use the drag coefficients of
Reference 45 we have assumed that the pressure on the shoulder of
the hemispherical control volume and across the plane at the rear of
the control volume is equal to the free stream static pressure. Recent
experimental data46 on blunt entry shapes has shown that the dead air
or base pressure is slightly less than P so that our assumption is
reasonable. The variation of the blunting sphere diameter with Mach
number is shown in Figure 36 for thrusting coefficients of one, five

and ten respectively. The calculations are made for specific
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¥
retrorocket engine and aeroshell area ratios. Ae /AT = 10.

j
®

. = 0. .= 1.4.
AJ/Am 0.0013 and Y;

4.2.3.2 Location of Center Of Blunting Sphere

The magnitude of the blunting sphere diameter is
determined from the preceding analysis, but the location of the
center of the blunting sphere must also be determined. The location
of the blunting sphere is found by determining the interface standoff
distance, & (i.e. the distance between the jet terminal shock wave
and the interface) from a conservation of mass balance. The

geometry used in the mass balance is shown in Figure 37.

The fluid downstream of the terminal shock wave (i.e.
the fluid between the interface and the terminal shock) is assumed
to be uniform with total pressure P0 , and is assumed to be chocked
in an annulus of width 6 running frorr% the edge of the jet to the inter-
face as shown in Figure 37. The mass flux, r'na, flowing through the
annulus of width 6 is equal to the mass flux, r'nj, from the nozzle

located in the aeroshell. Therefore

mj = mg (24)
but
. Pe. * e. 11'de.2
mj =P, p—-]- (a ) —-l* ——-‘]—4 (25)
j o. a
J
and
. Pg 26
Mg = Py, p >V6A6 (26)
j o.
J
where
V6 = M6a6 = ag since M6 =1.0 (27)
Aé = 1rd86
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(28)

(29)
1/v.-1 P
, /7 o, 5
ms =p, (557 B md, (30)
j j o.
)
where
1/2 1/2
15 . (2
To. 7j+1
)
Equating formulae 25 and 26, and solving for 6, we find
Pe. \[Ve.
-1 || —1L
) B
6 e.’ s 0. a
= : (31)
Ty 2 1/v.-1 Po
j 2 ) (X
'yj+l Poj

where dS is the lateral divameter of the terminal shock measured at

the intersection of the jet boundary with the jet terminal shock wave.
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The center of the blunting sphere is determined from the
triangle composed of the radius vector from the center of the blunting
sphere to the intersection of the jet terminal shock and jet boundary,
the lateral radius, ds/Z, from the jet centerline to the intersection
and the segment of the jet centerline between the longitudinal location

of the intersection and the center of the blunting sphere. Hence

ds/de >2 df/de_ 2

2
X — = 1 .
<d > * ( 2 ) 3 (32)
e. e,
j J
Solving for x/de ;
J
) df/dej . 2 ds/de. 2]1/2
i > ~ 3 -\ = (33)
€ e,
J j

Since the longitudinal coordinate of the intersection of the jet

terminal shock and jet boundary is XI/de » the center of the blunting

sphere is located at ]
X
C _ 1 .
d - d T d (34)
e. e. e,
J J J

The determination of the lateral and longitudinal positions of the
intersection of the jet boundary and terminal shock,
dS/Z X

and T respectively, is discussed in section 4.2.2.4.

e. e. e.
J J J
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In the preceding calculation, it was assumed that the flow
through the annulus of width & was choked (M6 =1). Additional
calculations were made where this assumption was relaxed by assuming
that the flow in the annulus is uniform but not chocked. These
calculations showed that the location of the blunting sphere is effected
only slightly by the new assumptions for the flow in the annulus. See

Appendix G.

4.2.3.3 Scaling Laws for Blunting Sphere Diameter
and Terminal Shock Standoff Distance

It was shown in Section 4. 2.3.1 that in the momentum
balance which defines the blunting sphere diameter, df, certain terms

may be neglected. If this is done, we may write

2 Vv cos o
dg 2T 90 %
i) "% : z) | %%

1+ -
m mio cos af(P_ -P ) V.(l + 1 /5. M)
0y @ J J )

Finley (Reference 9) has shown that the factor in the
brackets does not vary very much with 7; or MJ.. It may be useful,

then, to correlate the available solution in the form

d : / 2 4
d—r-n /cT = A f(Moo)/cos a (36)

where

(M) = ?_qoo/(pof . Poo> (37)

and is graphed in Figure 38.
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Figure 39 shows the values of A obtained from the
complete solutions given in Section 4.2.3.1 as well as from Finley

(Reference 9). All these data are within +8 percent of the value
A =1.25

for Pd/Pof < 0.5.
Note that the value of dm is really arbitrary in relating

df to the rocket thrust. Egquation (36) may be written

2, 4
9 df/T = Zf(Moo)/cos a (38)

In all of these expressions, T is the vacuum thrust of the retrorocket.
Therefore at a fixed flight condition, the blunting sphere diameter,

df, scales as NT .

Jarvinen44 et al have shown that the axial distance to
the Mach disc for a wide range of jet conditions may be correlated

approximately by the expression

1/2

xs/dj = 0. 69(Pej/Pof) Mej (39)
or
2 T L2 2
xg ~0.607(3 dg P, v, M )/P_
i j f
= 0.607 (T/P_)/(1 + 1/«,.1\/12 ) (40)
Of h] ej

In a non-dimensional form analogous to Equation 38, we may write

xi/T ~ 0.30 g(MOO)/(l + l/ijz.) (41)
j

9o
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or, in terms of CT

2
Xs N 2
d_n—l / Cp = 0.24 g(Moo)/(l + 1/yJ.Me_) (42)

J

where g(Moo) = ZqOO/P0 which is shown in Figure 38, Therefore
-at fixed flight conditions, the distance to the terminal shock scales as
NT.

The blunting -sphere radius is generally considerably

larger than the shock standoff distance, by the approximate ratio

e.

(r./x )Zz(5/3) 1-P /P ! 1+ 1/ M® \cos % (43)
f'7s o’ o, Yj 3

The preceding approximate formulas should be adequate for parametric

studies if not specific calculations.

4.2.3.4 Second Interface Location - Supersonic
Free Stream

The stream surface separating the jet gas from the
shocked air is referred to as the first interface. The stream surface
which separates the jet gas from the recirculating flow about the
vehicle will be called the second interface. The main purpose of this
analysis is to describe the shape of this second interface, assuming

that the first interface is a sphere-cone (Section 4. 2.3.1).

Since all the mass exhausting from the nozzle must
flow between the first and second interfaces, a mass balance condition
will be used to determine the shape of the second interface. The

relevant geometry is shown in Figure 40.
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Mass balance requires:

o
mJ = 2w g‘ rpu dy (44)
Yyq

Dividing both sides by Py 2,

J J
1'rd2 p
e. e. e. o
) J )] = 2q r| —£% — dy
4 p_a p. a
0. o. y o. "o.
J J J

Dividing through by d? , where df denotes the diameter of the blunting

sphere (df = er) the above becomes:

(45)

where:

T= =

r= T (45a)

v= & (45b)

f

= =

X = T (45c¢)
From Figure 40, r may be expressed as a function of x and y

r =(l+y) sinx, for 0 <x < 0, (46a)

r = s1n6S + (x—Os)coses + ysin@s, for x 268 (46b)
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Gs is the angle measured from the jet centerline to the sphere-cone

juncture. Now, on ;d(x)

(47)

where w is the angle between the tangent to yd(x) and the perpendicular

to the radius vectors and p,/p  (and consequently M, and T JT )is
d Of d d’ T o,

assumed to be constant. It will also be assumed that w is everywhere

small, so that cos w is everywhere approximately equal to unity. Along

the first interface

P T
p.u 0 P o.
11 ({_£ -1 L M (48)
Po.%., Po. P Tl L
il ] £
Py
where is given by the Newtonian expression
o
f

P = 2— Po . 2—
— = cos x ¢+ sin x
Py 128

f f

At a given x, pu will be assumed to be equal to the average value

between P2y and Pa%a

“E
ne
—

a 2 EONE . fdla (49)
po. O. po.ao. pO.aO.
J ) J J
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Using Equations (47), (46) and (49), Equations (45) may be written

2
P d
0. e.
1 1 M _l
P d j
of f

(50)
P o o o
—d_ 1 4/ T
Ma 3 T, "M T, g— r dy
Yq
and using Equation (46)
2
o _ Y4 _
Sv_ r dy = - sin 6 5t Y4 (51a)
Ya
forx <0
s
and
° - = - - 1 —2
g; r dy = - s1n95+(x-98)cosesl Y4 -ismes Y4 (51b)
Y4
for x =6
s
The parameter
Po. C1e. 2
o\ (52)
o f

was calculated in Section 4.2.3.1 as a function of (pd/po )
f

For a specified interface location, free stream Mach number,

Moo , retrojet exit Mach Number, Me » total jet to free stream pitot

pressure ratio P /P and dead air pressure ratio P,/P , the
oj oy d Of
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location of the second interface, ;d(x), may be determined from
equations 50 and 51a for the case x sGs and from equations 50 and
51b for the case of x ZOS. The results of a sample calculation are
shown in Figure 41, where the magnitudes of certain parameters

are: M_ = 2.5, Mej = 3.0, pd/pOf =.20, Poj/Pof = 147.

4.2.4 Jet Layer and Entrainment

Though the retrorocket flow field has been considered to be inviscid
up to this point, important viscouseffects are occurring and must be
accounted for in any general theory. Since the total temperature of
the free stream gas will be substantially lower than the stagnation
temperature of the retrorocket exhaust gases, a substantial velocity
difference will exist across the interface (first interface). The
velocities on the inner side of the interface will be higher than those
on the outside. This means that a mixing layer will develop which
will entrain air from the outer side and jet gas from the inner side.
A mixing layer will also form along the second or inner interface
between the jet gases and the recirculating region. Jet gas will be
entrained into the mixing layer from the outer side of the second
interface while recirculation region gas will be entrained along the

inner side (Figure 42).

The formation of these mixing layers raises the following

questions.

1. How much mass is entrained along the first interface

and how does that compare with the mass entrained along the second?

2. Is a point reached where all the mass (total jet flow)

initially flowing in the jet gas layer between the first interface and the

terminal shock, is entrained into the outer and inner mixing layers?
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3. If a position is reached where a completely merged mix-
ing layer exists, what are its characteristics (such as velocity, enthalpy

and concentration profiles across the mixing layer)?

4. How does this completely merged mixing layer grow as

it passes downstream along the edge of the dead air region?

In this section, these questions will be answered. It will be

shown that:

a) the mixing layer along the first interface entrains a
majority of the gas in the jet layer,

b) the total jet mass flow is entrained by the time the mixing
layer reaches the position corresponding to a polar angle of sixty degrees,

c) the mixing layer has properties that are both shear layer
and jet like, and

d) these properties persist even though the formation of

the completely merged mixing layer is followed for large distances

downstream.

4.2.4.1 Entrainment from the Quter Interface

In general, the velocities on the inner side of the inter-
face will be higher than those on the outer side, since the jet total

temperatures will be higher than To . This means that a shear layer
oo
will develop which will entrain air from the outer side, and jet gas

from the inner side. A typical value of the total temperature ratio is

3
1/97, so that for 'Yj = Yoo

. - = 2 (53)
V1 Ve _Vl (1 - aoe/a'oj) -3 V1

where Ve is the velocity of the shocked free stream gas on the exterior

side of the interface, and V1 is the velocity of the jet gas on the inside

of the interface.

*
See Appendix L, JET MOLECULAR WEIGHT EFFECT
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Considering two parallel incompressible streams with

velocities and densities ups Py and u,, p, respectively, there is a

self-similar solution of the shear layer equations in the form

p =pl(E),
u=u(§),
(54)
v =v(g),
and
£ = oy/x

where o must be determined experimentally. If the mass entrainment

coefficient for the upper stream is defined as

= 1
qu - p v dx (55)

the upper and lower edges of the layer are defined as those for which

either

u, =u - . 05 (u1 - uz) (56)
and

u, = u, + .05 (u1 -uz)
or

Py~ P +.05 (Pz"Pl) , (57)
and

Pg=Pp - - 05 (Pz'pl)
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whichever is larger, and a mass entrainment coefficient for the lower

stream is defined as

o dm, (58)

92 Ay W

Then Appendix H shows that

1-T" 1
C =< ) ](ﬂ) [n-n-a], (59)
9 I+ [20«]1+>\ Palul @ ©
and
1-T 1 1-X\
0, (5 [775) (5), [GR) (o) =] o
q> 1+ 2g 1+)\] P2 /4 1+\ e o
where
N
u1+u2
T = u
pl+P2 ’
and
n:Z‘/1+X £

Figure 43 shows C_ and C
9 92
for A=0.8. Figure 44 shows them plotted against N for I'=0. The

plotted versus p Z/p 1

results show that over the velocity range of interest, C_ and C_ are

q q
approximately equal to .05 when I'=0 and in general Cq <1:an then %e
approximated by the formula !

_ 1/2
cql = .05 (p,/p;)

(61)
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The entrainment of jet air into the outer interface
(the surface separating the shocked free stream gas from the jet gas)
is similar to the two dimensional mixing just discussed with the
exception that the flow area is constantly increasing as the fluids
progress along the spherical surface. Assuming the mixing to be

locally two-dimensional, this effect can be accounted for by defining

. X
dm1
-z;_l_'(x—) = dm1 = plulcql dx (62)

where x is a coordinate in the flow direction, and
2rr(x) is the local circumference.

The fraction of the jet flow which has been entrained is then

. . _ 2w *
ml/m. = — S‘ r(x) plulcq dx (63)
mj o 1

The details of the evaluation of this integral are carried out in

Appendix I

4.2.4.2 Entrainment into the inner Interface

Similar to the analysis of the outer interface, the mixing
along the inner interface (the surface that separates the jet gas from
the recirculation (dead air) region) is assumed to be two dimensional
locally. The shear layer has a velocity of u, on the outer side and zero

1
velocity on the inside, so that

Analogous to the outer layer, the fraction of jet flow entrained can be

expressed as:

. £
= . _Zl’_ r(¢) pyu,Cq % (64)
m . mJ o] 1
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where £ is distance along the shear layer. The starting point (§ =0) is
the intersection of the jet boundary and the terminal shock. The
evaluation of the integral is more cumbersome than the previous case,
since the interface is not a spherical surface. In Section 4.2.3, it was
shown that Yq’ the distance between the two interfaces continually
decreases as the flow proceeds downstream. This variation in yq Was
used in evaluating the integral as discussed in Appendix (J). The results
of the two entrainment calculations are shown in Figure 45, which shows
the fraction of the jet flows which has been entrained into each of the
interfaces as a function of the angle 8. The curves show two significant
facts. First, the great majority of the jet flow is entrained in the

outer interface shear layer. This is physically due to the fact that

p.>> py Secondly, at a value of § = 60°, all of the jet flow has been
entrained. Beyond this point, it is not valid to consider the flow as

two separate layers. It is rather one merged layer with some of the
characteristics of a free shear layer and some of a free jet into still
air. The analysis also indicates that the result that complete entrain-
ment of the jet flow occurs by 6 = 60 degrees is independent of the

thrusting coefficient.

4.2.4.3 Velocity Distribution in the Merged Shear
Layer

A mean velocity across the shear layer is defined so

that when multiplied by the mass flux, it yields the momentum flux, i.e.

e
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For the limiting cases of a pure shear layer and a pure jet into still
air, this reduces to

uS.L. =ue/2 (66)

EJ. =2/3 u (67)

ax

For the pure shear layer case, it has been shown that

1 dm 1/2
b dx -05 (pgpy)

I

a (68)

1/2 —

0.1 (pep) " U5 1,

1]

where

b = 27r . ‘ (69)

Reference (49) shows that for the entrainment from one side only of a

two-dimensional jet.

1 dm _ -
T dx =0.1 pu (70)

These two expressions are combined for the mixed merged layer as

follows
dm [ u u
1 M e 1/2 el
b dx =0.1 .Pe(_'—z‘) +(pepd) A (71)
and ) ’ :
dm 3 u u
1 d _ —_ e 1/2 e
5 “ax 01 Lpd(“' "2') tlpepy) Z l (72)
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Note that for the pure shear layer (u— ue/Z) and the pure jet (ue—> 0),

and these expressions approach the correct values.

From Reference (47), the momentum equation is

ol
o
N
+
feo
e

— . [(1 -—E‘i) dr'ne+drhd] =0 (73)

dm d
ds ds ds _ (75)

0.1b [(pe+pd) (G-u—ze-) +(pepd)1/2uel

The two equations can be normalized by noting that

b = 2nr
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and defining the following non-dimensional parameters

* s . %k Ii'l
S = — m =
T TTrZ u
fpoooo
* r + %k m
r = — m., =
T J TTer u
f Yoo 00
T * Pe
u =u— pe T e——
@ Po
* _ Ye * _ Pq
ue~u_ pd - P
o0 lo's)
The results are
%
du , 0.2r *  x f—% Yo * x1/2 Ye
—t —/= ‘(pe+pd)(u —T> +(epd) 2z
% u*
u u
e * e * %1/2 “e *_
- % [Pe( -7) +(epd) 7] ds =0
u
din®  _ 0.2¢" * %\ /—% Yg * % 1/2
R (p +pd)<u --—2—) (be py)
m m
Defining ,
u*
- T¥ __e
i
% *1/2
by = (p, pg)
c. = 3
1 pe+pd
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(77)
u*
Te] ds*= 0
(78)
(79)
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and substituting, we get

L% %
dm 0.2r * %*

% - % [blue+alC1] ds (80)
m m

* * % * - b
du drn 0.2r Ye * % P} *

— "% t =% = lpeal + U3 ds (81)
u m m u

These equations have been integrated numerically by the second
order Runge-Kutta method. Since the two equations are coupled, the
two integrations must be carried out simultaneously. The basic

recurrence formula of the method is

—% —_—
<du > _ <du*>
— % % %
-L-I-* E*+ (du > + ds n ds n-1

%*
As (82)
ds’i= E

’

n

(See for example Reference 48, page 15). The method requires

knowledge of the derivatives at n-1, and n in order to calculate
—%

Ynt1”
no preceding point. This difficulty was overcome by computing the

This produces a difficulty at the starting point, since there is

first point from the first order equation

—

—% —k d *

U =u + <L*> As (83)
ds n

*
using a very small value of .01 for As . The succeeding points were
then computed from the second order equation, with the increments in

*
s being gradually increased to a value of .08. This value was then
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held constant for the remainder of the integration. The calculations

were made for the following parametric values.

MCD=2.5 'yj=1.4
_ _ (o]

'yoo =1.4 90—60
o

g
n
bt
o
R
"

15

The details of determining the initial values for the velocity, enthalpy
and concentration are contained in Appendix K. The results are shown
in Figure 46 where ﬁ* and I'n* are plotted against s*. s* is measured
from an origin located on the blunting sphere corresponding to 90= 60
degrees. Note that the value s* = 4.25 corresponds to the recom-
pression point. The value of -G* and z'naI< have reached practically

constant values long before this pointis reached.

After the integration was completed, it was noticed
that the differential equations could be somewhat simplified by

slightly changing the definitions of the parametric a,, b,, and c..

1" 71 1
The proposed changes are as follows

*
u
A=p) <5*' Te> (82)

%
5 - % % 1/2 u,
~ \PePa 2
%k
Py
C:l+—;§<—
Pe
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Then

. % (85)
dm . 0.2r [2B+AC] ds”
m m
3 % % u’e<
du _ dm 0.2r  _e [ ] * 86
2= v =5 = |At+B| ds (86)
u m m u

It is recommended that this notation be used in any future computer

programs.

The velocity distribution across the mixing layer has
some of the characteristics of a free jet into still air, since the mean
velocity is greater than the external velocity in the early portion of
the development of the free shear layer. On the other hand, since the
internal velocity is zero, and the external velocity is finite, the profile
will also be partially similar to that of a free shear layer. (Figure 47)
The approach taken is to assume that the velocity profile is the sum
of shear layer and free jet profiles. The relative importance of each

function is then determined by substitution into the definition of u,.

The velocity profile for a pure shear layer is given by
(see Ref. (49))

2 =% [1 +erf(g)] (87)
e

and for jet flow into still air by

= sech®(n) (88)

max
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where

The velocity profile across the mixing layer is taken to be a super-

‘position of a pure shear and jet flow profile.

1 2
U‘—ue;- =5 [l + erf(kn)l + Asech™n (89)

The constant k is determined by requiring that each term be within
5% of its limiting value at the same value of 7. sechzn is within

! five-percent of its limiting value for n=2.2. This gives a value of

k=.52

] Substituting into the definition of E/ue

z _
. (90)
e o )
S plu/u ) dy
..r’o
we get
n
- n o
1 2 4 2
G“; = <_22 +3 Sn (erf.52m) dn +3 X\~ + zx)/(no +2)\)  (91)
O
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So that with Ny = 2.2, )\ is determined by specifying E/ue. The
velocity profile is plotted in Figure 47 for a value of E/ue = 1.0, which
corresponds to the value at the wake neck. The jet effect persists even

at this large downstream distance.

4.2.4.4 Enthalpy Variation in the Merged Shear Layer

A mean value of total enthalpy can be defined similar

‘to the mean velocity as follows
5
‘S-TI puHdy

T (]
H= —— (92)

o
S—n pudy

o

The differential equation which defines the variation of H along the

merged shear layer is expressed as follows (Ref. 47 )

din_ drn
- + (H - Hd)
m m

d

— L% -9

dH + (ﬁ - He) (93)

where He and Hd are the total enthalpies on the outside and inside of

the merged shear layer respectively. The total enthalpy is normalized

with respect to Hoo’ so that

—k

%

H_ = He/HOO =1,
%k

Hd—Hd/HOO,
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and substituting for drirlc1 and dr'ne, we get

%

—_k * b.u
dH _ 0.2r * * % 17e %
. ¥ = — al(,oe+Hd pd)+---—2 (1 +Hd) (95)
S m
—k . %
H dm
3
m ds

where a; and b1 have been previously defined. This equation was .
integrated in a way similar to the velocity equation. A value of Hd=9
was used, which is equivale\nt to ao_/ao = 3 with Y=Y oo The curve
shown on Figure 48 follows the sande ge%eral shape as the velocity

curve and reaches an essentially constant value long before the wake

neck is reached.

The enthalpy profile across the merged layer is

obtained analogously to the velocity profile. The variation is assumed

in the form.
% %k %
H =(1 + Hd)/?. + (1 - Hd)/Z erf (.52n) +u sechzn (96)

- %
Substitution of this equation into the definition of H gives a relation-

— %
ship between y and H . The profile is shown in Figure 47.

4.2.4.5 Variation of Jet Gas Concentration in the
Merged Shear Layer

A mean value of jet gas concentration is defined as:

N
S_ TIO pucdy
o

n
§5 e

o

C =

(97)
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The differential equation which expresses the conservation of species

is written as:

dm_ =~ _ drn
dC + C +(C-Cy) — =0 (98)
m m

This equation has been numerically integrated for the case of Cd =1
(pure jet gas in the dead air region). The results are shown in
Figure 49. Again there is little change in the rear section of the shear

layer.

The concentration profile is obtained by assuming a

form:
cd 2
C= > [1 - erf(.SZn)] + v sech n (99)
Substitution of this expression into the definition of C determines the
constant v . The profile is plotted in Figure 47 for the wake neck
conditions. Similar to the enthalpy profile, there is very little wake

effect evident.

4.2.5 Recirculation and Recompression Flow

As is indicated in Figure 42, gas from the dead air region is
continually being entrained into the shear layer, both along the jet
boundary and along the merged shear layer. The total rate of
entrainment is symbolized by fnd. At the same time, fluid from the
merged shear layer will recirculate into the dead air region at the
reattachment or wake recompression region at a rate fnr. From mass

conservation,

r'nd: m (100)
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From conservation of enthalpy, we can write

or (tol)
Hd=Hr

"Similarly, from conservation of species

or

where ﬁ; is a suitably averaged value of the total enthalpy of the
recirculating fluid, and Er a suitable value for the recirculating flow
concentration. Considering Figure (47), there is some separation
streamline which separates the fluid which recirculates from that
which passes on downstream. This occurs at 1 = 6r. In the process
of carrying out the various integrations, the dead air entrainment
rate r'nd and the total shear flow rate m have been computed. The

value of 6r is thus determined by the continuity equation

YI‘
d
gy puydy

Mg d (102)
m

\g‘e
uydy
de

or in non dimensional form

Tr .. &
. K \ p'Pu ndn
m, S‘6d (103)

¥ &
5 p u ndn
d
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Having determined 61_ by this means, it is then possible to determine

6 from the relation

* *5 °r % %
mre2 (292 (0 p*a*nan
a 5 )

d
Then the appropriate value of ﬁr is

ror

\5 puHdn

—_ J e

H = —/—m——— (104)

r 5
T
5‘5 pudn
e

If we define

n
S‘G p uHdn
H () = —F5— (105)
§ pudn
6
e
so that
ﬁn(ad)=ﬁ,then (106)

Hn is a weak function of n. This is because uH and u have profiles
which are somewhat similar in shape. If we ignore this variation, it

can be said that

* = kX
H,=H =H

4 , (107)

*

d
approximation, we use the asymptotic value from Figure 48

We have already computed H to be 3.3 (Figure 48). Thus, as a first

%

d

1R

H 3.3
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To get a feel for the implication of this value consider that for

M =2.5,
(0 0]
= 1.4,
and 'yw
and T =380°R, (108)
o0

. The free stream stagnation temperature is

T, = 855°R (109)
(o @)
so that
T, = 2820°R (110)
T, = 2360°F

Thus the influx of cold air into the shear layer has cooled the jet with

a total temperature of 7230°F down to a dead air temperature of 2360°F.,

An exactly equivalent analysis using the same arguments can
be made for the gas concentration, so that to a first approximation

we can conclude from Figure 49 that

Cq=CT=0.31 (111)
x
To obtain more exact value, these values of Cd and Hd should be put
into the differential equations, and they should be reintegrated. The
¥
correction should be small however since Cd and H, have only a very

weak effect on the integration.

In addition to satisfying the conservation of mass, species
and enthalpy in the recirculating region, the pressure rise at
recompression must be also be satisfied. The pressure in the dead
air region is determined by a modification of the analysis of Cha.pman34
for laminar-separated regions usingthe data of Kor st35 for turbulent

mixing layers. It is assumed that the retrorocket exhaust flow is
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turbulent, both in the central core regions and along the jet

boundary, and that this leads to a turbulent mixing layer accompanied
by turbulent reattachment. D,R. Chapmandevelopeda calculation
scheme by which the dead-air pressure in a laminar-separated region
may be determined. The essential mechanism considered was that
there is a balance between the mass scavenged from the dead-air
region by the mixing layer and the mass flow reversed back into the
 dead-air region by the pressure rise through the reattachment zone.
For steady flow the dividing streamline at separation, as calculated
from mixing layer theory, must be the dividing streamline at
reattachment. If this were not the case, air would be either continually
removed from or continually injected into the dead-air region, and the
scavenged mass flux would not balance the reversed mass flux. In
order for a particle along a streamline in the mixing layer to be able
to overcome the pressure rise through the reattachment zone and to
pass downstream, its total pressure Pt must be greater than the
terminal static pressure P' at the end of the reattachment zone. The
dead-air pressure is determined by requiring that the total pressure
along the dividing streamline as it approaches the reattachment zone

be equal to the terminal static pressure P'.

The equation for the dead-air pressure is

-1
2wl 21 Y
Py |1+0-g, ) L= M (112)
d__
P 1+ 1L 0 2
2 e

where E* is the ratio of the velocity along the dividing streamline
to the velocity at the edge of the mixing layer and Me is the Mach

number at the outer edge of the mixing layer.
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As noted by Chapman, for laminar mixing layers E* is
essentially a constant. We modified Chapman's analysis by using the
turbulent E* of Kor st. 35 The variation of the turbulent -6* with exhaust
layer Mach number Ml is shown in Figure 50. Me was assumed to be
equal to Ml » the Mach number of the mixing layer. This approach

is only approximately applicable (limited to iscenergetic flow) to the
problem of reattachment of the mixing layer to the aeroshell or
recompression in the wake region and was used to obtain a very
approximate idea of the resulting flow field geometries (Section 4. 3),

before the results for the mixing layer analysis became available.

An improved method for determining the pressure in the dead-
air region is discussed in Reference 50 and is not limited to isoenergetic
flow as the above analysis is. In the analysis of Hill and Luce, the

Chapman's recompression conditions on the stagnating streamline is
P P g

- v-1 0 2v/v-1
P =P_(1+L= M5 (113)

where Ms is the Mach Number on the separating streamline and

Pe = P ,. This is solved for the required kinetic energy

d
-1
2 2 -1
Ul Mgtz <Pe> ¥ (114)
2h 2o = \B
t, L+y-1M %2 t
Buth, =h + (h, -h )u" (115)
W T T B T e
3
and u =u/ue
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Then substituting the expression for ht and inverting, they obtain
s

E 3
h /b +(1-h /h )u 2
Tt <"t s i W (116)
o %2 y-1

S

where W_= u /V
e e’ 'm

hC = enthalpy of recirculating region.

In this equation the right hand side depends entirely on the external
flow while the left hand side depends on the shear layer properties
and is shown to be a function of the stream functions and the ratio of
the injected to exterior enthalpies. A solution to the overall flow
pattern is determined in aniterative manner. The Hill-Luce analysis
simplifies to the Chapman analysis in the limit of isoenergetic-flows

i.e., hc=ht .
e

4.3 COMPLETE SINGLE-JET FLOW PATTERN

In general, the overall field for the jet exhausting from an
aeroshell into anoncoming stream must be determined in an iterative

manner as follows:
l. Assume separated region pressure
2. Calculate jet flow and jet boundary location
3. Locate terminal shock on jet centerline

4, Determine interface geometry and mixing layer

inclination

5. Compute growth of mixing layer

64

Approved for Public Release JPL CL#YY-XXXX



6. Locate separating streamline and compute recompression

conditions at aeroshell surface or at wake neck region.

7. Evaluate the mass, enthalpy and concentration conser-

vation equations for the separated region and merged mixing layer.

8. Iterate until pressure rise, conservation of mass,

enthalpy and concentration are satisfied simultaneously in the recircu-

lation region.

Since the analysis for the growth of the merged mixing layer
was not finished until just before the interim report was written, suf-
ficient time was not available to perform a series of calculations
following this general procedure. However it was determined that the
geometry of the flow field about aeroshell vehicles with a single retro-

rocket could be analyzed for all cases where reattachment occurs on

the forward surface or shoulder of the aeroshell by a simplified analyses.

The wake type flow regime is the only one which requires the general
analysis in order to obtain the flow field geometry. However, the
general analysis is required in all cases if the temperature and con-

centrations of jet gases in the recirculating region are to be determined.

We will now discuss some of the situations which may be
analyzed by simplified methods. First, the maximum aeroshell opening
that is compatible with attached turning shock waves at reattachment is
found to be about thirty five degrees for a Moo= 2.5 free stream. For
aeroshell opening angles below this maximum, (small aeroshell opening
angles), the reattachment point moves in a continuous manner outward
along the vehicle surface as the retrothrust coefficient increases from
low CT levels. For aeroshell opening angles greater than this angle
(large aeroshell opening angles) the merged mixing layer does not
possess enough energy to allow reattachment to occur on the forward
surface of the aeroshell with attached turning shocks at reattachment.
For this case with low and intermediate thrusting coefficients, re-

attachment always occurs at the shoulder of the vehicle and the flow
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pattern is similar to the most common type of separated flow pattern
observed in flow over spiked cone-cylinders33 where reattachment
occurs always on the shoulder of the vehicle. For large thrusting co-
efficients and large aeroshell opening angles, the shear layer does not
reattach to the vehicle but passes around it forming a wake type flow

and recompression of the mixing layer occurs in the wake neck region.

Secondly, an analysis is discussed which considers retrojet
exhaust flows from vehicles with large aeroshell openings (cone semi-
vertex angles of sixty degrees) and the magnitude of the thrusting co-
efficient is determined which separates reattachment at the shoulder
flow (low and intermediate thrusting coefficients) from wake type flow
(high thrusting coefficients). The fact that, for low and intermediate
thrusting coefficients, reattachment always occurs at the vehicle shoulder
provides a geometric constraint which is used to obtain permissible
solutions for the flow field geometry. For the sixty degree aeroshell
opening angle considered, the separation between the reattachment at
the shoulder type flow from wake type flow occurs at a thrusting co-

efficient near one.

Thirdly, the flow geometry about aeroshells with small open-
ing angles and small thrust coefficients (small enough to assure re-
attachment somewhere on the vehicle surface) is shown to be determined
by applying the Chapman-analysis at the reattachment point. For an
aeroshell opening angle of thirty degrees, it is found that the thrusting
coefficient which separates reattaching flow from wake type flow has a
magnitude of CT = 0.07. Ways in which this calculation may be im-
proved by treating the reattaching layer as a mixture of jet and atmos-

phereic gases (Section 4.2.4) instead of just jet gas are discussed.

The relative geometry between an attaching mixing layer and
the aeroshell vehicle is shown in Figure 51. The shear layer makes
an angle ¢ with respect to the jet centerline. The angle o is related

to the dead-air pressure Pd/Po through equations 10 or equation 19
f
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depending on whether the free stream flow is supersonic or subsonic
respectively. The relative angle between the local aeroshell surface
and the mixing layer is (Gv - a). The flow geometry is similar to flow

over a wedge, Figure 52. If the dead-air pressure, Pd/P0 , the mixing
f
layer specific heat ratio, y layer, and the free stream Mach number M,

are chosen, the angle, o, and Mach number, M,, of the mixing layer

L

are determined. The maximum wedge angle, 6M for an attached

AX’
oblique shock wave, is then determined from the relevant shock polar.
The maximum deflection angle for a specified mixing layer

Mach number is given approximately by

2 2
4 a1, % 1)/
Smax = z (117)
3V30vpayer* Y M,
But 5 = (0 - a) (118)
max - OMy o
So 6 =6 + (119)
M,y MAX

The maximum vehicle surface angle 8 » for which the mixing

VMAX

layer at a fixed M, can be deflected parallel to the vehicle surface

Ji
by an attached shock wave was evaluated from the shock polar, (y=1.4)
of Reference 51 and a free stream Mach number of Moo =2,5.

The variation of this maximum angle with dead-air pressure is shown

in Figure 53. The mixing layer Mach number, M_, and the angle

I
of the separated region, @, are also noted. Over the range of
dead-air pressures considered, the maximum opening angle for

attached shocks at reattachment is about thirty five degrees.

The magnitude of the thrusting coefficient which separates
the regime of shear layer attachment at the vehicle shoulder (low
and intermediate thrusting coefficients) from the regime of wake
type flow for large aeroshell opening angles is found as follows. It

is assumed that the mixing layer attaches to the shoulder of the
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vehicle for low and intermediate thrusting coefficients as the flow
rate varies. This is in contrast to vehicles with angles up to 359
wherein the layer attaches to the vehicle at some intermediate
point. The basic approach is to locate the center and diameter of
the blunting sphere, and consider a tangent from the sphere to the
vehicle shoulder. In this way a geometrical relationship exists
between the slope of this line and jet and free stream conditions.
From a balance of external pressures, an additional relationship is

developed, between the slope of the tangent line and Pd/Po . Com-
f

bining the two relations we finally obtain Pd/Po as a function of CT'
f

for a given jet and free stream conditions. The analysis is divided

into two parts: df/dm < 1, and df/dm > 1, although the final results

are presented as one continuous curve. For df/dm < 1, the blunting

sphere is less than the vehicle diameter, while for df/dm >1 it is

larger than the vehicle diameter.

Geometrical Considerations, df/dm <1

The notation used is shown in Figure 54. The coordinates

(xf, yf) of the tangent point on the blunting sphere can be written

as
x; =% +r.sine (120)
Yg = TpCOs a (121)
so that
tan @ = (y  -r, cos ar)/(xc-xm +r;cos @) (122)

Crossmultiplying, squaring, and solving the resultant quadratic

equation we get

1/2
sin o = |(1+ =2 -}'2) "-E?] /(1+§?') (123)
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where

x = (x -%_) /ym (124)

and
r

i
)
H'x\
«

(125)

Thus if X and e are known as functions of nozzle characteristics, «
is determined directly. X, is determined from Equation (34) of
Section 4. 2. 3. 4;

xc/re = xl/re -x/re (126)
j j j
where
1/2
and x/re = [(rf/re - 6/re )2 - (yl/re )2] (127)
j j j j
1
;-1 (128)
* 2
and 8/t ={(pe /p IV, /a7) (re_/Yl/(m) (P, /P, )
j ARG j j j it

The radius (rf) is determined in Section 4.2. 3.1 and X and y, are
determined as discussed in Section 4.2.2.4. It was necessary to
extend these curves to lower values of Pe-/Pd for these calculations.
The extensions are shown in Figures (55) dnd (56). The quantity

x_/r is calculated from
m ej

xm/re'= (l-rm/re-)/tane (129)
J J

The quantity Pe /Pd is calculated from

P /Pg=(P, /P ) (B /P /(PP ) (130)
j i NI | £
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P /P 1 + Zl:l_ j ]

e/Fo, =1t 53— M7) (131)
J J

Note that 8 = n/2 - « (132)

By holding Po /Pd constant, curves of constant

J
T ™2y be generated in the (Pd/Po , 0) plane as follows:

f

(1) Pick rm/rej, ev’Mj'Yj'Moo"Yoo'

C

(2) Calculate xm/rej from (129).

(3) Calculate Pe /Po from (131).
i

(4) Pick P d/Pof, Poj/Pof.

(5) Find (r,/r_)°/(P_ /P, ) from Section 4.2.3.1.
ej Oj Of

(6) Calculate rf/rej
(7) Calculate P /Pd from (130).
j

(8) Get xl/re and yl/re from Section 4.2.2.5.
j j

(9) Calculate 6/re from (128).
J

(10) Calculate x/r_ from (127).
j

(11) Calculate xc/rej from (126).
(12) Calculate x and T from (124) and (125).

(13) Ccalculate sin o from (123).

(14) Calculate 8 from (132).
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Geometric Considerations, df/dm> 1

As the assumed values of P_ /P_ are increased, a point is
j f
reached where Equation (123) starts to give negative answers. This

is equivalent to negative values of @, or in the equation:

6 = 90° -¢ (133)
6 > 90° (134)
df/dm > 1 (135)

Thus the computational procedure for 6 > 90° is identical to that
previously described. Before o was the angle of the conical portion of
the interface. Now o is defined as the angle between the converging
wake edge and the centerline and the equation for sin ¢ becomes just
the negative of Equation 123. By this means, curves of constant C

o T
can be generated for 6 > 90 .

Pressure Considerations, df/dm <1

In this regime, it has been shown (Section 4.23), that in the
supersonic free stream Mach Number regime, the modified Newtonian
pressure distribution agrees well with available experimental data.
This distribution will therefore be used in conjunction with the geo-
metrical constraints to determine equilibrium conditions. The equation

is of the form:

- 2 . 2
P/Pof =cos 0 + Poo/Pof sin” 6 (136)

where 0 is the Polar angle measured from the exhaust jet centerline.
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Pressure Considerations, df/dm >1

For values of 8 greater than 90°, it is assumed that the

pressure reduces as a Prandtl-Meyer expansion thru an angle (9-900).

In order to compute this expansion, it is necessary to know the Mach

Number at the shoulder (9=900). This is computed from:

ps/Pof= ‘Ps/Poo)‘Poo/Pow"Pow/Pof’ (137)

where POO/PO ,and p%o/p0 are obtained from gas tables. P/P_,

oo f
is obtained from the relation:

2
P/P_=1+(G/2M_ "¢

138
P, (138)

The Cp's at 8 = 90° are obtained from the experimental data of
Reference (45). Using this data, the shoulder Mach Numbers have
been computed and the results plotted in Figure (57). Knowing the
shoulder Mach Number, values of P/Po have been computed for
f

various turning angles (9-900) and are shown in Figure (58).

For a specific free stream Mach Number, Moo’ the variation
of pressure with angle o, (8> 90 degrees) is determined from
Figure 58. If these results are combined with the modified Newtonian

distribution for 6 < 90 degrees, a general pressure distribution curve

is found.

An example calculation is made for

M =2.5
QO

M. =3

j

Vi TV - bt

re./rm=02
j

6 = 60°

v
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The general pressure curve is shown in Figure 59. Curves of
constant CT, obtained from geometrical considerations, are super-
imposed on this figure also. The intersections represent possible
equilibrium flow-conditions. The intersection point in Figure 59

for CT = 0.1 is equivalent to a value of P /Pd of about one. Since
e.

the determination of x, and Vi for this and lower values of Pe /Pd

may be inaccurate, the value of CT = 0.1 is considered to be Ja. lower
bound on the validity of this analysis. At Cp = 0.5, the diameter of the
plume shoulder is equal to the diameter of the vehicle and o = 0.

This appears to be the maximum thrusting coefficient allowable to

still have reattachment at the vehicle sholder. Constant thrusting
coefficient curves are drawn for CT> 0.5, under the assumption that
reattachment to the vehicle shoulder still occurs for negative o's

but this situation will most likely not be realized physically. From

the permissible solutions (Figure 59), it is seen that the pressure in

the constant pressure separated region will vary from Pd/Po = .30
f
at Cp =0.1toP /P =.latCp =0.5.

£ T

Some conclusions concerning the pressure in the dead-air
region, which completely surrounds the vehicle, for the wake type
flow regime may be drawn from Figure 59. If it ig assumed that
a turning angle of 10°-20° is the maximum which will satisfy
recompression requirements in the wake neck region, the pressure
in the dead-air region will lie somewhere within the range
pd/Pof = 0.05 to pd/P0 = 0.025.

f

Some calculations were made to determine the minimum value
of the thrusting coefficient to assure wake type flow. Wake type flow
(Figure 2) was said to exist if the mixing layer did not intersect the
aeroshell shoulder as it converged toward the wake neck region.

The geometry of the wake type flow region was determined as follows.
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The pressure, P', downstream of the rearward compression point was
calculated from the Chapman-Korst Theory (Section 4.25). At the
rearward compression region, the mixing layer which makes an angle
a with respect to the axis of symmetry is deflected parallel to it.
From the relative geometry of the mixing layer and the axis of sym-
metry, the pressure downstream of the rearward compression point
.is determined from oblique shock relations. A solution existed when
the pressure requirements from the Chapman-Korst analysis equaled
those given by the oblique shock relations. Though the analysis (not
given in this text) was approximate, it indicated that the thrusting co-
efficient had to be greater than one to assure that the mixing layer did

not intersect the vehicle and the wake type flow existed.

Therefore the magnitude of the thrusting coefficient which
separates the reattachment at the aeroshell shoulder flow from the wake
type flow was calculated by approaching the value from below and from
above. Approaching it from below, the maximum thrusting coefficient
for reattachment at the vehicle shoulder was found to be CT = 0.5.
Approaching it from above, the minimum thrusting coefficient to assure
wake type flow was found to be about CT = 1.0. Therefore it is con-
cluded from these approximate calculations that a magnitude of the

thrusting coefficient near unity separates one flow regime from the

other.

The flow pattern about an aerosh-=:1l vehicle with a small aero-
shell opening angle, (9V = 30 degrees) is shown in Figure 60 as the
thrust coefficient is increased from low to intermediate values. This
case was considered only because it provided a simple numerical test
of the method and not because this particular geometry was of interest.
It was noted earlier that for aeroshell vehicle opening angles less than
thirty-five degrees, the reattachment of the exhaust layer to the aero-
shell is accompanied by an attached oblique shock wave. The important
point to be noted in these figures is that as the thrusting coefficient C

T

is increased from low C,, levels, the reattachment point moves in a

T
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continuous manner outward along the vehicle surface. For a particular
magnitude of thrusting coefficient, (Intermediate Thrusting Coefficient)
reattachment will occur at the shoulder of the aeroshell vehicle. For
thrust coefficients greater than this value, reattachment of the exhaust
layer to the aeroshell will no longer occur and wake type flow will
exist. The flow field about an aeroshell with thirty degree opening

angle, with a Me = 3.0 retrorocket exhausting into an oncoming

J
Moo = 2.5 stream is solved by applying a Chapman-Korst type analysis

at the reattachment point.

The dead-air pressure is determined in the following manner.
The ratio of the pressure downstream of reattachment to the shocked
ambient pressure is calculated from the Chapman-Korst analysis
(Section 4.2.5) for various values of dead-air pressure to shocked free
stream pressure ratio. (Figure 61). From the relative geometry of
the mixing layer and the aeroshell surface, the pressure rise, caused
as the exhaust layer is deflected parallel to the aeroshell surface, is
calculated from oblique shock relations. A solution exists when the
pressure requirements of the Chapman-Korst analysis equal those given

by the oblique shock relations. This occurs when Pd/Po = .20, corres-
f
g = 1.69 and @ =18.5 degrees. The flow field is con-

structed from the knowledge of the dead-air pressure and inclination,

ponding to M

a, of the mixing layer.

For these calculations it was assumed that the mixing layer
specific heat ratio, vy, was 1.4, and that M, in the Chapman-Korst

analysis is equal to M,, the Mach Number of the mixing layer. The

resulting geometry fo: the jet boundary, terminal shock and interface

is shown in Figure 62 for three ratios of total jet to shocked free stream
pressure. In each case, it is assumed that the aeroshell vehicle ex-
tends far enough downstream so that the mixing layer intersects the

vehicle and a reattachment point (circle) exists.
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When the thrusting coefficient was evaluated for each case,
assuming that the vehicle base diameter (reference diameter) was equal
to the diameter at the reattachment point, the magnitude of the thrusting
coefficient was found to be C,, = 0.07. This indicates that the maxi-

T

mum CT for reattachment of the mixing layer to the aeroshell shoulder

(intermediate thrusting coefficient) is CT = 0.07. Wake type flow exists
for larger thrusting coefficients than this. This analysis may be
improved by calculating the properties of the mixing layer as dis-
cussed in Section 4. 2.4 and using the specific heat ratio, vy, appropriate
to the layer which is composed of a mixture of free-stream and jet

gases.
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5.0 EXPERIMENTAL TEST PROGRAM

5.1 OBJECTIVES OF THE TEST PROGRAM

The objective of this section is to describe the test philosophy,
to show where choices must be made and on what basis, and to make

-the choice if the evidence is clear-cut.

The purpose of the wind-tunnel test program of the Propulsive
Re-entry Aerodynamics Study is to provide experimental results over
a large range of the relevant parameters, to critically test and to verify
or modify the analytic models being developed. Specifically, a
realistic Mars entry configuration will be chosen, and its performance

will be measured over an appropriate parameter range.

Currently, systematic information on the interaction of super-
sonic countercurrent large jet flow rates with an aeroshell from low
subsonic to moderate supersonic speeds is not available. Therefore,
in order to make the proper choices in the final vehicle design, it is

necessary to know
1) the vehicle drag to optimize the propulsion system,

2) the pitching moments to define and optimize the control

system and
3) the heating rate to minimize heat shield weight.

We plan to construct the models which will make these

measurements possible.

5.2 RETROTHRUST SYSTEM FOR A MARS LANDER

The parameter which characterizes the interaction of a
retrojet with a countercurrent stream is the thrusting coefficient, CT’

which has been defined as

Cr = A - (139)
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where T is the retrorocket thrust, 9, the free stream dynamic pressure,

and Ph{he aeroshell base area.

If gravity and drag are neglected and constant thrust is assumed,
it is found that with a fuel expenditure equal to 20 percent of the
vehicle weight, the change of vehicle velocity is 0.7 km/sec. (Section 3).
This limits the vehicle ballistic coefficient B to 0.5 slugs /ft. 2 or less
and ignition altitude above the Mars surface to 5 km. or less, based on
.the entry trajectory calculations of Ref. 6 . If the vehicle change of

mass is neglected.
V=v h/h (140)

where Vo and hO are the velocity and altitude at retrorocket ignition,
respectively. By using the information in Ref. 52 to calculate the
sound speed, curves of CT vs. Moo are obtained, which are shown in

Figure 63.

It is assumed that the retrorocket maximum chamber
pressure is 300 psi and that it is capable of a 12:1 throttling ratio.
The ratio of the jet total pressure to the free stream total pressure,

P /PO , as a function of M__ is shown in Fig. 64 for the two ignition
j @
altitudes (2.5 and 0.5 km) and for the two extremes of rocket power

(i.e. full and minimum power).

The rocket thrust can also be defined by the following equation
*
T=C_AP (141)
F Oj

where CF is the thrust coefficient. Using this definition we obtain

a* _ 1/2
?l—n_l - (Cquo/CFPo.) (142)
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The values of d;‘/dm calculated for 300 psi chamber pressure
and the flight conditions of Figure 63 are shown in Figure 65. These
values are somewhat higher than those given in Table I which were
supplied by the technical manager. However this is entirely consistent
since the vehicle assumed there had a lower (than 0.5 slugs/ftz) B and

hence also lower ignition altitude.

To summarize, the retrorocket of a Mars entry configuration

~will be turned on at altitudes probably lower than 5 km, at free

stream Mach number of 2.5 or less. Thus the 5 km ignition altitude

curve of Fig. 63 represents an upper bound of C,.'s to be simulated.

T
The rocket will be maintained at full power during most of the descent,
thus the PO = 300 psi curve of Fig.64 also represents an upper bound

] %*
of Po /Po J to be simulated. The expected value of dj /drri from
] 0o
Fig. 65 is thus 0.026 or less.

5.3 FLOW REGIME CONSIDERATIONS

The analysis of the blunting sphere diameter and the slope of
the interface between the jet and free stream have CT as a parameter.
The nozzle size (compared to the model) or nozzle area ratio are not
formally involved. However the plume geometry obviously depends

onP_ /Pd. If P, < Py, anormal shock will be required within the
; .

nozzle to match exit pressures. If Pe ~ P, the "aerospike"

d
configuration with a large shock stardd-off distance will be encountered.

Since the plume geometry depends on other parameters as well,

and since Pe /Pd is a complicated function of C,,, the task of defining

T
the parameters for proper simulation seems a very complex one.

However, Pd obviously depends on Poo’ and Pe./Poo varies linearly

2
with Mi CT' Therefore the parameter Pe./PooMooCT only depends
2
ooCT

% J
vs. d /dmfor various nozzle area ratios. Lines of constant nozzle

on the nozzle parameters. In Fig. 66 is shown a plot of P, /PooM

exit areas, de/dm‘ are also shown.
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TABLE I
REPRESENTATIVE MARS LANDER PARAMETERS

AEROSHELL CHARACTERISTICS

Diameter (DA) 16.1 ft
Half-Angle 60°
Nose Radius 0.1 DA
Corner Radius 0.03 DA

PROPULSION CHARACTERISTICS

Engine Circle Diameter 0.5 DA
Maximum Chamber Pressure 250 psia
Expansion Ratio 40:1
Exit Diameter - 3 Engines 12.85 IN
1 Engine 22.25 IN

Thrust (Max-Min) - 3 Engines 1460-162 1bf
1 Engine 4380-486 Ibd

The suggested nozzle configuration (Table I, d /d = 0.0182,
and A /A = 40 is located on Figure 66 by a circular symbol If we
2

choose a different value of d*/d » but keep the value of P /Poo M00 CT

the same (by changing Ae/A ); we will have the same exit pressure for
the different nozzle. Hence, by making the proper choice, we can
match both Cop and P_ /Poo’ which means that we can simultaneously

match the blunting sphere diameter and the plume geometry. Con-

. 2 * .
1 3 b ’ -
versely, by changing Pe./PooMoo CT at constant d /dm we can in

vestigate the effect of exit pressure on the plume geometry.

80

Approved for Public Release JPL CLE#YY-XXXX




5.4 INVESTIGATION OF NASA WIND TUNNELS

For reasons which will be covered in detail in Section 5.5.1,
the only wind tunnels of interest are large test section, variable

density wind tunnels.

Mr. J. A. F. Hill visited the Ames Research Center on
April 15, 1968. The 6' x 6' Supersonic Wind Tunnel would be avail-
able. Its performance characteristics are described in Reference 53

and summarized in Table II.

Mr. E. Wachsler visited the Langley Research Center on
May 27, 1968. Because of their restricted Mach Number ranges,
testing would have to be carried out partly in the 8' Pressure
Transonic and partly in Test Section Number 1 of the Unitary Plan
Wind Tunnel. Their performance characteristics are described in
Reference 54 and summarized in Table II also.

The values of Po./Po for the three Wind Tunnels,” as well

J oo

as their Mach Number coverage, are shown in Figure é4. It can be

seen that the P, /Po ratio is higher for the Mars vehicle than can
J ©

be simulated in any of the three tunnels.

The operating characteristics of other wind tunnels are discussed in
"National Wind Tunnel Summary'" NASA, Washington, D.C., July
1961, AD 262 938. A summary of exhaust gas simulation capabili-
ties of various wind tunnels is contained in Table I of ""Wind Tunnel
Testing Techniques for Integrated Airframe-Exhaust Nozzle Sys-
tems, ' Bonner, E., and Nixon, J. A., North American Rockwell
Corporation Technical Report AFF DL.-TR-68-94, July 1968,

AD 8 36 259.
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We recommend that the Ames 6' Supersonic Wind Tunnel be

chosen for testing because
1) it has a higher pressure air supply
2) the windows are unobstructed
3) jet working fluids other than air could be used

4) only 1 Wind Tunnel is involved, hence there would be no

problems of model compatibility.

5.5 WIND-TUNNEL MODEL CONFIGURATION

5.5.1 Aeroshell Shape and Size

The shape of the aeroshell was suggested in Table I. The size
of the model is set by the wind-tunnel test section size and the thrusting

coefficient C. It was shown in Ref.24 that

ds
—_ = 1.25‘/c (143)
d T

m

where df is the blunting sphere diameter. At transonic speeds the
allowable tunnel blockage area is approximately 2 percent. Thus with
a wind tunnel cross sectional area of 36 ft2 and CT = 5, the allowed
value of dm = 4.1 inches. It is planned that the model will be a 60°
half angle cone with a base diameter of 4 inches and a nozzle radius of

0.4 inches.

5.5.2 Nozzle Size and Area Ratios

5.5.2.1 Mars Lander Simulation

It is shown in Fig. 64 that even in the Ames wind-tunnel,

it will not be possible to reach the values of PO /Po experienced by
j o]
the typical Mars lander. Therefore, to match in the wind-tunnel the

vehicle CT at full power, it will be necessary to have a larger than
scaled throat. By using a throat area 5 times larger, the model

C_. will match the vehicles C_, downto M = 0.6 for a
T T 00
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300 psi chamber pressure. If the rocket chamber pressure were
250 psi, the CT can be matched for all Mach numbers. Therefore

the throat size chosen is

a*

TJ = 0.01824/5 = 0.0407 (144)
m

.Of course values of CT lower than the maximum can be easily obtained

by throttling the jet air supply. For the configuration being considered,

the useful range of CT values is between the curves shown in Fig. 67.

In order to simulate the plume properly, the parameter
2

P /P_M_ “C. should be matched. In Fig. 66 a circle is shown
e. "o o T q.x
for the lander configuration corresponding to HL =0.0182, Ae/A*= 40,

Yoo = 1.304 and 'yj =1.28. To match Pe_/PooMr:ZCT with dj*/dm = 0.0407
and Yo = 'yj =1.40, we find Ae/A* = 10.380. A drawing of the model is
shown in Fig. 68. It is worth noting that the model nozzle has an exit
area which is only 35% bigger than the exactly scaled value, while it

allows us to simulate the thrusting coefficient and the plume geometry.

5.5.2.2 Flow Pattern Exploration

One of the objectives of the test program is to provide
experimental data in areas where the validity of the assumptions of
the analytical approach is questionable. It is desirable to keep the

same thorat area, since this will give the same C,, range. If the

T
nozzle area ratio is changed, the exit pressure at a given CT will be
different. Hence it will be possible to systemically examine how the

. . 2
plume geometry varies with Pej/PooMoo Cr -

We propose to test two other nozzle configurations with the
same throat area, but with nozzle area ratios of 6.0 and 20.0, which
2

C

2.5 times higher and lower

correspond to values of Pej/PooMoo T
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respectively than the Mars lander simulation configuration. The
nozzle exit to model diameter ratios are 0.10 and 0.182 respectively,

which seem quite reasonable.

5.5.2.3 Nozzle Shape

Large area ratio nozzles are generally not contoured
since the gain in performance is very small while the construction

'difficulty is much greater. Straight 15° half-angle conical nozzie

contours have been chosen since they are typical of current construction

practice.

5.5.2.4 Multi-Nozzle Configurations

It is probable that the Mars Lander will use a cluster of
smaller retrorockets, rather than a single large one. In that case
the flow pattern is more complex because of the mutual interaction of
the jets, as well as the interactions with the counter current stream
and the aeroshell. We plan to test two multiple nozzle configurations,
which will have the same effective throat area and nozzle area ratios

as the Mars lander simulation configuration (single nozzle).

The multiple jet configurations will consist of 3 nozzles,
spaced 120° apart on a jet centerline radius to model base radius of
*
0.5 and 0.8. Each nozzle will have a.dj /dm = 0. 0235 and an area

ratio of 10.8. The nozzle contours will be straight 15° half-angles

~cones. A drawing of the proposed model is shown in Fig. 69.

5.6 TEST PLAN

5.6.1 Model Types

It is desired to measure the pressure distribution, the
drag and pitching moment, and the heating rate. In order to carry out
these measurements, it will be necessary to construct three models,

one for each type of measurement.
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1) The pressure model will have approximately 12 taps, one
of which will be in the base. The pressure measurements
will indicate whether the flow is steady, the extent and
boundaries of the dead-air region, and the minimum
value of C,. at which the model will be fully immersed in

the dead-air region.

2) The drag force and pitching moments will be measured
with a force balance to be furnished by MITHRAS. Since
the model drag variation is expected to be small compared
to the thrust variation, the balance will be designed to
measure the model aerodynamic drag force only, and

not the jet thrust.

3) The heating rate and recovery temperature distribution
will be measured with a thin-skinned model equipped with
approximately 12 thermocouples. The hot air jet (~500°
F, 0.72 lbs/sec, 3000 psia) will be cycled on and off at
the appropriate rate. The jump in heating rate at the
reattachment ring at moderate CT and the heating rate

near the aeroshell corner will be of particular interest.

5.6.2 Test Fluids and Parameter Range

The wind tunnel working fluid will be room temperature air.
The Mach Number range will be from 0.25 to 2.5. The dynamic
pressure will be 200 psf at transonic and supersonic speeds and

lower at subsonic speeds.

The jet C., will be varied from 0 (for tare readings) to 10.

The jet working f']l?uids will be room temperature air, hot (500° F)
air and room temperature helium. The air heater will be furnished
by MITHRAS. The jet working fluid will be hot air for the heating
rate measurements, helium for the mixing studies, and room

temperature air for most of the pressure, force and moment

86

Approved for Public Release JPL CL#YY-XXXX




measurements. The maximum jet mass flows will be 1.0, 0.72 and
0.34 lbs/sec for room temperature air, hot air and helium,

respectively.

Most of the data will be taken at zero angle-of-attack, but
a =5° and 10° will be used, especially for the pitching moment

measurements.

5.6.3 Data to be Taken

1) Wind Tunnel parameters
a) Mach Number, Moo

b) Total Pressure, P
%o

c) Total Temperature, T0
o

2) Jet Parameters
a) Working fluid
b) Total Pressure, Po
J

c) Total Temperature, T

]
3) Model Configuration

a) single or multiple nozzle

b) throat area, AJ.*

c) nozzle area ratio, Ae /AJ.*

J
d) angle of attack, «a

4) Model Specific Measurements
a) Pressure distribution along a ray, P(x)
b) Drag force, D, and pitching moment Cy,

c¢) Temperature distribution as a function of time, T(x,t)
The heating rate can be calculated at each thermocouple

location from a knowledge of T(t).
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5) Photographs

a) Schlieren and Shadow
The photographs will show the general features of the
flow pattern. In particular they will show whether the
flow is steady or not, the shock standoff distance, the
diameter of the blunting sphere, the location of the
mixing layer and its reattachment ring on the aeroshell,
and the transition to the wake-type flow with the aero-

shell completely immersed in the dead-air region.
6) Mixing

a) "'Sniffing' with the MITHRAS Binary Gas Analyzer
from an aft pressure tap when the jet fluid is helium
will provide information on the mixing process at low
and moderate CT's.

5.7 TENTATIVE TEST SCHEDULE

The tentative test schedule for single nozzle configurations is

shown in Table III and for multiple nozzles configurations in Table IV.
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Figure 2.

Flow field - high thrusting coefficient.
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Figure 3. Schlieren photograph of Regime 1,

M = 3.5, CT = 0.04.

Reference 13,

Figure 4. Schlieren photograph of Regime 2,
M = 3.5, CT = 0.12.

Reference 13.
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Figure 5. Schlieren photograph of Regime 3,
M = 3.5, CT = 0.28. Reference 13.

Figure 6. Nitric-oxide Glow photograph of
Regime 4, M = 3.5, CT =109

Reference 24.
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Figure 7. Total retroforce coefficient versus rocket thrust coefficient,

M = 3.5 (Ref. 13).
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Figure 12. Nozzle size versus ballistic parameter.
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Figure 19. Schematic of flow pattern of a

nozzle exhausting into vacuum.
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Figure 21. A jet mass flux distribution given by the method of

characteristics and the Hill-Draper approximation.
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Figure 26. Comparison of theoretical location of jet shock with

experimental data for jet into oncoming flow.
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Figure 27. Jet terminal shock location.
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Figure 36. Variation of blunting sphere diameter with Mach number.
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MIXING LAYER FLOW PATTERN

Figure 42, Mixing layer flow pattern.
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Figure 54. Geometry for shoulder attachment.
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Figure 56. Lateral plume shoulder location.
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Figure 68. Single nozzle wind-tunnel model simulating the

Mars Lander configuration.

Figure 69. Multiple nozzle wind-tunnel model simulating the

Mars Lander configuration.
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APPENDIX B

RETROJET OPERATING CONDITIONS

B.l1 SIMPLIFIED EQUATION OF MOTION

If we assume that the trajectory has become vertical before

retrorocket firing and neglect the force of gravity and drag, the

equation of motion is simply
-m dv/dt =T

In terms of specific impulse Is
dm /dt = - T/gIS

so that the instantaneous mass is
m=m_ - (T/gIS)t

Equation (1) may then be written

av T
dt  m_ - (T7gls)t

o et
s T - (T/W_L)t
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which has the integral
V=v +gl__4n (1 -=2 ¢t (B-3)
o sp s

This may be integrated again for the height variation with time.

WIs I
ho-h=Vot~gIS _T— -t l.n I-W'I—st'*'t (B‘4)

B.2 PROPELLANT WEIGHT AND THRUST

Let tb be the total burn time. The final mass is
m, =m_ - Ttb/gls

The mass ratio

m T WI (B-5)

“p
Ln |1 -~ =-Vo/gls

m
or mE -1 - e-Vo/gIS (B-6)
(o]
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and the burning time is

s p
% =TT m (B-7)

Substituting in equation (4) for h=0 at t =t yields the thrust/

b
weight ratio

B.3 THRUST COEFFICIENT AND NOZZLE AREA

The thrust coefficient is defined as

_ T
CT“qA

and the ballistic parameter as

B = slugs /ft. 2
At the retrofire altitude we may write

2gC. B
_8 " T (B-9)

C 73 W

-
PV,

where p as a function of ho must be obtained from a suitable model of

the Martian atmosphere.
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For those cases of interest where the propulsion system
expenditure is small (i.e. less than twenty percent), a constant

mass analysis may be used. Under this assumption, the thrust is

l/ZmVO2
T =-———-—-——h (B‘]‘O)
(o]

where ho is the ignition altitude

and v, is the velocity at ignition.

From conservation of energy,

|2 2
V;ﬁ’o -=— T (h - h) (B-11)

For an exponentially varying atmospheric density

~-h/H

p=pg e (B-12)
where P, is the surface density

H is the atmospheric scale height

h is the height above the surface.
Therefore,

T 1/2mV 2/h
Cp= T . - ° ' o (B-13)

AT 2 " 2
Goo®m 1/2 pviA_ (1/2 pv A_)
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Substituting Equations (11) and (12) into (13).

h/H h/H
C me+h/H CDe BCDe
T= = = -
pohAM cDAm poh poh (B-14)
where B =0
CDA

The variation of thrust coefficient with altitude is found to be indepen-

dent of ignition altitude, ho’ and initial velocity Vo.

The nozzle area may also be computed from the thrust/weight

ratio since

N
P C W (B-15)
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APPENDIX C

RELATIONSHIP BETWEEN JET AND FREE-STREAM
CONDITIONS

The following expressions were used to construct figure 16:

*
CFAjPo. C A".‘ Ae. 130.
Com o~ o "F 7 5T ]
P (C-1)
T q A A A P o
o m o0 2 e. m o f
—Z—-P M J f
oo
and
ZCF A’; Ej 2 1Do. Pof
Cp= > | & T B P (C-2)
Yoo Moo e_] Of
where
A¥
—L follows from choices for y. and M_, (C-3)
Ae_ J eJ.
J
de. from choice of ratio of nozzle exit to vehicle,
E_l diameter ratio (C-4)
m
" Yoo/ ¥ oo™ 1)
P (700 -2 )
o M
f _ 2 oo
5 = , (C-5)
oo Z'Ym Mz ) 'ch'l 1/(700" 1)
'yoo+1 o 'yoo+1
and
o.
I_D—l is free variable. (C-6)
o
f
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Figure 17 was constructed from the following relationships

P P P P
e. e. o. o
e V= [ =L —_ —_— (C-7)
P P P P
d 0. o d
J S
where
’Y.
P - —1
e. v.-1 2 <'y. - l>
__l = <1 + _J___ M > J (C-8)
P 2 e.
0. J
J
and
Po. Pd
3-1 and T 0 are free variables. (C-9)
of °f

o. 0. Or) Poo 1o
P~ \P B - (C-10)
o o/ - o
0 f o)
where

P

¢

B from equation C-5, (C-11)
o

<Y >
“\v
P vy -1 oo
[0's) <1+oo 2)

= -12
P —z Mo » (C-12)
%0

and
Po
P—-l is a free variable. (C-13)
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In the course of the present investigation it was necessary to
interpret Finleys data in terms of the retrorocket thrust coefficient

CT. This is accomplished as follows:

The thrust coefficient CT can be expressed as:
E
CFA P

A | i
Cr= 4= , (C-14)
(0 6] m

2 2 *
Cp=2Cp (P, [Py) (P [Py ) (&g [a)" /Y Mo(Be /A7) (C-15)

J f j j

°T OpT Kl Mg) CplP, /P (dej/dm)z / <Aej/A’;‘) (C-16)
where

K= 2(pof/POO) /YooMzo B 1Dof/qoo (C-17)

The function K is plotted against M00 for Yo = 1.4 in Figure C-1. It
can be seen that in the supersonic regime, K is essentially constant.
This is the region of Finleys data, ieMOO= 2.5. The thrust coefficient

is thus proportional to

2
(Po./Po) (de./dm) , (C-18)
J f J

where the proportionality constant depends on the engine characteristics.

Figure C-2 shows C,, plotted against

T

P /P

for various values of dm/de . The curves are for -yj = 1.4 and
J
M_ =1.0.

e.
J
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Finley (Ref. 9) defines a force coefficient Cf as

C,= T/AmPof

To convert his data which is plotted against '\/Cf to the CT notation

used in this report we can write

Cp= cf(pof/qoo) (C-19)

=KCf

From Figure C-1 in the supersonic range

~

Co 26, (C-20)

or Figure C-1 may be used directly.
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0

8l CreK Ce ,P/D? N
m/Aj

7k P=P, /Py i
of- Drdp/dg, |
T 1
M i
3 -
2k

I+ i
0 1 | i | L - 1 1 L . 1

o 2 3 5 5 6 7 8 5 10 i 2

Mg, ~MACH NUMBER

Figure C-1. Variation of K with mach number.

177

Approved for Public Release JPL CLAYY-XXXX
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Figure C-2. Thrusting coefficient - sonic jet.
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APPENDIX D

DETERMINATION OF THE JET BOUNDARY

As discussed in the text, the method of Charwat (Ref. 8) was
used in computing the contours of the jet boundaries. The method starts
by assuming a Prandtl-Meyer expansion to ambient pressure and
isentropic flow along the boundary. Since the pressure is constant and
Pt is constant, then Mach number and associated properties such as

A¥* are constant. The flow is made determinant by writing

a(P/Pt) dA 9 (P/Pt)

d(p/P,) = + = R (D-1)
t a(A/A’;‘) Ar 96
Ae
dA i r T
o -2 —_ d { — , D-2
A*.‘ A*.‘ I-e. <re. > ( )
j j j j
) 3(P/P) v, M*(P/P,) o3,
an — -
50 N

A function ¥ is defined which is constant along the jet boundary. Itis

expressed as follows, using isentropic flow relations

o 2 21y} /2 A (D-4)
I'™M j Mj
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After integration, Eqs. D-1 through D-4 yield the following relation

9 - 0, = w1 - (r/rej)z] where (D-5)

90 is the initial expansion angle at the edge of the nozzle which is known
in terms of the Prandtl-Meyer Function and nozzle divergence half

angle at the exit

+v +6, (D-6)

From equation D-5, the shape of the jet boundary in generalized

coordinates is determined.

R
X = g cot [¢(1-R%)]dR (D-7)
1/p,

where

X =x/(rejpa) ' R = r/(rejpa)

= - 1/2
Py = ra/rj =[1+6_ /)]
b =vps =W+ 0,)
Pa o
The shape of the boundary is determined from equation D-7 once ¢ and

p, are specified. ¢ and p, contain the influence of the four physical

t , 0., ..
parameters Mej j (P/Pej) and v

180

Approved for Public Release JPL CLAYY-XXXX




Comparisons of Charwat's method with method of characteristic
solutions were made in Figures 22 and 23. Some additional comparisons
are made in Figures D-1 through D-4. A comparison of jet boundary
shapes calculated with Charwat's approximate method and method of
characteristic solutions43 are shown in Figures D-1 and D-2 for

Me = 5.35 and Vj =1.24, zero nozzle divergence angle and Pe /Pd= 9.8

J
and 31. 9 respectively. A comparison of the approximate jet boundary
method with characteristic solu'cions42 were also made to test the
method as the nozzle divergence angle is varied. Figures D-3 and D-4.

Good agreement is obtained at a pressure ratio of Pe /P . =10 for

d
J
nozzle divergence angles from zero to fifteen degrees (Figure D-3).

However at the higher pressure ratio Pe /Pd =100 and a nozzle

J
divergence angle of 20. 66 the approximate method does not compare

as favorably with the method of characteristic solutions43. Figure D-4.
Other comparisons at high pressure ratios and large divergence angles

could not be made due to a lack of method of characteristic solutions.

We have found that the approximate method is suitable for
calculations over the pressure ratios of interest and the desired
degree of accuracy (10 percent) for nozzles with zero divergence
angle, and properly accounts for variations in nozzle divergence
angle at low pressure ratios. The approximate method at high
pressure ratios and large nozzle divergence angles give reasonable

results but its overall suitability for these conditions can only be

~ judged when a comparison of the theoretical method is made with

experimental results in Phase II.

For the range of parameters of interest in the present

investigation, the jet terminal shock location xs/re varies from 6 to
20 for M, = 3.0, 'yj =1.4. It can be shown that the normalized
J
distance to the jet terminal shock, xs/re , decreases with increasing
J
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jet exit Mach number for Po /Po held constant. Thus the longitudinal
j f
variation of the terminal shock wave location will be less for a

Me = 5.35 nozzle than for a Me =3.0. Therefore, when evaluating
J J
the comparison of the method of characteristics solution with the

approximate calculations, our attention should be concentrated on the
xs/re' < 20 longitudinal distance region.
J
The results of the jet boundary calculation are used in two
places in the analysis. First,the jet boundary is used in conjunction
with the terminal shock location to determine the plume shoulder
location (Section 4.2.2.4). Secondly, it is used in the calculation of

the mass entrained along the jet boundary. (Section 4.2.5).
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Figure D-1. Comparison of approximate method

with characteristic solutions
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Figure D-2. Comparison of approximate method
with characteristic solutions
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Figure D-3. Comparison of approximaté and exact solutions with

variations in nozzle divergence angle Pe /Pd = 10.
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Figure D-4. Jet boundary comparison at large pressure ratio and

nozzle divergence angle.
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APPENDIX E

THE JET TERMINAL SHOGCK LOCATION

The jet terminal shock location on the centerline of the
retrorocket is positioned so that the stagnation pressure of the shocked
free stream gas, Po is equal to the recovered stagnation pressure of

co
the jet, P, »at the free stagnation point.

f.
J

The density and Mach number decay along the centerline is
determined from the Hill—DraperE-1 analytical approximations for

flow from a nozzle into a vacuum.

The relationship between longitudinal distance and density is

*
x, » \MTE o ¢ e 1/2
= m) v T (E-1)
j J J lj

The local Mach number is found to be

1/2 | [P0, \7} 1/2
M, =( 2t <-—l> -1 (E-2)
J 'Yj' P
j
where
_ -1
N = NT (I-GFj/(CjCFMAX))f (E-3)
cj = VJ. /vmax (E-4)

where Vmax is the limiting velocity of the jet flow.
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1/y.-1
= - (E-
Fmax 7-1 v;+1
v:+1 -1
[ G LA
> v P 17 A P
\/ v [ 2 ] ! e. . e, e, (E-6)
Cp = -1 |~y.+1 3 A }
Fj ‘YJ ’YJ o. j Po.

The relationship between the free stream total pressure and the

recovered stagnation pressure downstream of the bow shock (assuming

supersonic free stream conditions) is

- -1
Po 2 e (y_-1)MZ +2 oo/ Voo ™1)
__® _ Yoo 2 Yoo Yoo (e 3] (E-T7)
P "\ tl oo g+l
o © ) Yot M

and between the jet total pressure and the recovered stagnation pressure

./(v.~1)
P 1/(v;-1) 2 /0,
. 2. . .=1)M.+2
0J _ 'YJl MZ i j-1 J (’YL ) '12 (E-8)
P .+ j +1
Of ‘YJ J 'YJ (v.+1)M.;
5 J J

Comparisons of theoretical predictions for the location of the
terminal shock for supersonic jets into oncoming streams with
experimental data of Hayman and McDearman are discussed in
Section 4.2.2.3. The preceding analysis has also been applied to the
problem of locating the terminal shock in exhaust flows from sonic
nozzles into oncoming supersonic streams. A comparison of the
predictions of the Hill-Draper model for the centerline Mach number

variation downstream of the nozzle exit plane with the method of
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characteristic solutions of Owen and ThornhillE'2 is made in

Figure E-1. The Hill-Draper Method predicts a Mach number variation
which is always within about 10 percent of the method of characteristic
calculations. A comparison of the location of the terminal shock as
predicted with the analysis and the experimental results of Romeo and
sterrett™ ~3 for a sonic jet into an oncoming M = 6.0 stream is made

in Figure E-2. The approximate results are within 10 per cent of the
experimental results. It should be noted that Romeo and Sterrett

found that the terminal shock location correlated as a function of

Po./Po or Po./Po .

J fj J fw
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Figure E-1. Comparison of prediction of Hill-Draper model for

centerline Mach number variation with method of

characteristic solutions - sonic jet.
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x/r?'" LONGITUDINAL DISTANCE FROM NOZZLE EXIT PLANE

12 Y T T T T
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APPENDIX F

VARIATION OF BLUNTING SPHERE DIAMETER WITH
MACH NUMBER

The flow geometry is shown in Figure 30. We assume that the

(axial) jet velocity is brought to a standstill against PO » the free stream
f
pitot pressure, and that the jet/free-stream interface is a hemisphere.

Then the jet momentum leaving the control volume is also axial and its

total pressure is P_ .
°f

For momentum balance in the control volume, the drag on the
hemisphere must equal the change of jet momentum entering and leaving
the control volume. The jet momentum entering is simply the jet thrust

corrected for the finite back pressure. Hence,

D=T+\§vvJz (F-1)

or

+wV (F-2)

Af = WVj +AePe - AePd 4

Cquo .
J

where Af is the blunting sphere base area, w is the jet mass flow, Vj
and V, are the jet velocity in the nozzle exit plane and hemisphere

2
corner respectively, and Pe and Pd are the jet pressure inside and

outside of the nozzle exit plane respectively.

Reference F.1 is a compilation of experimental drag coefficients
for hemispheres. To be consistent with their definition, we must
assume that the base pressure is Poo' This is a good assumption when

the hemisphere is the nosecap of a long cylinder. Recent experimental
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data on blunt entry sha.pesF-2 has shown that the dead air or base
pressure is slightly less than Poo' For the isolated hemisphere we
will use Pd/Poo =1.0.

The vacuum thrust of the jet is given as

T =\;ij +A_P_ (F-3)
j

Using the continuity equation

v = , -4
w ijer (F-4)

the definition of sound speed

v.P

2 ie.
=t (F-5)

J

and Mach number

M. =V./a,, F-6
5 =Vi/3 (F-6)
we obtain
4 Pe N a2 , .
T=wV, (1 +—;-12- =wv, [1+ -—V-LZ =wv; 1+ 2 (F-T7)
PiY; 5% Y5

Therefore, the momentum balance equation becomes

v

V. e’
J

1

3
M
¥iY

CquoAf = ij 1+ +
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or

A, WV, \' A P
C = ] 14 —1 + L -t X
D A q A V. A q
m o m 'ijJ j m (oo}
where Am is the base area.
The thrusting coefficient CT is defined as
wV.
Crm —m = —4 (141
T q A q A
0 m @ m -ijJ
Therefore,
c ﬁ_ =C_ + 1 . Y‘g. - E_ i‘g
D A T 1 V. A q
m ‘ 1 +— J m o]
v.M.,
J )
Since
2 2
9o = 1/2 poovoo = % PooMoo
we obtain
A v, /V. A 5
Crn =— =C 1+ ———\ .
D A T 1 A 2
m 1+ > m vy M
@ o
T5M;

(F-9)

(F-10)

(F-11)

(F-12)

(F-13)

By assurming that the jet mass flow is isentropically accelerated

from its stagnation pressure P0 to the corner static pressure Poo’ we

f
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can find the jet layer Mach number by interpolating in Ref. F.3 or

by rearranging

IDof v.=1 2 7/7_1
B - <1+ - M
foe]
v.-1
to obtain J 1/2
Y.
(P, /Py) j -1
f
M =
4 v.-1
2

a  =aj
J 2
and
*.—_ %
aj a,
Therefore
*
Ve o Vil
V. E3
V./a.
] i3

Since we know the values of MI from above and Mj’ we can find

*
V! /a" and Vj/a* tabulated in Ref. F. 3.
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The final expression then is

2 * %
OV Y02\ N
Am a¢  Cp - Am Ccy M

m 2 D

M

(F-18)

If Moo is supersonic, the back pressure term is small. For a given

nozzle, Vj/a* is fixed. If Mj is supersonic, 1 5~ < 1 and

M2
T

i
W o

&
Since VZ /a” changes slowly with M00

where K is a weak function of Moo and Mj'
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APPENDIX G

LOCATION OF THE CENTER OF THE
BLUNTING SPHERE, 1\in5 1.0

For specific M__and M_, and for a given P_/P _, the diameter
oo e. d Of

of the blunting sphere has been 3etermined by a momentum balance
in Section 4.2.3.1. In Section 4.2.3.2, the location of the center of
the blunting sphere was determined by assuming chocked flow in an
annulus running from the edge of the jet to the interface. In this
Appendix it is shown that this assumption can be relaxed with
negligibly small effect on the blunting sphere center location.
Referring to Figure (G-1), xi/de.’ yi/de.’ and df/de are

j J j
known for a specific situation. Then continuity requires:

. ) .
2y, + wdf sin Gd - (plul) = rnj (G-1)

1

In this equation, it has been assumed that the effective density is Py

the density just inside the first interface, and from the geometry

of Figure (G-1)
(d;/2-g) sin 84 =y, (G-2)

Dividing (G-1) by dze P_a, . and (G-2) by d_, and combing the

J ) J
equations, it is possible to show that:

l 4 \2 2
sin 0, |1-4 <EEL> <§;l> /sinzed‘ -

j T /T
de. 2 ] (Pej/Poj)Mej 0" "e;
~ (Po_/Pof) . (G-3)
f J ]
(P/Po M| ([T, /T1
f j
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The ratio Pe/P0 as a function of 04 is determined by the modified
f
Newtonian expression, and Me and Te/To from the isentropic flow

J
tables. If equation (G-3) is multiplied by sin 6 ,, it can be written in

d
the following form.

d >Z<P > (Pe./Po.)Me. To./Te.

e. o. J J J J J
sinzed - \—d'L P_l * . sin Od
£7 7o (P/P_M "T /T
o 1 0. 1
2 J
de. 2
_4< 1> (y/d )" =0 (G-4)
df i

This is simply a quadratic equation, so that sin Od can be solved for

explicitly. This calculation has been made for:

Pd/p0 =.2, Po./Po = 36, 147, 144

f j f

The value of Od varies very little and is approximately 25°. Once Od
has been determined, the location of the center of the blunting sphere

is determined directly by the relation:

xc/dej = xl/dej - y/dej cot 6, (G-5)

The results of these calculations are shown in Figure (G-2), where
the corrected blunting spheres are superimposed on the results of

Section 4.2.3. It can be seen that the change is quite small.
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Figure G-1. Geometry for locating center of blunting sphere.
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APPENDIX H

MASS ENTRAINMENT RATE FOR HETEROGENEOUS
TURBULENT MIXING

Consider the turbulent mixing of two parallel streams of
different density moving at different velocities, as shown in the

sketch below.

y
UgrPy T

Uz:P2

Both fluids are assumed to be incompressible. This problem has been
studied by several authors. The most recent treatment of it appears in
References H-1 and H-2, where due account has been taken of the
displacement of the dividing streamline in the turbulent mixing region.
A history of previous solutions to the problem is given in Reference
H-1. The purpose of this Appendix is to compute the rate of mass

entrainment of the external fluid by turbulent region.

Assuming that the pressure gradient in the x-direction is

zero, the turbulent boundary layer equations admit a self-similar
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solution in which,

p=p(£)
u=u(§)
v=v (§)
where £ = (oy)/x

and o is a constant to be determined experimentally. (The notation will
correspond to that of References H-1 and H-2). Letting §° denote the
value of £ at whichthe stream function is zero; i.e., the location of the
dividing streamline, consider mass balance for the control volume

shown below.

4\
Up Py
CONTROL ¢
VOLUME u
g’_\\_/_ §=¢§,
£=&,
3
v] \ .
UZ’PZ f - f
x+ dx —

Defining drr'11 to be the difference in mass flow between a station at
x and a station at (x + dx) for the upper portion of the mixing layer,
H-1
yu(x + dx) yu(x) ( )
dm1 P (x+dx,t)u(x+dx1t)dt - S‘ P (xlt)u(xlt) dt

Y, (xtdx) Yo%)
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din = p(E ) [u(E) sin ¢ - v(£) cos ¢_] -%’;S_u (H-2)

dm, = p(g ) [u(E) tan ¢ - v(£ )] dx (H-3)
S0,

dm,

Ix - PEY[u(E) tan ¢ - v(E )] (H-4)

Defining the mass entrainment coefficient for the upper fluid as

dm1
Cq. = 71 , (H-5)

1
q, p 1Y dx
Equation (H-4) gives,
c . ° (€,)
9 Y

gu
[u(gu) 5 - VD] (H-6)
For a turbulent Schmidt number equal to unity, the ''velocity
function' is defined in terms of the self-similar dependent variable
F(£), by the expression,

Y=UxF (§) (H-7)

(See Reference H-1, Section III-4).

where
U= utu,
- 2
8y
= 97 H-8
u v ( )
v=. Y
X

205

Approved for Public Release JPL CL#YY-XXXX




Equation H-6 may then be written in the form

A
qu= N F(g) (H-9)
where
u,-u
_ 1L 72
M E T, (H-10)

Similarly, a mass entrainment coefficient may be defined for

the lower portion of the mixing layer as
) 1 dm2
a pu dx

(H-11)

Then considering a control volume below the stagnation streamline,
conservation of mass leads to the following expression for C

a2
p(€)
= . 29 (_Hl__)\)F(gu) (H-12)

C
92 P
In Reference H-2, a transformation found by Von Karman which
will reduce the differential equation and boundary conditions for the
turbulent dependent variable F to those for a laminar variable f is

given. This transformation is: (Reference H-1, p. 56, Equations
1I1-4. 23).

df _ o dF
T T daE (H-13)

n=z‘/1+x'g (H-14)

or, as derived from these two:
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qu and qu for turbulent mixing may then be obtained in
terms of f and n as tabulated in Reference H-1. Also, as discussed

in Section III-5 of Reference H-1, for large magnitudes of 7,

f(n)~nu-(no+a)asn—-+oo (H-16a)
1)
£(n) ~ (W) (ny-n_)-Basn—- o (H-16b)

where U denotes the location of the dividing streamline for laminar
mixing. It will now be assumed that n, and n, correspond to the upper
and lower edges of the mixing layer. The upper and lower edges of the

mixing region are defined as those values of n for which either

u = u; - (-05) (v, -u,) (H-17a)

a; =u, + (.05) (v, -u,) (H-17b)
or

Pa=p t(05)(p,-p,) (H-18a)

Py=py-(.05)(py-p ) (H-18b)

whichever is larger. Using Equations (H-14) through (H-16), Equations
(H-9) and (H-12) may then be written in the forms:

l-T 1 o o
s (”r) 20 \JT+) ( pz)ﬂ[ Mo ] -ioe

“o = - ({“11:)[20\1]’17)3] (fz)é[(ll-);‘) (nz-no)-B] N

I
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Values of n , @ and p are tabulated in Reference H-1 for
o p

different values of A and I, and n, M, may be interpolated from

1
velocity and density profiles which are also tabulated in Reference H-1.

The choice of Ny M is governed by definitions H-17 or H-18. Several

values of ¢ have beén measured by Baker and Weinstein, and are
tabulated in Reference H-2. The results of carrying out the indicated
computations for qu and qu using informations from References
H-1 and H-2, for one value of N\ and three values of I" are noted in
Figure 43 of the main text. Figure 44 shows the variation of mass
entrainment coefficients with velocity ratio, for the special case of

homogeneous mixing p 2 =P

The approximate formula chosen for the mass entrainment
coefficient (i.e. Cq = 0. 05 (pZ/p 1) 1/2) contains no constants whose
values have to or can be chosen later from the results of the wind
tunnel tests. We have tried to develop a self-consistent theory with-
out adjustable constants. Therefore if any differences between experi-
mental results and theoretical predictions are found, they result
directly from the choices made for the elements contained in the

theoretical analysis.
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APPENDIX I

FLUID ENTRAINMENT BY THE OUTER INTERFACE
MIXING REGION

This Appendix describes the computation of the fraction of the
jet mass flux which is entrained by the mixing layer at the jet-shocked

gas interface. Figure (I-1) depicts the geometry of the problem.

The x, y coordinate system is located along the inviscid interface,
which is assumed to be a portion of a sphere. It will be assumed that
the mass flux per unit length entrained by the mixing region is locally
equal to the two-dimensional mass flux per unit span for constant-

pressure mixing. Then,

am
Tor) 4y < "1“1qu“:'x
where
c % . . . .
m, = mass flux in axisymmetric, variable-pressure case
1';’11 = mass flux per unit span in two-dimensional, constant-
pressure case
Cq = two-dimensional mass entrainment coefficient
1
pyruy = local values of density and velocity (ul > uz) at a given x.

The portion of the jet mass flux which has been entrained by the mixing
region will then be

r(x) p,u,C  dx (I-1)

m*

1 _ 27 x
r.n m. o 1 q1
1 j
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The variation of Cq with velocity ratio uz/ul and density ratio pZ/pl’
1
computed in Section 4.2.4.1 will be approximated by

_ 1/2
qu = (- 05) (p,/py) (1-2)

Since for this hemispherical interface

x =df/2

Equation I-1 may be written as

m, (-10)7 (df/2)2 ) oy 1/2
— = - S‘ Py | == sinf df (I-3)
rnj mj Yo pl

where Equation I-2 has been used.

As discussed in Section 4.2. 3.3, the radius df/Z is related to the

vacuum thrust of the rocket

2
<df> _ T
2/ " 4
P, cosa 1-p_/p_

f f
o) o

and the vacuum thrust to the jet mass flux by

T=I;'1.V. 1+—1—2-
J) v.-M

Jej
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Substituting in Equation (I-3)

1
1+ —
© % v-M 1/2
™) (L10)w )oey \F o P
~— = v g Py | == sin6db (1-4)
m, cos « Po Py o Py
] 1 - D foo
°¢
@

and then it is possible to write Equation (I-4) in the form

1 + _71__
* % y-M 1/2
m (-314) . i e, V. 6 p,u [
1 _ j i j L1 () singas
m cos4a P 2, Jo Po. % Py
] 1 - 1 171
p°f ' (I-5)
oo

where a denotes the speed of sound. Writing the integrand in terms

of Mach number, temperature ratio and pressure ratio

1 + _.}.2__
© %
m}  (314)y, 7M. V. %o,
— = T - <a3> <a > 1(6) (1-6)
mJ cCOos8 ¢ 1 - Q0 01 02
Po,
212
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where

©) Se M, [~ \/ "oy nf do
1 = si
o 1{ p T1

Note that since

p P
1 2
5 )=
o o
J oo

(x)

(I-6a)

the Mach number and temperature ratio must also be equal on both

sides of the interface.
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Figure I-1. Mixing layer geometry.
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APPENDIX J

FLUID ENTRAINMENT BY THE INNER INTERFACE

This Appendix describes the computation of the fraction of the
jet mass flux which is entrained by the mixing layer at the jet-recirculating

flow interface. The sketch below depicts the geometry of the problem,

OUTER INTERFACE X

Fluid Entrainment by the Inner Interface

As discussed in Section 4.2.4.1, it is assumed that the rate of mass
entrainment per unit circumference is locally equal to the rate of mass
entrainment per unit span for two-dimensional, constant pressure

mixing. Then,

. 2 g
.Tnl.. = _.1_7 r(g)plu1 Cq d¢ (J-1)
m. m. Yo 1
J J
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where m represents the mass flux which has been entrained at a given

location £ along the inner interface. Note that Equation (J-1) assumes

that all flow variables are constant along the jet layer.

This is not

strictly true, since then the pressure will not be continuous across the

inner interface.

Now, for 6 < 98
r= (df/Z +yd) sinf
(where Vg is negative), and

dy 2, 1/2
dE =db [(df/z sy + (EE) ]

The right-hand side of Equation (J-1) is normalized by dividing

numerator and denominator by

(%) o, -
2 0] 94
Then,
4 2
27 (-z{) £ _ P 1Y
n. e (e o
mj (mj/p01 o ) Yo p°1 o 1

where, for x < 9s

T =3 =(1 +y,) sinXx
Tdfz‘( Y4

—\271/2
dy
aE =dx |(1+7p)° + <-—‘i>

dx

557 )
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The mass entrainment coefficient will in this case have the

form

Pq
= (. 056 —_— -6
Cq, =(-09) Y7 (3-6)

(See Section 4.2.4.1) Then Equation (J-4) may be written as:

. 2 P ’ T./T
22 =(.10) (;.f_\) (._01_> i’ 7o,
m; ° Fo, M P°35
Py POJ ToJ /2 £ _ f P,
) <Poj> <P°> Td S‘o r M1 -5-0—- dg (I-7)

The distance ?d between the outer and inner interfaces has been

calculated in Section 4.2.3.4. There it is shown that for x < Gs

y,=-1+ Jl - Fx) (7-8a)

where

(.1608) (7-8b)
sin X [(. 4305) +M1(p1/p01) ~]T017T1]

Fi) =

We now consider a particular case just to try out the calculation

scheme and not because this case is of particular interest.

Moo=2'5 Mj=3'0
pd/po1 =.20
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Differentiating Equation (J-8a):

d

~d__ 1 (dF/dx) (7-9)

— 2
dx 1-F(x)

3

F(x) was plotted and (dF/dx) measured graphically. Equations
(I-5a, b) may then be used in the integrand of (J-7) to evaluate m/mJ as *
a function of X. *When carrying out the integration with respect to

X, it must be noted that the lower limit of integration will be

There is some dependence of Equation (J-7) on the ratio

po./po ’
J 1

since this ratio appears in the constant in (J-7), and the lower limit

§d also depends on (p_ /po ). For the specific cases
J 1

poj/p01 =36, 147, and 344

pl/po is again assumed to be given by the Newtonian expression

1
_ P
pl/po =coszx + d sin x
1 of
J
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were again chosen, but it was found that all these cases led to almost

identical numerical results.

The equations of Appendix I were written in a form resembling

Equation (J-7); i. e.,

: 2 ‘/T. T
El_i.—_( 10) d_f .I_)_o_l_ J/ %
n ' d. P © M0e7p,)

e

o. X P o _
—i S‘ L M -1 sin x dx
o
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APPENDIX K

INITIAL CONDITION FOR MERGED MIXING LAYER

The initial value of E* for starting the streamwise integration
is obtained by a momentum balance in the upstream area where the two
shear layers are merging. Figure (K-1) shows the geometry of the
situation, with the control volume indicated. Equating the incoming and

outgoing momentum flux, we get:

u1;1.+u r;1.=2r;1.u (K-1)
e ) 1) J
or
T, =+ u (1 +u, /u ) (K-2)
¥ 2 Te* y R
but
u, /v.e =M1 /Me a, /ae (K-3)
=a _ /a
% ©e

so that with the assumption that for a typical retrojet:

ao‘/ao =3 (K-4)
J f
we get
ezl (K-5)

as the starting value for the integration. The starting value for the
integration of the total enthalpy H * is determined in a similar way to that

for the velocity—u-*. Referring to Figure (K-1) again, we can write an
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energy balance in the form:

k. . % . * ‘ *
mH —ijJ. +min+moH00 (K-6)

Referring to Figure (45), it can be seen that at 6 =60°,

rini/r'nj = .07 (K-7)
mo/mj =.93
So that:
=% _ 1 _ % *
H —THj+'O35Hd+'465 (K-8)

In the numerical calculations, with a, /ao =3, it was assumed that
i °f
a

=a
o4 °j’ so that

H’;‘=H"c‘1 =9 (K-9)

which gives
B*=5.275

To determine the starting value for the mass concentration
integration, an equation was written expressing conservation of

species from the control volume shown in Figure (K-1).

m<CT =m; +m; C (K-10)

so that with the assumption of C4 =1, and with same ratio 1i'1i/r'nj which

was assumed in the enthalpy calculations:

C =0.57 (K-11)
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Figure K-1. Initial Condition Geometry.
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APPENDIX L

JET MOLECULAR WEIGHT EFFECT

The assumptions have been frequently made in this report in

order to obtain realistic numerical examples that:

a /a_ =3 (L-1)

Vi "V (L-2)

It is reasonable to ask then whether the results are sufficiently general
to cover jets with molecular weights different than the ambient
molecular weights. This analysis demonstrates that this is the case for

the enthalpy calculations. We can write:
2 _ " i
(aoj/aof) = R T - 9 (L 3)

and

. 0.
Hi/H = =l (L-4)

(o]
Poo Qo

From the perfect gas relations:

v.R. ¥ R
= (LJ X X -
CP./CP (‘y.-l) ('y -1) (L-5)
J oo J oo
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t.}]. i = .
so that with Y5 = Voo

and therefore:

Hj/Hoo =9
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