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/ ABSTRACT
y{ L,

The §ignif1cant data and,results of a joint research effort investigating
the fluid dynamic mechanisms and interactions within separated flows are pre-
sented,in detail, The results were obtained through analytical, experimental,
and computational investigations of base flow related configurations_conducted -
by the Gas Dynamics Group at the University of I11inois at Urbana-Champaign.
Théj&ﬁjéét;ves of the research program-focus on understanding the compornent
mechanisms and 1interactions which establish and maintain separated flow
regions., Flow models and theoretical analyses have been developad to describe
the base flowfield, and LDV experiments are being conducted in order to provide
new flowfield data. ;The research program approach has been to conduct exten-
sive small-.scale experiments on base flow configurations and to analyze these
flows by component models and finite-difference techniques. The modeling of
hase flows of missiles (both powered and unpowered) for transonic and super-
sonic freestreams has been successful by component models, The research on
plume effacts and plume modeling has indicateé the need to match initial plume
slope and plume surface curva:.ure for valid wind tunnel simulation of an
actual rocket plume. The assembly and development of a state-of-the-art laser
Doppler ve]ocimeterléystem for experiments with two-dimensional small-scale
models has been completed and detailed velocity and turbulence measurements
are underway. The LDV experiments include the entire range of base flowfield
mechanisms -- shear layer development, recompression/reattachment, shock-
induced separation, and plume-induced separation,  Many of the research
efforts are described in detail and were presented as papers at the Huntsville

Symposium on Rocket/Plume Fluid Dynamic Interactions. The future research

activities of primary interest are indicated to be small-scale experiments




utilizing the LIV, power-off transonic base flow analysis, and investigation

of the transient nature of the near-wake mixing region.
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INTRODUCTION

A group research effort has been funded by the U,S. Army Research 0ffice
to investigate the fluid dynamic mechanisms and interactions within separated
flows, particularly with respect to base flows. The separated flow prohlems
which are of interest to this research program are focused into three general
areas, namely

(1) missile base flows,

(2) the interaction between base and body flows, and

(3) the effects of small angle-of-attack on basa and body flows.
The nature of this final technical report will be to provide the significant
data, results, and extensions for the near-wake base tiow problem and related
problams which have been ubtained under the sponsorship of the U.S. Army
Research 0ffice through Research Contract NAAG 29-79-C-0184. The results were
obtained through analytizal, computational, and experimental investigations of

base flow related configurations.

ProbTem Statement

Since the early 1950‘s, the separated flow region at the base of a
missile for flight at supersonic speeds has been studied extensively. The
objectives of these studies were to develop an understanding of the mechanisms
governing the separated base flow region and to formulate flow models for pre-
dicting the base region pressure, temperature, and heat transfer character-
jstics. The more successful models or methods, judged by their ability to

predict base flow conditicns in reasonable agreement with experiment, are all

combinations of theoretical and empirical components which have been combined




to wmodel this complex flow region [1—4]*° These methods Tleave still
unanswered many questions regarding the fundamental fluid dynamic nature of
the flow mechanisms and interactions within the scparated base flow region.
The supersonic turbulent flow which approaches the base of the missile
undergoes an expansion/compression process at the geometric corner, a shear
layer mixing process between the freestream flow and the recirculating flow,
and a recompression and redevelopment process. In each of the components of
the base flowfield a number of flow mechanisms exist which are still in need

of detailed examination. The flow mechanisms, as indicated in Figure 1, can

be broadly categorized as follows:

+ Geometric separation of a boundary layer to form a free shear
layer. Local expansions or compressions at the separation
Tocation are important factors affecting shear layer development,
turbulence intensity, and the initialization of the flow entering

the base region;

« Effects on shear layer development resulting from modifications
of the initial phases of the jet mixing due to adjacent wall
geometry and local wake flowfields;

+ Shear layer development in the presence of the recirculating base
flow. The determipation of the iocal velocity field and the tur-
bulence characteristics of this flow are important to the charac-
terization of the base flow;

Recompression, reattachment, and redevelopment of the shear flow
in the presence of the external and internal flows; and

Shock wave or aerodynamically induced separation of the body tur-
bulent boundary layer to form a shear layer at locations upstream
of the geometric separation location.

These basic flow mechanisms are being investigated through analytical, compu-
tational, and experimental studies in an effort to provide a better under-

standing of the physical nature of the base flow problem,

N

?Numbers in brackets refer to entries in REFERENCES.
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Research Objectives

The research philosophy maintained throughout the duration of this three-
year contract has been tn establish unified theoretical and experimental
investigations of the fundamental flow mechanisms and interactions within
separated flow regions. These investigations would establish a firm founda-
tion for the development of generalized theoretical models and anaiysis tech-
niques which are independent of configuration and operating condition require-

ments.

The general objectives of the ongoing research program can be formulated

as follows:

{1) To investigate the fundamental flow mechanisms and inter-
actions --- separation, mixing, recirculation, recompression,
redevelopment, reaction, injection, etc. --- which establish
and maintain separated flow regions;

(2) To develop flow models and theoretical analyses which do not
require significant empirical components to describe ade-
quately the fundamental separated flow mechanisms/interactions
and their interrelationships;

{(3) To develop and conduct state-of-the-art two-dimensional exper-
iments for making LDV measurements in high-speed flows with
imbedded separated flow regions; thus providing well-
documented velacity and pressure data for a wide range of base
flow configurations;

(4) To extend the flow models and theoretical analyses to more
complex geometries and flow conditions including small angle-
of-attack; and

{(8) Yo assess the effects of separated flow regions on missile
aerodynamics,

These overall objectives were the hazis for all of the work which is described

in each of the following sections,

Research Approach and Group Organization

The research approach has been (1) to conduct extensive small-scale

experiments related to the basic flow mechanisms encountered in these flows




and (2) to analyze these flows based on component models and finite-difference
techniques. The experiments utilized modern flowfield experimental techniques
while the theoretical analyses emphasized the interactive nature of the
various flow mechanisms,

The unified treatment of the base flow problem formally associated four
senior faculty members (A. L. Addy, W, L. Chow, M. H. Korst, and R. A. White)
inte a group research effort. The four principal investigators have had sig-
nificant research experience in the area of separated flows and related
problems. Their interests span the spectrum from predominantly theoretical-

numerical analyses to experimental investigations.

Final Technical Report Qrganization

The overall organization of this report attempts to detail the research
accomplishments achieved under the sponsorship of the three-year contract.
The wide range of research topics are listed and described and the appropriate
literature references are cited. In each case for each research topic the
work has been introduced and summarized quite briefly and the associated pub-
l1ished Titerature has been included in an appendix. This particular type of
organization permits quick and detailed access to special base flow topics of
interest. Providing a copy of the published literature reduces the burden of
obtaining conference proceedings and the like.

Since the research effort focuses on many topics, the report covers the
entire range of base flow investigations. In each case when & detailed paper
is available, only a brief description is given and the reader is referred to
the appropriate appendix for further details. Much of the research work
investigated under this contract was reported at the Symposium on Rocket/Plume

Fiuid Dynamic Interactions which was held at Huntsville, Alabama during early

[ P
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April of 1983. All of the symposium papers which were presented by the four
principal investigators have been included in the various appendices. Any
computer programs which have been developed by the principal investigators or
their graduate students have been listed and described in Appendices A-1
through A5,

Once the research topics have been discussed, the continuing and future
research activities of the research group are described, The strong commit-
ment of this research group towards an understanding of the base flow problem
is evidenced by the multi-year development and assembly of advanced experi-
mental equipment which will provide well-documented data for the ongoing
analytical and computational work. Lastly, some conclusions and recommenda-
tions are made concerning new information about the base flowfield and the

value of a unified group research effort for this problem area.

Continuing Research Activity

Although this final technical report summarizes a three-year effort, our
research group is continuing the investigations of the base flow problem and
anticipates further significant contributions to the knowledge of the funda-
mental mechanisms and interactions of the near-wake flow. The emphasis of our
ongoing research activity is focused on the following general research tasks:

(1) HWell-documented small-scale experimental investigations using

two-dimensional wind tunnel models focusing on the fundamental
mechanisms of separation, mixing, and reattachment, The
experiments will center on state-of-the-art laser Doppler
velocimater measurements of the near-wake flowfield.

{2) Power-on and power-off transonic base flow analyses based on
the aguivalent body concept.

{3) Steady and non-steady aspects of separation with a supersonic
freastream flow, focusing on the possibility of unsteadiness
of the mixing layer and the reattachment region.




A large commitment of financial resources and time has been made in order
to establish a unified research group investigating the base flow phenomena
with up-to-date analyses and state-of-the-art experimental techniques. A new

junior faculty member, Professor N. S. Vlachos, has been the latest addition

to the Gas Dynamics Group at the University of Illinois at Urbana-Champaign,
While Professor Vlachos is a relative newcomer to separated flow research, his
A; extensive experience with LDV measurements and systems and with finite-
difference analyses of complex flow phenomena has enhanced and will continue
to enhance our research capabilities, The interests and goals of the prin-

; ¢ipal dinvestigators and their graduate students indicate personal commitments

and potential contributions for many years to come.
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RESEARCH TOPICS

1. COMPONENT ANALYSIS AND MONELING OF RASE FLOW DURING POWERED FLIGHT

The base flow problem for powered missile flight has been the subject of
strong analytical, computational, and experimental efforts during the three-
year contract. The majority of this research work has investigated the tran-
sonic and supersonic flight regimes through somewhat varied methods. The
results have demonstrated new insights into the treatment of different com-
ponents of the near-wake region and have led to more accurate analyses.

1.1 Base Pressure Nuring Powered Transonic Flight

Attempts have been made to examine the transonic base pressure
under power-on, small jet pressure ratio conditions by a new computational
scheme, The idea of an asymptotic equivalent centerbody, based on a one-
dimensional area-ratio relationship, seems to offer a reasonable approach to
the problem,

In this method, the outside transonic slipstream was described using the
equivalent hody concept of Professor W. L. Chow, The prassure field was pro-
duced from the transonic inviscid flowfield calculations with the equivalent
body geometry., A simple recompression/reattachment analysis was employed to
describe the viscous flow process near the two-stream confluence point near
the end of the wake.

The preliminary results which were obtained using this analysis indicated
correct trends for predicting the effects of the jet pressure ratio, Mach
number, and Reynolds number, The additional model of transonic flow past a
forward-facing step must be developed if the regime of high jet pressure ratio

is to be explored.
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1.2 Base Flow During Powered Supersonic Flight

Refinement of the component flow model for the prediction of base flow
phenomens during powered supersonic flight was continued as part of this
research effort, The Chapman-Korst component flow model [17 and its computer
implementation [41 have served as the starting point for the flow model and
the computer program enhancements, While the base pressure and temperature
are the primary variables of interest, the following factors are also of
interest:

(1) The prediction of the onset of plume~induced freestream
separation and of the stahle freestream separation location;

(2) The analysis of boundary layer effects as equivalent bleed
into the base region and as an origin shift for the mixing
regions;

(3) The significance and validity of potential recompression
models; and

{4) The prediction of the effects of non-uniform propulsive nozzle
flow on base flow,

In general, the analyses ¢f Items (1) - (3) were based on gross empirical
representations of the phenomena involved and Item (4) was by a well estab-
lished approximate throat flow colution coupled with a Methods of Character-
istics solution for the nozzle flowfield. While the empirical models and
refinements improve the engineering usefulness of these programs, they also
point to the need for better and more detailed experimental results and
theoretical understanding of the flows.

Fach of the above items has heen investigated and has resuited in com-
puter program enhancements, A brief descripticon and the status of each of

these programs is given in Appendix A-1.
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2. COMPONENT ANALYSIS AND MONELING OF BASE FLOW DURING UNPOWERED FLIGHT
The flowfield associated with the flight of a prajectile at transonic and
supersonic speeds has been the subject of new and modified analyses. The
research effort was to investigate new techniques and insights into the model-
ing of the near.wake flowfield. Once again the effort was along computational
and analytical lines and a number of significant results were achieved,

2.1 Transonic Flow Past an Unpowered Missile

A computational model for determining the base pressure of a pro-
jectile within the transonic flow regime has been successfully developed by
Professor W. L. Chow. The study employs the equivalent body concept to calcu-
lTate the flowfield of a blunt-based projectile traveling in the transonic
regime. The inviscid transonic flow is solved by finite-difference calcula-
tions of the axisymmetric potential equation where the displacement effect of
the attached, turbulent viscous layer on the body is also taken into account,
The viscous flow processes hehind the base are treated through integral formu-
lations.

The pressure field was produced from the transonic inviscid flow calcula-
tions with the equivalent body geometry, while the prrameters needed to
describe the equivalent body within the separated flow region were determined
by the viscous flow mechanism, This is an illustration of its characteristic
strong viscous-inviscid interaction.

The outstanding feature of this approach was that both the point of
reattachment and the fully-developed wake flow state are saddle point singu-
larities of the systems of ordinary differential equations describing the
viscous recompression and redevelopment flows. Reasonable hase pressure

results ware obtained for the transonic flow past a six-caliber secant-ogive-
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cylinder projectile., Another important item of achievement was the successful
development of the definition of the hase pressure within this flow regime,

The details of this research effort were presented by Professor Chow at
the Huntsville Symposium on Rocket/Piume Fluid Nynamic Interactions. The
symposium paper has bheen included in this report as Appendix B and the com-
puter programs are briefly described in Appendix A-2.

2.2 Supersonic Flow Past an Axisymmetric Unpowered Missile

The near-wake flow behind blunt-based bodies of revoiution has been
the subject of a research effort conducted by Professor H, H. Korst. The
analysis is based on the component model and incorporates a number of new
techniques to handlie the influence of transition in the jet mixing region
which develops within the expanded rotational shear layer,

The analysis assumes locally similar dissipative straight line entrain-
ment profiles which are superimposed on the invisciJd constant pressure siip-
stream contours. Then the region of pressure rise is excluded from the
analysis by utilizing a semi-empirical wake closure criterion based on isen-
tropic recompression of the stagnating streamline to a pressure level pre-
scribed by the concept of incomplete turning of the external, inviscid flow.
The treatment of the external slipstream past the boattail and near-wake fis
carried cut by utilizing the methed of sequential centered expansions.

Computer programs have heen developed (see Appendix A-3) which arrive at
entire flowfield solutions in a few iterative steps and produce detailed quan-
titative information on the transitional exchange wechanisms, This feature
will provide potential support for global numerical fluid dynamic exercises,
The symposium paper presented by Professor Korst is included as Appendix C and

should be consulted for further details,




3, PLUME EFFECTS ON AFTERBQDY AND BASE FLOWS

The advent of rocket powered flight initiated many research investiga-
tions which used a modified Chapman-Korst component model to predict the base
region flowfield resulting from the interaction between the freestream flow
and the rocket exhaust plume. TDuring the launch phase of a powered vehicle,
due to continually decreasing ambient pressure, the exhaust plume rapidly
expands sometimes to a diameter much larger than the overall vehicle diameter,
The resulting plume interaction with the freestream flow can initiate separa-
tion of the turbulent boundary layer upstream cf the physical corner of the
hase. 1In any case, the nature and characteristics of the plume effects on the
afterbody and near-wake flowfields are important factors in predicting the
overall missile aerodynamic response., The analysis and modeling of jet plume
effects have been an important research effort conducted under the sponsorship
of the three~year contract.

3.1 An Qverview of the Analysis and Modeling of Plume Effects on Missile
Rerodynamics

The propulsive jet exiting from the rocket nozzle will interact

with the external freestream flow in various degrees and modes and will affect
both missile propulsive efficiency and aerodynamic performance. A thorough
understanding of the physisal phenomena of plume/freestream interaction is
needed in order to develop predictive and interpretative capabilities through
analytical and experimental methods. The central objective rests with the
predictability of prototype performance from model studies,

In an effort to understand the plume affects on missiie aerodynamics, a
mutually supportive and cooperative program must invelve analytical, experi-
mental, and computational activities, Due to the complex nature of the

flowfields arising from vehicle geometries, attitude, and the aerodynamic
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interaction between the slipstream and propulsive jet, each of these activi-
ties has its own inherent limitations.

Analytical models stress the importance of strong interactions between
inviscid and viscous flow mechanisms, Experimental activities receive guid-
ance from analytical insights gafned and thus focus on both component and
system testing, Large-scale numerical efforts, aided by the availability of
high capacity, high speed digital computers, are now being directed towards
the solution of the hase flow problem,

An attempt has been made by Professor H., H, Korst to categorize the tasks
and the limitations imposed on the analytical, experimental, and computational
efforts, The potentials and shortcomings of such supportive activities are
examined individually 1in relation to each other and with respect to their
needs for mutual support by crganized interactious. Professor Korst's
research on these activities was presented as a paper at the Symposium on
Rocket/Plume Fluid Dynamic Interactions in Huntsville, Alabama and has been
included in this report as Appendix DN, The details of Professor Korst's
analysis of the mutual interactions illustrate the unity-in.purpose leading to
better defined and organized cooperation.

3.2 Plume-Induced Interference Flow

The interaction of rocket or jet plumes with the external flowfield
and surrounding launch equipment is crucial to system performance, Such
interactions determine the near-wake base pressure and temperatures, the flow
over portions of the vehicle surface in the case of upstream external flow
separation, the wake flowfield at angle-of-attack, and afterbody-mounted
control surface effectiveness. The plume/slipstream interference flowfield

affects aerodynamic performance by intreoducing drag penalties.

i
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The generation of rocket or jet plumes in wind tunnel investigations must
account for all or part of the factors affecting the induced flowfield., These
factors include plume shape, plume deflection, mass entrainment along the
shear layers, wake closure, viscous effects, temperature, and the influence of
specific heat ratio and molecular weight, Professor R. A, White has conducted
a research effort to determine the importance of each of the individual
factors listed above. The details of his effort were presented at the
Huntsville Symposium on Rocket/Plume Fluid 0Dynamic Interactions and the
associated paper is included in this final technical report as Appendix E.
Professor White discusses new research and analysis which has pointed to
improvements and clarifications in the app1ica£ion of an analytical methodol-
ogy for proper modeling between prototype and wind tunnel models.

Professor White has determined that the concept of modeling by congruent
plumes of proper pliability leads to the correct simylation of plume-induced
flows without the necessity for multiple empirical correlating factors. The
details of this research effaort are found in Appendix E and applicable com-
puter programs are given in Appendix A-4,

3.3 Wind Tunnel Simulations of Plume-Induced Interference Effects

Under the objectives of the three-year contract, a theoretical and
experimental program has been conducted in support of modeling of plume-
induced aeropdynamic interference effects in wind tunnels. The cooperative
research project on axisymmetric flow over afterbodies involves a joint effort

between the following:

(1) Professors Korst and White at the University of I11inois under
the sponsorship of the U.S. Army Research Office;

(2) The U.S. Army European 0Office of Research under contract DAJA
37-81-€-~1213; and

{3) The Aeronautical Research Institute of Sweden (FFA).
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Experimental studies of aerodynamic interference effects caused by
strongly underexpandnd propulsive jet plumes often require the modeling of hot
propellants by low temperature inert gases in wind tunnels, Mathematical
modeling Teads to the specification of geometrically distorted nozzle config-
urations and the selection of jet surface Mach numbers which assure geometri-
cal congruence of the protoutype and model plumes (with respect to initial
plume slope and plume surface curvature) and plume stiffness as it interferes
with the external stipstream.

Plume-induced interference effects on afterbodies with a centered jet
have been simulated in wind tunnels at the Aeronautical Research Institute of
Sweden, FFA (Bromma, Sweden), since 1966. An experimental facility using hot
Freon 22 as the “"prototype" gas (y = 1.16) and air as the "model" gas
(v = 1.4) has been constructed by FFA for jet plume simulation., This facility
has served to evaluate the merits and potential of the plume simulation
methodology suggested by Korst under restricted conditions and at high angle-
of-attack. The complex external flowfield is generated hy aft-mounted con-
trols in combination with angle-of-attack. Professors Korst and White have
provided the overall scientific planning, guidance, coordination. and evalua-
tion of the results.

The basis for the Korst modeling methodology is the assumption that the
prototype plume is properly simulated by a model plume if the two plumes have
the same contour in the flowfield adjacent to the afterbody. This means that
the initial plume deflection angle and the plume radius of curvature (shape)
must be duplicated by the model plume,

The validity of this modeling scheme was checked at FFA by comparing

results for nozzles desigred for gases with different specific heat ratios.
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The results confirmed the validity of the Korst modeling methodology not only
for the design jet pressure and zero angle-of-attack but also for off-design
jet pressures and complex external flowfield disturbances generated by
deflected aft-mounted control fins in combination with angle-cf-attack.

The details ~f the joiat research effort were presented in a paper at tha
Hunts¥ille Symposium on Rocket/Plume Fluid Dynamic Interactions which has been
included 1in this final technical report as Appendix F. The authors, S-E.
Hyberg and J. Agrell, acknowledged the ccentributions of Professor H, H., Korst
and Professor R. A, White to their program and the stimulating and fruitful

cooperation they had received.

4, SMALL-SCALE RASE FLOW EXPERIMENTS UTILIZING A LASER DOPPLER VELOCIMETER

A strong research effort was begun under the sponsorship of this three-
year contract to conduct smali-scale base flow experiments and provide well-
documented base flowfield data for comparison with analytical and computa-
tional models, The experiments utilize small-scale models of various base
flowfield configurations and provide pressure and velocity information, The
assembly and modification of a laseir Doppler velacimeter (LDV) package during
the past three years have produced a state-of-the-art measurement tool for
making turbulence-type measurements in the near-wake tlowfield.

The selection and assembly of an LDVY system best suited for our needs has
absorbed a substantial amount of time and rescurces but has produced « non-
intrusive measurement tool quite useful in the experimental study of the base
flowfield. Currently the research group under the direction of Professor A,

L. Addy has four Ph.D.-level graduate students who anticipate wmaking LDV

measurements of numerous fundamental base-flow configurations,
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The research effort towards making LDV measurements of the base flow

region is motivated by the following research objectives:

» To develop expertise and facilities for making LDV measurements
in high-speed flows with imbedded segarated flow regions:

o To .h.astigete separated ficw mechanisms in plane, two~dimen-
sinop 1 aanficurations; and

« To !nvestigate cxisymmelric base flows in the supersonic and
transonic flow regimes,

vt The primary objective is to pruvide new, extensive, and well-documented data

and thus obtain a betcer- understanding of the basic fluid dynamic mechanisms

o LD bl ettt B . rsutd e sl re S

axisting in the base flowtield. The itwo-dimensional experiments concern the
growth, development, .cocumpression, and reattachment of a compressible

£ turbulent free shear layer. Alsy examined are the effects of plume-induced

PP W e sy

and shock-induced separation of a turbulent boundary layer.

8 The scope, development, and status of this research effort was discussed

a2l AN .

in detail in a paper presented at the Symposium on Rocket/Plume Fluid Dynamic

B Interactions at Huntsville, Alabama, The paper by Professor Addy and co-

£§l workers is included in this report as Appendix G-1 and may bde consulted for
' further details concerning development of the 1DV and the two-dimensional
&“f' experiments.
The two-dimensional supersonic experiments which are described in
' Appendix G-1 have required a significant number of small.scale models to be
- built, In order to illustrate the type of models which were designed ond
fabricated, numerous photographs of the two-dimensional models used in the
investigations are included as Appendix G-2.
The physical setup of the laser Doppler velocimeter can be seen in Figure

s 1 of Appendix G-2. This photograph illustrates how the laser, optical

elements, and photodetectors are mounted on the traversing tahle and situated
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about the wind tunnel test section. A closer view of the wind tunnel test
section and the collecting optics can be seen in the photograph which is
reproduced as Figuro 2 of Appendix G-2. The test section which 1s depicted in
these photographs was the expansion/compression mudel (see text of Appendix
G-1) used for the study of LDV particle dynamics.

A series of small-scale experiments on the initial development of a free
shear layer and the effects of the recirculating flow are currently underway.
Before adding the complexity of a strong expansion and recirculating flow, the
problem of the development of a constant pressure free shear layer is being
investigated. The small.scale modal is a two-dimensional bhackstep with mass
injected into the base region through a porous plate in quantities just suffi-
cient to produce a free shear layer with no expansion at the corner. A shoto-
graph of the porous plate/backstep wodel is shown in Figure 3 of Appendix G-2Z.

The equipment currently being used in a blowdown mode wind tfunnel
operation to investigate the reattachment process include three varying modes,
namely

(1) reattachment of a free shear layer on an inclined ramp {Figuire
4 of Appendix G-2);

(2} reattachment of a free shear layer on a plane wall after a
backstep (Figure 5 of Appendix R-2); and

{3) impingement of two free shear layvers creating a compliant

boundary for reattachment (Figure A of Appendix G-2).
A close-up view of the wind tunncl test section window {Figure 7 of Appendix
6-2) and models (Fiqure 8 of Appendix G-2) shows the large number of static
pressure ports and the anodization for LDV purposes,
A number of test models have been built for an investigation of the
effects of shock-induced sepacation on a turbulert houndary layer. The study

will utilize compression ramps of various angles to nroduce separation,
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Several of the small-scale models are shown in the photographs of Figures 9
and 10 of Appendix G-?. The wind funnel models illustrated in Appendix G-2
are representative of the type of models and test sections which have been
built under the sponsorship of this contract in order to conduct small-scale
LDV experiments.

The foundations for the research effort into small-scale two-dimensional
experiments and development of the LDV have progressed quite far in the three
years of the contract. A strong commitment of time and interest on behalf of
Professor Addy and his graduate students has begun tc produce meaningful data.
The laser Noppler velocimeter measurements, extensive static pressure measure-
ments, and flow visualization pictures should provide detailed information on
some of the very bhasic mechanisms of the near-wake region.

The computer programs developed by Professor Addy (see Appendix A-1)
demonstrate & comprehensive understanding of the base region component
analysis and illustrate the need for extensive, well-documented data. The
processing and statistical analysis of the LDV measurements, facilitated by
the computer programs listed in Appendix A-5, will provide new insight into
the velocity and turbulence characteristics of many mechanisms in the near-
wake flowfield.

§. THE EFFECTS OF SUDDEN EXPANSIONS AND COMPRESSIONS ON BOUNDARY LAYER

MOMENTUM THICKNESS IN A SUPERSONIC FLOWFIFLD

The afterbody houndary laver and the development of the initial wake
shear Tlayer have been shown to be quite important to the evaluation of the
near-wake flowfield. "rediction of the initial shear layer velocity profile
is essential to the mixing layer analysis of the base region flowfield. An

analytical and experimental study of the effects of expansions/compressions on

the houndary laver thickness parameters was conducted during this contract.
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The investigation examined the changes 1in momentum thickness which
occurred as an afterbody boundary layer encountered a sudden expansion
(boattail junction) or a sudden compression (flare). Measurements were made
in a supersonic wind tunnel in order to provide data for correlation with an
approximate theoretical model, The results indicated that an integral
analysis provided an adequate prediction of changes in momentum thickness for
the range of variables investigated. Professor R. A, White and graduate
research assistant L. P, Hampton suggest further investigation of the
mechanisms should be based on a laser Doppler velocimeter study.

The details of the analysis and experiments are provided in a summary

paper included as Appendix H.

f. NFEAR-WAKE ANALYSIS WITH THE METHOD OF SEQUENTIAL CENTERED EXPANSIONS

A new method has been investigated for treating jet and slipstream
boundaries for cases of missile flight at supersonic speeds. The method of
sequential centered expansions is based on a solution of the differential
equation governing axisymmetric potential flow and is quite convenient for
handling axisymmetric wakes in both powered and unpowered flight,

The details concerning the method of sequential centered expansions are
given in a summary paper included as Appendix I. Further information concern-
ing the method and its application can be obtained by contacting Professor H,
H. Korst at the University of I11inois.

The method of sequential centered expansions has beein incorporated into
the analyses of powered and unpowered flight and plume modeling. The pub-
1ished papers which include this method appear in Appendices C, E, F, and K.

The title and description of the pertinent computer programs can be found in

Appendix A-3,
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7. WAKE RESPONSE TO TRANSIENT PRESSURE DISTURBANCES

Non-steady phenomena during the early phases of the launch of missiles
involving large amplitude pressure waves have been suspected of causing struc-
tural failures and of generating high impulse noise levels. A flow model was
proposed for analyzing these phenomena based on well-established flow com-
ponents. An experimental investigation was conducted under the sponsorship of
this contract in order to verify both the physical and computational aspects
of the components and their interactions. Fxcerpts from the M,S, thesis of
graduate research assistant M, J. Marongiu are included as Appendix J and
indicate the nature and conclusions of the experimental effort.

The flow configuration utilized in the study of the missile launch prob-
lem, as shown in Figure 1 of Appendix ), consisted of a converging-diverging
nozzle Adischarging into a smooth channel of larger but constant cross-
sectional area. The channel ends with an adjustable area reduction which pro-
duces a secondary constriction or nozzle, The dimensions of the model
confiquration (see Figure 2 of Appendix J) and the data acquisition system
(see Figure 3 of Appendix J) indicate the nature of the two-dimensional
experiments,

The non-steady operation of such a system can be expected to exhibit the
following patterns:

(1) The jet emerging from the nozzle expands forming a plume which

impinges on the wall (base flow problem). This will subse-
quently produce multiple shock wave interactions which result
in subsonic flow at the entrance of the downstream (secondary)
nozzle,

{2) Since irreversibilities are sustained in the flow, the local

stagnation pressures will decrease, thus to maintain a steady
flow would require an enlarged secondary throat area that
satisfies A¥ JA¥ = P, /P If the area ratio of the down-

stream nozz{é iS too $Sma ¥, this Mach number cannot be sus-
tained in steady flow and a left.running wave will form,
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(3) The difference in the mass flowrates between the choked
primary and secondary nozzles will then he stored hehind the
moving shock,

; (4) If the traveling shock proceeds so far upstream that it
3 reaches the end of the wake, the plume impingement is elim-
: inated, and as the jet detaches from the wall, the flow
irreversibilities decrease and the stored mass will soon
discharge through the secondary nozzle,
(") The free jet emerging from the nozzle will begin to entrain
mass thus reducing the pressure near the nozzle exit and will
PO eventually form a closed wake with resulting plume expansion
M and impingement,
1f all these events were to occur, a cyclic system operation would result.
The analysis of the problem established criteria which made possible the
; guantification of the geometric and operational parameters in order to arrive
at an understanding of the conditions under which non-steady operation can be
expected and which time scales and pressure amplitudes can be predicted. Some

of the experimental results are {llustrated in Figure 4 of Appendix J, Figure

& of Appendix J shows some of the results of the water table modeling.

Extensive coimputer programs have heen developed in support of this study

and are identified in Appendix A-3 of this technical report.

? Nespite the highly simplified analytical model reported here, the identi-

fication of the secondary throat area (AEII) as a critical parameter -- pro-

NS vided that the system configuration allows for the develapment of the fluidic

55' mechanism and near-wake formation and that critical flow prevails through the
ngil exit nozzle -~ has been possible,

:;;: Furthermore, the verification of the hase pressure oscillations as being

#%‘ nearly periodical will aid in the prediction of the overall system behavior

with regard ta oscillation amplitude and frequency.
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NDetailed modeling of the fluidic entrainment mechanism as a basis for
near wake development as well as accurate experimental data for the changes in
base pressure levels during pump-down will be the subject of follow-up phases

in this research area.

R. WAKE FLOWS OF TUBE LAUNCHED ROCKETS

The complex viscous interactions which occur during a rocket launch from
a tube are quite similar in analysis to the mixing which occurs in a base
region shear layer. The impingement of the underexpanded nozzle outflow on
the launch tube wall creates a shock and recompression system very well suited
to the Chapman-Korst component analysis. Through a joint effort between
Professor H. H, Xorst of the University of I[11inois and Professor J. J. Bertin
of the University of Texas at Austin, an analytical and experimental investi-
gation of the flowfield for tube-launched rocket configurations was conducted,

8.1 Secondary Flows for Tube.l.aunched Rocket Configurations

Nue to the large variety of military rockets which are launched
from confined tubes, an investigation was conducted in an attempt to utilize
the Chapman-Korst component analysis to predict the resulting tube flowfield
during missile launch., The investigation was motivated by a need to predict
the possihility of unbalanced forces acting on the rocket due to the secondary
flow in the annular gap between the rocket and the launcher wall. The partic-
ular details of the analysis and experimental data were presented in an AlAA
paper and are included in this report as Appendix K.

Theoretical solutions were computed for the flowfields which exist when
an underexpanded nozzle is exhausted into a constant-area launch tube such

that the impingement shock wave is relatively weak and the downstream flow

remains supersonic, The theoretical flows were compared with experiment.]
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data for various nozzle/launch tube configurations. For the test program,
unheated air was accelerated to supersonic speed through converging-diverging
nozzlas over a wide range of stagnation pressure, An engineering model for
the impingement flowfiald was proposed, the computed 1lowfield solutions were
compared with experimental results, and solutions were presented to illustrate
the effects of variations in specific heat ratios. The theoreiical wall
static pressure distributions in the impingement region and the calculated
value for the stagnation pressure for which there is no secondary flow in the
annular gap were found to be in good agreement with the experimental data.

A limited number of computer programs were developed for this analysis
and are listed in Appendix A-3.

8,2 lLaunch-Tube Flowfield Technoloqy Based on Cold Gas Simulations, Flight-
Test Measurements, and Theoretical Models

Modeling of the viscid/inviscid interactions which occur when a
rocket is tube-launched requires knowledge of the important parameters. When
a highly underexpanded nozzle exhausts into a tube, the pertinent parameters
can he identified as follows:

(1) the nozzle exit angle;

(?) the nozzle exit Mach number;

{3) the ratio of specific heats for the gas;

(4) the jet expansion ratio; and

(5} the radius of curvature of the plume,
In many designs, the launch tube is not of constant area, thus the constric-
tions to the exhaust flow may radically alter the flowfield.

Once again Professor H, H. Korst and Professor J. J. Bertin have con-

ducted an investigation of the launch tube flowfields which result when a

highly underexpanded supersonic nozzile exhausts into a Taunch tube, The
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details of their research were presented at the Symposium on Rocket/Plume
Fluid Dynamic Interactions held in Huntsville, Alabama in the form of a paper
which is included in this report as Appendix L. The analytical approach,
axperimental results, and comparisons of each are outlined in detail in

Appendix L along with the important conclusions to be drawn,

9., COMPUTATIONAL FLUID DYNAMICS
The solution of the near-wake flowfield by computational means requires
the investigation of various methods of grid qeneration and separated flow
solution techniques. Professor W. L. Chow and his graduate students have con-
ducted significant computational experiments under the sponsorship of this
contract,

9.1 Turbulent Flow Past an Isolated Airfoll with Separation

A numerical study of the turbulent, compressible flow past an iso-
lated airfoil with trailing edge separation was conducted for an NACA-4412
airfoil at an angle-of-attack of 13.87°, The airfoil was considered confined
within a wind tunnel and computations of the flow were carried out success-
fully bhased on the Navier-Stokes equations. The computational scheme was
supplemented hy using a « - e turbulence model., The physical region was
transformed into a rectangle by adopting a body-fitted coordinate system,

The predicted pressure distribution on the surface of the airfoil agreed
very well with the experimental data. The structure of the turbulence was
also simulated reasonably well.

The specifics of this numerical investigation of the stalled airfoil can
be found in the Ph.N. thesis of . M. Rhie [R1. The results of this numerical

study were presented at the 1981 Conference on Complex Turbulent Flows

{Stanford) [91 as well as the Third AIAA/ASME Joint Conference on Thermal

- =
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Physics, Fluid, Plasma, and Heat Transfer held at St. Louis [10]., A brief
description of this computer program is included in Appendix A-2.

9,2 Flow Within Ducts of Arbitrary Geometrical Configurations

A numerical dinvestigation of the developing flow within square,
rectangular, and trapezoidal ducts was conducted in an attempt to experiment
with algorithms and boundary conditions for internal flows. The developing
duct flow for an arbitrary cross-sectional geometry was calculated based on
the Navier-Stokes equations., The « - ¢ turbulence modeling was incorporated
into the Navier-Stokes solution with an additional algebraic stress model to
account for the secondary flow of the second kind which occurs within the
fully-developed flow region,

A detailed and thorough explanation of the objectives, techniques, and
results of this npumerical dinvestigation is given in the Ph.D. thesis of A,
Nakayama [117. Professor Chow and Professor Makayama have also presented the
results of their research effort at the 1981 Conference on Complex Turbulent
Flows (Stanford) [12] and have submitted a paper on this topic which will be

published in an upcoming volume of the Journal of Fluid Mechanics [13].

10, COMPUTATIONAL ANALYSIS OF RELATED RESEARCH TOPICS

A number of important and interestirng physical problems have been inves-
tigated computationally in an effort to develop certain numerical techniques.
Although the geometry of the numerical experiment is not directly a base flow
configuration, the goal is to obtain some expertise in handling the numerical
solution of a separated flow.

A promising technique for numerical solution of a separated flow region

exists through the hodograph transformation. As a result Professor Chow and
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his graduate students have conducted some research into the applicability of
the hodograph transformation method for near-wake type analysis,

10.1 Asymmetric Nozzle as a Vector Thrust Nevice

A numerical study was conducted into the feasibility of using an
asymmetric nozzle as a vector thrust device. The investigation employed the
method of hodograph transformation for calculation of the flowfield. The cal-
culation predictions were compared and verified using the results of experi-
ments conducted in the laboratory. Cases of choked and unchoked flow have
been examined, and the results substantiate the concept of producing vector
thrust from these devices.

The details of this numerical investigation are available in the Ph.D,
thesis of C., W. Wu (see Appendix M), The name and brief description of the
computer program developed from this research effort can be found in Appendix
A-2,

10.2 Incompressible Potential Flow Influenced by Gravitation

Once again the method of hodograph transformation was examined with
emphasis on its applicability to complex separated flows, In this instance
the method was employed for potential flow problems with an extension for
incampressible flow where gravitation exerts dominant influence on the flow
solutions. Indeed, many open channel flow problems where solutions have not
been well established can be treated successfully through this technique,

The types of incompressible potential flow problems suitable for this
method include the following:

(1) Free overfall,

(2) Flow past a sluice gate;

(3) Flow past a sharp-crested weir; and

{4) Curved channel flow.

— - onn s B — - -y
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Each of these problems has been successfully calculated and a number of Ph.D.
theses and journal articles document the results {see Appendix M),
The computer programs which were developed during this research effort

are titled and hriefly described in Appendix A-2,

11, AXISYMMETRIC EXPERIMENTS CONCERNING REATTACHMENT

An experimental investigation was conducted in an effort to examine the
static pressure characteristics of an axisymmetric jet reattachment onto a
cylindrical wall. The study examined sonic and supersonic underexpanded jets
exhausting from a nozzle into a sudden enlargement. The research effort by
M. J. Morris was conducted under the guidance of Professor A. L. Addy and
studied the effects which eacn paramefer had on the recompression/reattachment
process.,

The experiments were made for the continuous flow of a compressible
fluid, namely air. The test mondel was axisymmetric in nature and could be
fitted with either a converging or converging-diverging nozzle to produce the
appropriate Mach number entrance flow, Entrance Mach numbers of 1.0, 1.5, and
2.05 were produced for various cases. The data were also collected for
various values of the nozzle exit-to-enlargement area ratio, A,;/A,, and base
pressure ratio, Pg/Py. The data were produced by means of an extensive array
of static pressure taps distributed circumferentially about the tube in a
manner which provided a fine grid of axial tap locations.

The primary objective of this experimental investigation was to produce
data on the recompression/reattachment process. The resulting data are shown
graphically in the six figures which are included in this report as Appendix 0
and represent new data for this type of reattachment process. The plotted

data are shown for three different area ratios, A;/A;, three different Mach
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numbers, M;, and two base pressure ratios, Pg/Pg. The characteristic pressure

rise in the vicinity of reattachment is quite evident and reaches locally high

levels.
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COMTINUING AND FUTURE RESEARCH ACTIVITIES

Much of the research conducted during this contract focuses on the hase
flow problem and related analytical, computational, and experimental
interests. The complex nature of the near-wake flowfield indicates that many
fundamental and interesting questionc have still been unanswered., The four
principal investigators, as well as many of the doctoral graduate students,
have a strong commitment and interest in continuing the research effort assoc-
fated with the investigation of the fundamental mechanisms associated with
missile flight.

The research activities which are considered of primary interest and
warrant continuing and future emphasis can be gqenerally described as follows:

(1) Small-scale wind tunnel base flow experiments utilizing iaser
Noppler velocimetry a&s a fluid dynamic investigative tool;

(2) Power-off transonic base flow inalysis; and
(3} Transient and quasi-steady aspects of the near-wake mixing

phengmena.

Small-Scale Experiments Reiated to Mear-Wake Flows

In the general description of the near-wake flowfield, the separation of
a boundary layer to form a free shear layer, the develupment of the free snear
layer in the presence of a recircutating flow, and the recompression/reattach-
ment. of a free shear layer were identified as fundamental flow mechanisms for
which little detailed experimental data are avaitable. 1f analytical and com-
putational models are to be improved and refinea, these data are certainly
needed, As a result, three separate but related series of experiments are
underway which should provide new insight and data conzerning thaese basic flow
mechanisms, The experiments, which are described in Appendix G-1, can be

briefly categorized as follows:
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(1} An investigation of the formation and development of a two-
dimensional, turbulent free shear layer;

{2} An investigaticn of reattachment and redevelopment of two-
dimensional compressible, turbulent free shear layers; and

(3) An investigation of the tuo-dimensional turbulent bhase flow in
the presence of an inner exhaust jet.

The small-scale two-dimensional experiments will focus on extensive laser
Noppler velocimeter (LDV) measurements and static pressure surveys of the
fundamental mechanisms in the near~wake region.

A significant amount of time, energy, and finances have been expended to
assembie and make operational a two-component, two-color LDV system, The
measurement tool has already been used for studies of particle dynamics and
biasing problems and is currently being used to make measurements in the free
shear layer produced by supersonic flow over a bhackstep. The 1ong-range com-
mitment of Professor A, L, Addy and four of his doctoral graduate students is
based on their perception (with agreement in the literature) of the suit-
ability of an LDV measurement tool to the separated base flowfield, as well as
the significant experimental data able to be obtained through the use of this
state-of-the..art tool.

The research group of Professor Addy has already made plans (funded by
the U.S. Army Research Office and the Department of Defense equipment grant)
to add the following new instrumentation:

(1) a third velocity component measurement capability to our
present two-component LDV system;

{?) a &5-watt argon ion laser (completed);

(3) a super mini-computer based laboratory data system for acquir-
ing and processing LDV and hot-wire anemometer data; and

(4) a computer-controlled traverse system to be incorporated with
our present manual LDV traverse system.
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The complex nature of near-wake base flow experiments requires precision test
facilities and state-of-the-.art data measurement, acquisition, and analysis
systems. The experiments conducted with these types of research tools will
provide insightful data and information regarding the fundamental base flow

mechanisms,

Power-off Transonic Base Flow Analysis

The modeiling and analyses of the power-off base pressure problem cur-
rently under development will be continued in the future, The flow model s
promising and has demonstrated the relative importance of base drag on system
performance, The idea of using the equivalent body concept to solve the base
flowfield of a projectile in a transonic flow has proven quite viable and
modification and improvement of the analysis is continuing. The intention is

to extend the flow regime to include low suparsonic freestream Mach numbers,

Unsteady Mixing Layer Phenomena

A o e

Netailed studies of pressure-induced separation problems and free-jet
recomprassion/reattachment prcblems are underway and planned for the future.
The interest is motivated by the appearance of very kigh levels of turbulent
fluctvations and high frequency oscillations in near-wake flowfields. A
critical examination of transient mechanisms, which are related to separated
flow processes, is needed at this time because of their importance for highly

accelerating missiles and their implications for large.scale CFD calculations,
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CONCLUSIONS AND RECOMMENDATIONS
The research effert directed at an understanding of the fundamental fluid
dynamic mechanisms of separated flows has produced a significant amount of new
information and provided new insight into the base flow problem, The support
of this research contract has served to unify the efforts of the four princi-
pal investigators and their graduate research assistants and provide a
balanced analytical, computational, and experimental investigation of the
near-wake flowfield and related fluid dynamic mechanisms., The strong repre-
sentation of this research group at the Huntsville Symposium on Rocket/Plume
Fluid Nynamic Interactions is a testimony to the contributions made towards an
undarstanding of the missile base flow and also an indication of the strong
commitment of interest, time, and effort towards maintaining a strong techni-
cal expertise at the University of Il1linois in the base flow area of research,
From the research conducted over the past three years, the following
conclusions can be drawn. Some of those conclusions are the following:
(1} The research group has selected, assembled, and is currently
using a state-of-the-art laser Doppler velocimeter system to
make turbulence and velocity measurements in small-scale near.-
wake flowfields., The two-color, two-component LDV system has
proven itself to be a uyseful tool for making instantaneous
velocity measurements in the boundary layer, shear layer, and
recirculating region of a typical base fiow configuratian,
(2) Much of the eguipment and models necessary for small-scale
axperimental investigations of the mechanisms of the near wake
has been built and are currently being utilized for measure-
ments, Fxperimental investigations of shear layer initiali-
zation and development, shear layer recompression/
reattachment, shock-induced separation, and plume-induced
separation. In all cases the LNV will be the primary

measurement instrument, and significant new flowfield data
will be obtained.
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{3) The present components of the two-color LDV system will be
supplemented within a year with three very significant new 3
items:

{i) a new super mini-computer based system for the
acquisition, storage, and analysis of LDV data;

(1i) the necessary optical and electronic components for a
third velocity component LDV capability; and

(iii) a new computer-controlled traversing mechanism for the
LDV which will provide better measurement volume con-
trol and placement,

The finances for these items have already heen approved
through the ARO Department of Defense equipment grant. The
research group is currently evaluating and purchasing the new
equipment,

(4) The computational research effort by into the transonic power-
off and power-on missile base flow problem has shown signif.
jcant new results based on the use of the equivalent body
concept. Reasonahle base pressure results for transonic flow

. past a six-caliber projectile prove the applicability of this
’ new computational scheme.

(8) Success was obtained in developing an analysis and modeling
theory for jet plume effects on afterbody and hase flows.
The ability to predict proper generation of rocket or jet
plumes for wind tunnel investigations strongly depends upon
proper simulation of the initial plume deflection angle and
the plume radius of curvature, {

e . i timas

(A) An analytical and experimental investigation has successfully
predicted the changes in momentum thickness which occur as an
afterbody boundary layer encounters a sudden expansion or com-
pression. The supersonic wind tunnel measurements have pro-
vided data for correlation of the analysis.

{7) The numerical application of the method of hodograph transfor-
mation for separated flows has been successfully tested., The
applicability of this method for asymmetric nozzle flow as
well as flows influenced by gravitation has been established
and indicates possihle usefulness for hase flow confiqura-
tions.

Numerous other conclusions may be drawn from the research work which has been

completed and are indicated in each separate instance throughout this techni-

cal report.
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In addition, the research which has been conducted over the past three
years has identified the following items for recommendation,

(1} The further development and application or the LDV for base
flow experiments is strongly recommended in light of its
ability to provide turbulence measurements and its suitabil-
ity to separated flowfields. Although costly to initially
establish and get running, the LDV system will produce much-
neaded data for a variety of base flowfield mechanisms and
configurations.

(2) The relative success of Navier-Stokes solutions of the
transonic and supersonic base flowfields indicates an ongoing
need for further research into this area. Some of the methods
developed by the Gas Dynamics Group at the University of
I11inois warrant further investigaticn.

(3) Recent experimental and ohservational evidences point to the
possible quasi-steady nature of the near-wake mixing region.
Nevelopment of further research into the transient nature of
the shear layer is strongly recommended.

As indicated throughout this technical report, much new information has
been obtained through the U.S. Army Research Office sponsored research effort,
hut many questions about fundamental mechanisms remain sti1l unanswered,.
Through the unified effort of analysis, computation, and experimentation, the
research group at the University of [11inois will continue to provide new

information and new ideas about the base flow problem.
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APPENDIX A-1
LIST OF BASE FLOW COMPUTER PROGRAMS FOR PUWER-ON
SUPERSONIC FLIGHYT AND QOTHER RELATED COMPUTER PROGRAMS

E series of computer programs were developed to investigate power-on,
supersonic base flows utilizing the Chapman-Korst component model, In addi-
tion, other computer programs have been developed as standalone programs which
are used to enhance the component analysis. A1l programs are written 1in
FORTRAN . In the following Table, the principal computer programs are identi-
fied and described. Since these programs are at different levels of develop-
ment, the status of each of the programs is also given,

Information about these programs is available from Professor A. L. Addy.

YITLE DESCRIPTION STATUS

TSARPP.2 This program anaiyzes the non-isoenergetic Production
power-on base-pressure and -temperature
problem at supersonic flight speeds of a
missile with a cylindrical or boattail/
conical afterbedy. This program includes
several ampirical ennancements.

This program has served as the basis for
further program development here and by
other investigators.

TSABPP-3 Same as TSABPP-2 but has been extended to Research
include the prediction of the onset of
plume-induced separation and the stable
separation location.

The separation criterion is based on an
empirical correlation between pressure
rise and local Mach number.

TSABPP-4 Same as TSABPP.3 but has been extended to Research
include non-uniform nozzle fiow, Propul-
sive nozzles with relatively small throat
radius of curvature can be analyzed,




o TITLE
“i COMPBL
- TRANNOZ
oot

81

DESCRIPTION

A computer program to calculate the two-
dimensional boundary layer flow of ideal
gases, This program is based on the solu-
tion technique of Walz, et al.

Program is used in <onjunction with TSABPP-2,
-3,-4 to analyze the effects of boundary
Tayer on base flow.

A computer program tor analysis of transonic
throat flow in axisymmetric, planar, and
annular supersonic nozzles.

Program is usaed in conjunction with TSABPP.2,
-3,-4 to analyze the effects of ron-unitorm
nozzle flow on base flow,

STATUS

Production

Production
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APPENDIX A-?

LIST OF AVATLABLE COMPUTER PROGRAMS (CHOW)

A number of lérge-scale computer pregrams were developed by Professor W.
L. Chow and his associates in order to investigate many techniques connected
to numerical computation of the near-wake base flowfield. The codes are
research in nature, cover a variety of fundamental flowfield features, and are
writtan in the FORTRAN computer ianguage. The following list of programs pro-
vides the title and brief description of each program's capabilities. Further
information concerning any of these programs c¢an be obtained from Professor W.

L. Chow or any of his associates.

TITLE DESCRIPTION
AIRFOTIL Computation of the incompressible flow past a NACA 4412

airfoil at large angle-of-attack. The analysis is
based on the Navier-Stokes equation with « - ¢ turbu-
lence modeling,

ASYJET Computation of the compressible flow discharge from an
asymmetric nozzle utilized as a vector-thrust device.
The analysis includes both choked and unchoked flow,

DEVFLW Computation of the turbulent flow within non-circular
ducts; broken down into two codes,

I. Calculation of the fully developed turbulent flow
with secondary flow within non.circular ducts.

II. Calculation of the developing turbulent flow within
non-circular ducts,

JETS 1,2,3,4 Programs dealing with calculation of the incompressible
potential flow with gravitational effects. The
analysas are based on the method of hodograph transfor.
mations,

JET1 Calculation of the incompressible flow for a circular

contractor above a horizontal bed,

JET2 Calcutation of the incompressible flow for a horizontal
constant-area duct,
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TITLE
JET3

JET4

TRAPB

NESCRIPTION

Caiculation of the incompressible flow for a convergent
curved nozzle,

Calculation of the incompressibie flow for an asym-
metric nozzie,

Analysis of transonic flow past a projectile including
the computation of the base pressure. The analysis is
based on the equivalent body concept,
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APPENDIX A-3
LIST OF AVAILABLE COMPUTER PROGRAMS (KORST)

The research which was conducted during this contract produced a number
of useful computer programs which deal with base flow and related problems.
These computer programs are Jisted in this Appendix along with a brief
description of the problems of interest.* Further information concerning
these programs can be g¢btained by contacting fProfessor H. H. Korst, The

programs are as follows:

NAME DESCRIPTIOR/TITLE
SGMOTOR Solid grain rocket motor analysis
HCRQSS Method of characteristics (MOC) for axisymmetric flow
initiated from the Kliegel third-order transonic throat
solution
WSHOCK Linearized weak shock solution for streamline deflec-

tion at the plume houndary

NOCON Initial plume slope and curvature for free jets pro-
duced by nonideal conical flow nozzles

JETC Free jet flowfield and plume shape by axisymmetric MOC

P-M Two-dimensional Prandtl-Meyer expansion

PCOR Transformation of model to prototype operating condi-

tions for design and off-design wind tunnei experiments

AB1/AB2/AB3 Chained series of programs using methed of sequential
center expansions for parametric studies of afterbody
flow and transitional jetwmixing in unpowered flight

MIX Transitioral jet mixing using a straight line profile,
two-dimensional compressible, iscenergetic

*The computer programs are all research in nature and are written in the Tlan-
guage BASIC.




NAME

——

TBART

TMIX

CYLIMP
MBLEED
NON-TIP

NON-TIP/RM

FLUIDIC

TSHOCK

DESCRIPTION/TITLE

Turbulent boundary layer development 1in convergent-
divergent (cooled or uncocled) nozzle

Transitional jet mixing, two-dimensional compressible,
non-isoenergetic

Inviscid-viscid plume impingement on cylindrical wall
Bleed requirements for plume-wall interaction modeling

Theoretical flow analysis for non-tip-off launchers
(quasi-steady)

Theoretical flow analysis of non-tip-off launchers
(effect of rocket motion)

Quasi-steady mass entrainment din non-steady wake
response

One-dimensional non-steady wave propagation in launch
tubes
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APPENDIX A-4
LIST OF AVAILABLE COMPUTER PROGRAMS (WHITE)
A computer program has been developed by Professor R. A, White in order
to facilitate his studies of the base pressure problem at angle-of-attack.
The program i§ written in FORTRAN IV language and is well-documented for

production use,

TITLE DESCRIPTION
ALPHA30 Solution of the power-on base pressure problem for an
afterbody at angle-of-attack. The program utilizes
various empirical models for the recompression process.

T caadl
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APPENDIX A-b
LIST OF STATISTICAL AND LDV-RELATED COMPUTER PROGRAMS (ADDY)

The assembly and develcpment of the LDV as a measurement tool have
required the writing of accompanying software for acquisition and analysis of
the data. The programs were developed and modified by the graduate students
conducting research under the direction of Professor A. L. Addy. The language
is primarily FORTRAN and any exceptions are duly noted. Any questions or
inquiries regarding these programs can be directed towards Professor Addy or

any of his gradudate research assistants,

TITLE DESCRIPTION

DEADZ Analytical analysis of the effects of fringe biasing in
FREQSH highly turbulent high speed tlows and flows with recir-
TURB1 culation,

TURB2

TURB3

TURB4

DELY Nigitally simulates the technique wused by an LDV

counter to discretize data in order to investigate the
resolution of the system in highly turbulent flows,

NEVO Determination of the statistical uncertainty in LDV

MEANIE data in turbulent flows using normal distribution sta-
tistics,

HISTCK Simulation of digital counter operation. These pro-

HISTCM grams examine the factors which influence L)V proba-
bility density distribution functions,

HIST1 Plots the LNV velocity histoyrams on a graphics term-
inal at the test location for data evaluation,

HIST? Plots the LDV velocity histoyrams (both components) and
the star chart for coincident two-channel data.

LAGEST Calculation of the velocity of solid spherical parti-

LAGSIZE cles suspended in a compressible flowfield downstreanm

nf a normal or oblique shock wave,

|
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TITLE
LAGESTZ

Lvol

Lbv2

LVDAT2

LVTOT1

PBIASB?

PBIASB3

PDRAG

PDRAGI

DESCRIPTION

Calculation of the velocity of solid spherical parti-
cles suspended in an isentropic compressible flowfield
with a specified Mach number distribution,

pertforms one-channel LDV data acquisition functions,
including inttiating DMA dats transfer from counters,
decoding data into actua! velocities and time between
data values, calcuiating mean, standard deviation,
maximum, and minimum values, and writing the results
onto a floppy disk. These programs are written in
FORTRAN but use MACRO subroutines,

Performs two-channel LDV data acquisition functions
similar in nature to those of program LDV1. These
routines are also written in FORTRAN but make use of
MACRQO subroutines.

performs two-channel data agnalysis including digital
filtering, bias correction, coordinate rotation, and
statistical analysis., Slight differences exist between
the versions on the PDP 11-03 and those on the CYBER
175 computer.

Performs one-channel total burst mode data acquisition
functions, including initiating DMA transfer with the
counter, decoding data, calculating mean, standard
deviation, minimum, and maximum velocity values, cal-
culating mean, wminimum, and maximum number of zero
crossings, and writing the results onto a floppy disk.
These programs are written in FORTRAN but use MACRO
subroutines.

Calculates and plots the weighting factors to correct
for fringe biasing effects including the effects of
frequency shifting. This program is based on the
analysis of Buchhave [5].

Calculates and plots the weighting factors for fringe
biasing effects in isotropic turbulence. This program
is also based on the analysis of Buchhave [5].

Plots and compares oil droplet dray coefticient data
aobtained at the University of T1linois with the drag
coefficient data of Walsh [6] and Zarin [77.

Determines the drag coefticient, relative Mach number,
and relative Reynolds number for oil droplets as they
relax downstream of a shock wave.



e

TITLE
PNSTZE

PROBDET

78D

DESCRIPTION

Calculates and plots curves relating LDV samplie size to
the percent error in velocity mean and velogcity
standard deviation,

Calculates the proba! Tity of particle detection in a
two-component LDV for un elliptic turbulent flowfield.

Plots the histogrem for the time between data point or
number of zero crossings data.
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Base Pressure of a Transonic Flow Past a Projectile
by Wen L., Chow
Professor of Mechanical Engineering
University of [11inois at Urbana-Champaign
Urbana, I11.

Abstract

An equivalent body concept is employed to examine the base pressure
problem of a transonic fiow past a blunt-based projectile. The inviscid
transonic fluw is solved by finite difference calculations of the axi-
symmetric potential equation where the displacement-effect of the at-
tached turbulent viscous layer oun the body is also accounted for., The
viscous flow processes behind the base such as the turbulent jet mixing,
recompression, reattachment and redevelopment are treated through inte-
gral formulations., The viscid-inviscid interaction is manifested by the
fact that the viscous flow attaches onto the inviscid flow in the sense
of the boundary layer concept, while the two parameters characterizing
the equivalent-body geometry upon which the inviscid flow solution is
based, are to be determined by the viscous flow processes. A definition
of the base pressure, compatible with that for the supersonic flow re-
gime, has been developed which is necessary for tke transonic flow re-
gime. It is found that with this scheme of analysis, both the point of
reattachment and the state of fully developed flow (far-wake condition)
are saddle-point singularities of the flew. Iterative processes must be
followed to determine these two parameters so that the solutian follows
tne separatrix joining the saddle points of the flow. Preliminary re-
sults for a six-caliber Secant-Ogive-Cylinder projectile have been ob.
tained. It is expected that this scheme of analysis is useful through-
out the incompressible and subscnic flow regime., Extension to cases
with small angle of incidence is also discussed,

INTRODUCTION

[t is well known that the base pressure problem is governed by the
strong viscous-inviscid interaction mechanisms, Since tne viscous flow
region is usually located at the edge of the inviscid flow field, it is
joined with the inviscid flow in the sense of the boundary layer con-
cept, and the local inviscid flow guides the growth of the viscous
layer. On the other hand, in direct association with the inviscid flow
field, the geometry of the wake as well as the average pressure im-
pressed on the base are entirely governed by the viscous flow processes
of jet mixing, recompression, reattachment and redevelopment behind the
body. The mutual dependency between {he inviscid and viscous flows was
pointed out first by Crocco %2§ Lees*, Since that time much work has
been done on base pressuresz" . [t is not intended to present an ex-
haustive review on tpfs subject. Interested readers may consult the re-
cent review by Page**, It is worthwhile to note that almost all these
investigations are restricted within the supersonic flow regime, Under
this situation the governing equation of the %ﬁ?i??a‘ inviscid flow is
hyperbolic, Other than limited few exceptions®”**”, all these analyses

did not need the consideration of the process of redevelopment after re-
attachment to establish the base pressure solution for the problem.
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In a more detailfg study of recompression-reattachment of a turbu-
lent free shear layer®™, it was learned that this same integral analysis
can be employed to study the base pressure problem in any other flow re-
gimes, Examination of bais fgessure praoblems of incompressible wedge
flow was later carried out*’™* 7, and the overall elliptic inviscid flow
field was established through conformal mapping. The viscous flow was
quided by the established inviscid flow, while the characteristic param-
eters describing the inviscid flow were determined from viscous flow
processes. It was learned that with the established potential flow, the
point of reattachment behaves as a saddle-point singularity for the vis-
cous recompression process. This method of analysis also led to the
study of the flow past a backward facing step in both two-dimengbo%gl
and axisymmetric configurations within the transonic flow regime<¥=¢°,
Indeed, since the pressure field is established from the external in-
viscid flow, the external inviscid flow responds to the inner viscous
flow events on the basis of an “equivalent body" concept. The solution
of the inviscid flow was established by a finite-difference computatiaon
of the complete potential equation. Again, the point of reattachment
behaves as a saddle~point singularity for the system of equations de-
scribing the viscous recompression process. Furthermore, it was learned
that the pressure at the step cannct be taken as the base pressure, It
is obvious that the step-pressure coefficient apprcaches zero as the
free stream Mach number increases toward unity, while the base pressure
coefficient decreases toward more negative values. It was recognized
also that the study carried out up to this point constituted only the
first approximation to the problem, since the established equivalent
body from the more detailed viscous flow analysis was not yet compatible
to the original equivalent body configuration selected to establish the
inviscid flow,

It should also be noted that all these viscous flow studies were
carried out under the assumption of iscenergetic flow processes, so that
the need of the consideration of the energy principle was conveniently
eliminated.

Additional study has been carried out on the transonic base pres-
sure problem. Specifically, the base pressure of a six-caliber Secant-
Dgive- Cylinder immersed in a transonic flow has been examined. The
flow condition of the forebody, including the attached turbulent bound-
ary layer prior to separation and the process of redevelopment after re-
attachment must be included into the consideration. It will be shown
that the equivalent body for such a problem can be described with the
help of two characteristic parameters., It will be also demonstrated
that the point of reattachment and the state of fully developed flow are
the saddle-point singularities of the recompression and redevelopment
processes respectively. Again this behavior can be appropriately ex-
ploited to establish thase two parameters. A new definition of the base
pressure for the transonic flow regime will also be given, which is com-
patible with what has been accepted for the supersonic flow regime. The
method of calculations and the procedures of iterations will also be
presented so that the solution follows the separatrix passing through
the saddle-points. Extension to the case of flow with small angle of
attack will also be suggested and discussed,
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ANALYTICAL CONSIDERATIONS

For an external flow around a body, the oressure distribution is
the utmost item of concern which supplies the basic information for the
lift, drag calculations. Imasmuch as the boundary layer concept is ap-
plicable, the pressure distribution is entirely determined from the in-
viscid flow geometry. For the present problem of flow past a projec-
tile, the equivalent body geometry must be established before any vis-
cous flow processes can be examined and studied.

The Equivalent Body

For a transonic flow past a projectile, whose typical configuration
is shown in Fig. 1, it is expected that after the flow separates from
the base, a usually turbulent jet mixing process occurs along the wake
boundary, The dividing streamline is thus energized, preparing itself
for the subsequent recompression and reattachment at the end of the near
wake. After reattachment, additional compression of the shear layer oc-
curs in the early part of the redevelopment before the pressure field
decays toward that of the free stream. Based on the displacement con-
cept of the boundary layer, the equivalent inviscid body boundary would
be located away from the viscous dividing streamline by a distance of
the displacement thickness, &%, of the viscous layer above the dividing
streamline. This reasoning leads to the specification of the equivalent
body Ry(z) by

i Rb(z) =0 for z< 0 (1-a)
.. *
i1, Rb(z) = Rog + & (2) for 0 ¢ z < 2; (1-b)
[ *
iii, Rb(z) = RcyI + & (2) for z, < z ¢ z; (1-c)
. * * * (_ AZ)
iv. Ry (2) = 6asy + (Rcyl + 8§ - Gasy) e'” T3 (1-d)
’ for 2o € Z < 7
where 4 = (z-zG)/(zR-zG) (1-e)
*
V. Rb(z) = Gasy for Zp < 2 (1-f)

The schematic sketch of the equivalent body of a projectile is shown
in Fig, 2. Tt will be recegnized that the parameters characterizing
the equivalc . body geometry are z, and &*_ for a specific projec-
tile. It is also worthwhile to note that £*Varies from zerc to unity
when z is between points G and R and the second power employed in Rq.
{1-d) assures the siope continuity of the profile at the base. Further-
more, it can be shown that under the far-wake condition, the displace-
ment thickness of the viscous layer approaches a finite value even when
the viscous layer thickness approaches infinity at far downstream loca-
tions.



For a given transoni¢c Mach number, the inviscid flow field is es-

tablished from relaxative finite difference calculations of the full po-

tential equation. In fact it follows precisely the procedures as de-
scribed in, _the study of transonic flow past 4 boattailed
afterbody24 25" The growth of the turbulent boundary layer is estimated
from an 1ntegra1 formulation, and its displacement effect is included
into the consideration in obtaining the solution of the potential
flow. Thus the boundary layer thickness, momentum thickness and its
displacement thickness at the base are known as soon as the inviscid
flow field is established.

Turbulent Jet Mixing, Recompression and Reattachment

The integral analysis of these flow processes gollows precisely the

early study of a flow past a backboard facing step Only a brief des-

cription of these considerations is given here, Aga1n, isoenergetic
flow condition is assumed throughout all viscous flow regions.

Immedi ately behind the base, a turbulent jet mixing process occurs
along the wake boundary. As one would observe later, the pressure also
decreases significantly along the path of mixing in the transonic re-
gime., Nevertheless, the mixing grocess can be treated on the basis of a
quasi-constant pressure analysis At each location, the velocity pro-
file is derived from a constant 1oca1 praessure calculation with the same
initial boundary layer profile. The eddy diffusivity required to esti-
mate the shear stress along the dividing streamiine of the new mixing
region originated from the corner of the base was estimated from

1 ,
£ = —=_ XU (2%
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where x is the distance along the path of mixing measured from the
origin of mixing, u, is the local free stream velocity and o, the spread
rate parameter, assumes the value of twelve throughout this series of
computations. This mixing process is carried out until the section of
lTowest pressure along the wake is reached, This also provides the ini-
tial condition for the subsequent recompression process,

Prior to the consideration of recompression, an average base pres-
sure can be determined from the momentum principle. One observes from
fig., 3 that the momentum principle, when applied between the base and
the section m, the end of the mixing region, readily yields

R
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g 6 h
- Jq " 142urdz + f;b2wrpu2dr + job2nrpu2dr (3)

and the average base pressure ratio, P /P, may be solved from the above
equation. In supersonic external flows, there is practically no pres-
sure varfation prior to recompression., Under this situation the shear
stress integral in Eg. (3) balances with the forward fiow momentum, and
the backward flow momentum is usually negligitle., Thus the base pres-




sure from fq. (3) would be equal to the uniform pressure prevailing
within the wake for supersonic flow condition. In transonic flow, the
pressure variation immediately behind the base is so severe that the
above expression is needed to give a more realistic estimation of the
average base pressure and the base draqg.

ggcompression follows essentially what has been developed previ-
ously“”, At each section the dimensionless velocity of the flow has a
profile of

b o= =gy e s+ (3(1-ay) - 25)cd + [5-2(1-0g) J2D
0« 5y ¢ 1 (4a)

above the dividing streamline, a Tinear profile of
" R
$ = 0 LI {0 < g, 1) (4b)

below the dividing streamline for the forward wake flow, and a cosine
profile of
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for the back wake flow, where
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The slope parameter, s, in Eq. {4a) is linearly coupled to ¢,, and the
proportional constant is evaluated at the initial section of e recom-
pression region. This manipulation assures the fact that both 4, and s
vanish together at the section of reattachment. A locally trigngu1ar
geometry was also assumed for the wake flow so that the wake center
1ine, which divides the forward flow from the back flow, shall also pass
through the point of reattachment as it should,

A system of five ordinary differential equations was obtained to
describe the process of recompression. They are given by

dR dR 4o dn do
a d d b b
AT ST S s
dce
= F‘i = F G‘I i=1...0H%8) (%)

The first two eqguations were obtained from the continuity principle for
the viscous Tlayers above and below the dividing streamline
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respeciively. The next two were the momentum relations for the ..o
layers and the last was derived from the condition of local triang.lar
wake geometry. Coefficients A, Bi...G; (see Ref, (23) for expressions
of these functions) are complicated functions of flow properties and
congitions., Eq. (5) describes the variation of the locations of the
edge of shear layer R_ ; the dividing streamline R, and its velocity u
together with the back flow height hy and velocity Uy throughout the re-
compression region. The turbulent shear stress along the dividing
streamline, which appears in terms G, and G,, is evaluated through an
eddy diffusivity which is related to that at the initial section of re-
compression by

e Yo 8y In * %p
- —= (=) (———) (6)
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where §_ refers to the shear layer thickness above the dividing stream-
line, and x. refers to the distance along the recompression region,
Perhaps it is worthwhile to note that with an integral analysis for the
turbulent mixing and recompression process, only the emperical informa-
tion of the eddy diffusivity along the dividing streamline is needed
throughout these regions,

From the recompression calculation by integrating the system of
equations, it was learned that the point of reattachment behaves as a
saddle-point singularity for the system of equations describing the
flow. For slightly different z, values, which, of course, correspond to
the different inviscid flow #ield, the dividing streamline velocity
would either decrease to negative values during recompression, before
the point of reattachment on the center line of tnes wake is reached, or
eventually break away from the trend of continuous reduction and start
to increase. In the actual calculation, since the establishment of the
inviscid flow field is time consuming, the value of z, was kept fixed,
and the saddle point behavior is observed from the fgct that slightly
different initial boundary layer thicknesses before mixing would lead to
widely different results toward the end of recompression., Fig. 4 shows
a typical set of results of calculations showing the different trends of
the normalized dividing streamline velocity, ¢,. To keep the computa-
tional effort within a reasonable level, one nﬁst attempt to reach the
point of reattachment through extrapolation at the end of recompression
when the initial boundary layer, thicknesses of two divergent trends are
within a small margin (e.g. 1077, when 5, is rormalized by R,).

Redevelopment of Flow

At the point of reattachment, the velocity profile has the shape of

b = 3c2 - 2c3

according to Eq. (4a). It is now assumed that throughout the regicn of
redevelopment, the velocity has the profile of

b o= b 4 (1—<bw)(3r.2
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where ¢ 15 the centerline wake velocity and z = r/é&_; S, being the
thicknefs of the viscous layer within the region of redese]omnent.

The continuity equation and the equation of motion within the
boundary layer formulation are

3(pur) . 3(pyr) _
T 5z ¢ = 0 : (8a)
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ewr) 2ol .. g2 2o (8b)
Upon integrating across the viscous layer , Eq. (8) readily yields:
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8 1is the streamline angle at the edge of the shear layer, and all inte-
g?als, I; through Ig, are only functions of c_, and ¢ . It is to be
noted that this integral analysis is equally valid for "iminar or turbu-
lent flows since the shear stress vanishes at both limits of integra-
tien. Indeed, the far-wake condition of

ae<1-%‘92= const (12)

is satisfied by both laminar or turbulent flows. It may be shown that
the system of equations given by £q. (9) with the assumed velocity pro-
file is compatible with this condition,

The right side of Eq. (9) contains the pressure gradient term which
is implicitly ltinked with the spread of the viscous layer into the al-
ready established inviscid flow region. This situation has already been
encountered in the upstream recumpressive flow descrived by E£q. (5).
Iterative solution procedures must be relied upon at each step of the
numerical integration if accurate results are expected,

It has been learned from this approach of the problem that the
fully developed flow condition presents itself as & saddle-point singu-
larity of the system of equations describing the flow. For a fixed 2
but with slightly different 6*  values, the redevelopment flow after
the reattachment will lead eft¥er to positive and ever increasingly
large dé§ _/dz or to smaller and eventually negative d§ /dz value. Nega-
tive d§ 9dz  also invariably leads to negative d¢t /dz, resulting a
reductiSn of wake centerline velocity., An example t% ilustrate this
phenomenon is shown in fig, 5, Both these behaviors are physically un-
relistic and the correct value of &* lies in between, This, of
course, is the typical behavior of a ?Egdle-point. It would be inter-
esting to examine this singuiar behavior in a more detailed manner, if
possible, It was originally anticipated that there is no need to carry
out this study in obtaining the transonic base pressure results.

Method of Calculations

For the present problem, it seems to be possible to obtain the base
pressure solution through computations with a straight forward scheme
described as follows:

For a given Mach number within the transonic range, the potential
flow solution can be established once the initial values of 2z
and &§* are selecked. As described previously, the boundary layer on
the p?aﬁecti\e is5 calculated frequently during iterations to present its
influence to the potential flow solution,

After the inviscid flow has been established, the mixing-recompres-
sion-reattachment computations are carried out., However, the already
established boundary layer at the hase may not be able tu yield a recom-
pression solution “passing” through the reattachment saddle-point. To
save the computing cost, such a boundary layer thickness having the same
power law profile at the base satisfying the condition of reattachment
is ftound through interations. Redevelopment flow is calculated after-
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wards, By adjusting the &* value repeatedly, the correct redeveloping
flow can be found to satis??ythe condition of fuily developed state, It
is, of course, understood that for each new value of &* , a new set of
calcuiations of inviscid-flow mixing-recompression-rea@fﬁhhment must be
repeated. The correct value of zp is thus determined from the thickness
matching of the boundary layer from the forebody calculations to that of
the recompression-reattachment calculations. A typical illustration of
matching is shown in Fig, 4.

It was later learned that accurate numerical integration of the
systems of equations of the present problem with two saddle points is
not a simple task. The systems of equations are non-linear and non-
autonomous. Furthermore, as a special feature of the problem, the pres-
surg gradient dc /dz implicitly depends on the growth of the viscous
layer (dr /dz and ds_/dz), while the growth of the viscous layer is ex-
plicity dépendent ufon the pressure gradient through Eqs. (5) or (9),
both in the recompression and redevelopment regions. [teration must be
amployed £o obtain reasonably accurate results. Uniform step length of
integration must be employed if smooth results are expected, This
matter is further complicated by the fact that the point of reattachment
must be established through extrapolation. Consistent results would be
impossible to obtain when the range of &* /R 1is successively narrowed
beyond a certain limit, [t {s obvious th3tY reluits of extraponiations on
two di fferent sides of the separatrix would lead to drastically differ-
ent flow conditions when the second saddle noint (fully-redeveloped
flow) is approached. The errar involved in iterations and probably the
grror margin for the potential function imposed for convergent inviscid
flow would all aftect consistency. It is thus obvious that any
additional work on the numerical aspect of the problem including also
the study of these saddle point sioularities would be very worthwhile,

A specific scheme based from momentum principle has been adopted to
extrapcliate and establish the thickness of the viscous layer at the sec-
tion of reattachment. It is discussed immediately below,

Referring to Fig, 7, where the location of reattachment has been
established through extrapolation, one recognized that a momentum bal-
ance would allow a check on the accuracy of calculations carried out so
far, since all quantities associated with the control volume including
the force on the bady are known. The momentum principle readily yields

2 (e
PR, = [, 2mrpdriy - Fp o=

z
f: Zm‘puzdr“R - nRi pmu:?D + j_i 2R pvudz (13)

with

- - 2 -
Fb = Jfore 2nrpdr - phwR0 + rfric. (14)

Eg. {13) can alsc be employed to determine the correct value of § at
the section of reattachment so that the momentun princip]ee is
satisfied, Although all terms in Eq. (13) outside of the viscous flow
region can be evaluated from the inviscid flow calculations, they can be




replaced by some of che terms from the inviscid flow considerations
associated with the equivalent body. From Fig, 8, where the same bound-
aries enveloping the equivalent body is shown, one may also write

2 e
PR, - jReb 2mepde - Fypy =
R z
ij 2nrpu2dr - nRiomui + ij 2nR_puvdz (15)
eb
with
Finv = Jfore 2mrpdr - feq-w 2nrpdr (16)

where eq-w represents the wake portion of the equivalent body. Upon
eliminating the common terms between Eqs. (14) and (15), one obtains

2
ACTAC I RO it
) . g 2R SR G, 2
55 r r
- Jagew 2 dlg) =
P 8g-W R0 P ?0

(1-c3) (1 - 1)1 (17)

where I, and [, are evaluated from Eg. (10) with o, =0 -

It has been found that R, (or § ) so established from Eq. (17) is
rarely different from the resu?ts obt§|ned from the linear extrapolation
by a few percent. For example, the solution case as presented in Fig.
A, & obtained from Eq. (17) is only larger than that from extrapolatiaon
by 157%, It is believed however, consistency of results has been im-
proved through this scheme.

Results of Calculations and Discussions

Computations have beeg carried out for the case of M_ = 0.9 at the
condition of Re, = 4 x 10 = 1 foot) with the stagnation temperature
of 580° R, The range of the inviscid flow calculation was from -2 to
+3, where the reference length is ZR' The reference length for recom-
pression-redevelopment calculations was R., and the step lengths of nu-
merical cdlculations were 0,08 R, and 0,0 in recompression and rede-
velopment. The value of I /D 1s obtained len thickness match and is
already shown in Fig. 6. The corresponding base pressure coefficient is

-0.141 (P /p_ = 0.92). Under this condition, Cq ¢4 = 00,0078, C
0.0273 and the toteal drag coefficient is 0.176. 6bv1ously, the %ﬁse
drag is the only predominant drag., Fig. 9 shows the pressure distribu-
tion finally estalished throughout the whole region. The experimental
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data on the forebody are also avai1able27 for comparison. The agreement
between the calculated resuits and the experimental data on the forebody
is quite goad. There is practically no experimental base pressure data
available for comparison, It should be noted that while the pressure
distribution on the forebody is precisely the result obtained for the
equivalent body, the pressure field realized in the wake region differs
from that of the equivalent body since the edge of the viscous layer is
already far away from the equivalent body, thereby resulting a more mod-
erate variation,

Figure 10 shows the path of the dividing streamline, the edge of
the viscous layer and the inviscid equivalent body established from
iterations. The resulting equivalent body geometry, which is obtained
from addition of the displacement thickness onto the path of the di-
viding streamline, is also shown for comparison. Other than a fairly
small discrepency at far downstream positions, the agreement betwsen the
two profiles is excellent., A fast growth of the shear layer and the
centerline wake velocity has been observed for all calculations in the
uarly portion of the flow redevelopment. However, the unabated rate of
growth further downstream is the behavior of the saddle point. For fur-
ther illustration, Fig. 11 presents the three adjacent sets of results
of redevelopment including the case of &* /R = 0.325. Obviously, more
accurate results at downstream positions 4% be obtained by further nar-
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It should be noted that the eddy diffusivity formulation both in
the mixing and recompression processes are probably not accurate., The
expression given by Egq. (2) is only true for fully developed flows.
Although the existence of the initial boundary layer on the mixing pro-
file development has been accounted for, the effect of the level of tur-
bulence due to the existence of the initial boundary layer should yield
eddy diffusivity somewhat higher than that given by Eq. (2). This fact
may be taken into account through an origin shift concept. The correla-
tion of the eddy diffusivity by £q. (A} for recompression is also more
or less based on geometric reasoning., Different levels of eddy diffu-
sivity would yield different results. Hopefully future improvement on
the estimation of the eddy diffusivity, e.q., based on the k-¢ turbu-
lence modeling can be incorporated into the analysis to yield more accu-
rate results.

The original,fomputer program for dealing with recompression proc-
ess was developed® with a slightly di fferent coordinate system and also
did not iterate within each step of the integration, This program was
modified to include intermediate iteration in order to produce consis-
tent results. Under certdin conditions, convergence of the iteration
within the step of integration became a preblem, 1t was decided that no
other results for different free stream Mach numbers shall be produced,
before the computer program is extensively revised for the present prob-
1em,

Extension to Flows with Small Angles of Incidence

The study carried out so far is for axisymmetric configurations:
thereby the flow must be at the condition of zero angle of attack,
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When the angle of attack is not zero, the fiow problem becomes
three-dimensional, Even under the situaticn of a swall angle of attack
the flow condition is so complicated that it seems to be hopeless to ex-
amine this problem on a simple basis. Athough the flow condition on the
forebody may still be examined from the calculation of the three dimen-
sional potential equation; even with the viscous flow effect possibly
taken into account if necessaryzg, the viscous flows of mixing, recom-
pression.reattachment and redevelopment behind the body are so compli-
cated that a clear visualization of the flow field within the wake is
difficulr, {f not impossible, It is certain that the dividing stream-
lines (descriminating streamlines) are not the jet boundary streamline
within different meridianal planes and open wake condition exists, A
certain amount of fluid mass from the external flow is fed into the wake
from the windward meridianal planes, while the same amount of fluid is
punped out from the wake along the leeward meridianal planes, Detailed
study of these problems can only be relied upon the large-scaled numeri-
cal calculations of the Mavier-Stokes equation,

Since the present analysis was based on an equivalent body concept,
under this situation, one cannot help to assume that the effect of the
small angle of attack to the viscous flow processes is small, Essen-
tially, it is to stipulate that the angle of attack will exert its
influence only on the equivalent inviscid budy which is already estab-
lished for the case of zero angle of attack., Hopefully, an inviscid
study of the flow past this equivalent body under small angle of inci-
dence would yield a crude estimation of the base pressure for these flow
conditions.

It should be stressed that although from the limited examination of
the available experimental data, this stipulation seems to lead to the
correct trend of the base prg&;ure response to angle of incidence within
the supersonic flow regimec’, it 1is purely based on speculation,
Whether this crude approximation is usetul in providing a reasonably es-
timation of the average base pressure under these flow conditions re-
mains to be seen, [t can only be checked out after experimental data of
this nature become abundantly available.
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Figure 1 The Geometry of a Six-Caliber Projectile

Figure 2 The Equivalent Body
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Figure 3 The Control Volume Related to the Definition of Base Pressures
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Figure 4 The Saddle Point Behavior of Reattachment
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Figure 5 The Saddle Point Behavior of the Fully Redeveloped State
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Figure 6 The Matching of tne Boundary Layer Thickness
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Figure 7 The Control Volume Related to Momentum Balance

Control Volume (inviscid Flow)
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Figure 8 The Control Volume Related to the Equivalent Body
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Figure 9 The Resulting Pressure Distribution for M = 0.9
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AXISYMMETRIC WAKES IN SUPERSONIC UNPOWERED MISSILE FLIGHT
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NOMENCLATURE

boundary layer thickness, m
boundary layer momentum thickn ss, m

thickness of mixing region, m

absolute pressure, N m'2

density, kg m-3

absolute viscosity, N sec m~
1

2

velocity, m sec”
radius, m
streamwise coordinate, m

local coordinate across velocity profile, m

shear stress, N m-e

Dimensionlass Quantities

C
Cp

Crocco number, M/(2/(y - 1) + Mz)l/2

drag coefficient
pressure coefficient =

specific heat ratio

Mach number

exponent of boundary layer prefile
Reynoids No. {further specififed in text)
shear stress function

eddy viscosity function

velocity ratio

velocity ratio for zero streamline

spread rate parameter for dissipative mixing region

—— el St e ol D i,




Subscripts

1 approaching {attached) houndary leyer

2 expanded (rotational) profile

5 at weke closure

" at match point of dissipative and rotationg! profile
d adjacent, freestream condition

b kase

. INTRODUCTION

The near-waxe flow bemind blunt -based bodres ol revclution has bdeewn
the subject, in trms order, of experimental, analytical ana computa-
tional studies. It has bdeen !l established experimentaily thdat the
problem is characterized by the strong 1nteraction of ynviscid ana vis-
cous flow mechanisms., In particular, both the external inviscid flow
and the details of the viscous layers appreaching the base are known to
determine the near-wake flow structure and with it the afterbody or

(base) dragl.

Analytical efforts can be c¢lassified with respect to the fashion in
which the viscous flow mechanisms are treated--similar to the distinc-
tion made in the classical boundary layer theory: Integral methods
(Crocco-Lees model) as contrasted by mechanical enerqy considerations
applied to individual streamlines {Chapman-Korst flow component
model). In this sense, the earlier studies of Zumwaltz, Mue!ler3,
Minyatov4, Mueller, Hall and Roaches, Mueller and Kaysers, among others,
belong to the flow component approach, while the work of Peters and
7 & and Chow and weng9

Phares’ is, formally, an integral method and Weng

combine certain aspects of both concepts.

Finally, entirely numerical efforts, such a. represented by Wray's
code, have demonstrated the capabilities of large computers to deal with
the base flow problems by establishing global solutions by means of
solving the Navier-Stokes equationlo. The above listed publications
have been selected not for the sake of presenting complete documentation

but rather to establish a frame of reference for the present analysis.
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2. NEAR WAKE FLOW MODEL

It has already been observed by Chapman7 that the method of char-
acteristics for axisymmetric flow does not atlow its extension toward
the axis of symmetry. While the actual wake flow does not encounfer
this "mathematical difficulty" as the recirculating flow will occupy a
finite diameter stream tube near the centerline, flow component analyses
which depend upon the method of characteristics had to circumvent this
calamity by ways of excluding the near axis region (trailing wake radius
ratio). Minyatov4 selected an averaged, experimentally extracted value
of 0.5 for the trailing wake radius vatio, while Muellerd based his
model treatment on the more detailed experimental values reported by
Chapmanl, observing that base pressures were quite insensitive to this

empirical parameter,

2.1 Flow Model for Base Flows in Unpowered Flight

The present analysis will not encounter this problem inasmuch as
the portion of the control surface near wake closure is placed just up-
stream of the region of terminal pressure rise and by treating the re-
circulating flow as returning at the pressure level of the base, fully
mixed., Thus the need for introducing a ficticous sting is replaced by
the option of discussing the effects an actual sting may impose on the
wake flow solution, see Fig. 1,

2.2 Viscous Compeonent Analysis

A second distinctive aspect of the present model is concerned with
the mechanism of viscous jet mixing. The importarnce aof shear Tayer
transition on base flow problems has long been established!! and must
attract due consideration in view of the direct observation of mixing
layer relaminarization? and the detailed information on the behavior of
turbulence in supersonic shear fTows strongiy out of equilibriuml3. The
proposed mode! treats the expansion of the approaching boundary layer,
(having a velocity profile exponent 1/N, a Reynolds number REl’ 6] and
a thickness ratio s/r, base) by the streamline expansion method. This
is fuilowed by a two-layer concept where the dissipative jet mixing re-
gion is developing in the rotational, but non-dissipative expanded
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boundary layer as a straight line profile having an initially laminar,
then turbulent exchange mechanism, see Fig. 2. Utilization of a locally
simi]ar14 straight line profile i1s consistent with the description of
the laminar and turbulent exchange mechanisms as related to the rate of
rotation of the profile s]opels, which in turn can be linked to the
spread rate parameter o which is reasonably will established. Selection
of a transition criterion is of importance and meager information given
by Chapman, Kuehn and Larsen}! is here interpreted by using the lower
boundary (disturbed environment) of the experimentally determined
transition Reynolds number versus Mach number fie1dl® ("natural
transition").

2.3 Recompression at the tnd of the Wake

Restriction of the model control volume to the constant pressure
region of the near wake places extra emphasis on the energetic formula-
tion for the wake closure, Isentropic recompression of the discriminat-
ing {stagnating} streamline has been assumed, together with the concept
of incomplete turning of the external f10w17. In the present case, it
has been found advantageous to utilize the Page criterion18 which, to-
gether with tne use of a straight line mixing profile, can be brought
into a very corvenient and simple to use guantitative formi%, 1t is of
interest to note that the present method, while conceptually different
from the concept of equivalent base bleed in dealing with the effects of
approaching boundary 1ayer518, generally does not produce different
trends in resu]tslg. One notable exception is in some preliminary
evidence that transitional shear layers wmay, under certain conditions,
cause limit cycle behavior of near wakes 13,
2.4 Inviscid Flow Field Representation

Observation of near wakes in unpowered flight, but even more so the
iestriction of the present model to the constant pressure cegion, sugy-
gests that the inviscid flow field can be analyzed with sufficient ac-
curacy by an approximate treatment based on a second-order solution to
the potenrtial equation for axisymmetric supersonic flows near centered
expansions, QOriginally developed to describe jet plume boundaries near




the exit of convergent-divergent nozz]eszo, the analysis is easily mod-
ified to deal with external flows past boattaiis and wakeslg. Even
though accuracy may be limited beyond downstream distances exceeding the
initial body radius, the convenience of the method makes it attractive
tc deal with short boattails and near wakes, see Fig. 3. The method of
sequential centered expansions also allows to treat non-uniform flows

approaching the afterbody21.

2.5 Component Synthesis

By utilizing computer programs dealing with the flow model as shown
in Fig. 1, one expects to obtain information on afterbody drag (boattail
and/or base drag), near wake geometry (location of the point of initial
prassure rise, x5, and the value of y5, which should be somewhat larger
than the trailing wake radius ratio), peak pressure ratio (somewhat ex-
ceeding free stream pressure--a special feature of axisymmetric wakes),
and "reattachment" conditions if a sting is present,

3. COMPUTER PROGRAM ARCHITECTURE

Three separate computer programs have been written and subsequently
chained together to provide the following (iterative) solution pro-
cedure:

3.1 Input Program ABIl

Program ABl1 is receiving all the input needed for obtaining a solu-
tion. A printout of the input is shown in Table 1. As can be seen, the
program is prompting to receive very detailed dinformation (even
differentiating between free stream Mach number and the flow conditions
approaching the boattail: approach Mach number, approach angularity, ac-
caleration and forebody curvature prowpted by the program, but not shown
in the printout Table 1--these parameters are needed for dealing with
non-conical boattails.) An initial seed for the energy level of the
stagnating streamline is alsoc req sted., This is expressed in form of a
fraction of the similarity value for fully developed mixing
profiles, J¢o (a value of unity would refer to a fully develeped mixing
profile and would also correspond to the case of vanishing boundary
layer thickness).



3.2 System Synthesis Program AB2

Program AB2 is iterative, starting with two internally selected
values of base pressures and determining such a value for which the
model component synthesis is sat:sfied for the given sting radius ratio
(normally zero for free flight)., e notices that this solutiorn, which
is still based on the seed value of J¢ entered in program AB1, yields
information on the wake geometry, and especially on the length of the
constant pressure mixing region,

3.3 Jet Mixing Program AB3

Program AB3 calculates the transitional jet mixing process using
the results of AB2, thus arriving at a new value J9 < 1 by interpolation
for the length of the mixing zone as determinad by program AB2.

3.4 Iterative Chaining of Programs A32 and AB3

Iterative procedure for determining the final solution consists of
the alternative use of programs AB2 and AB3, which will be terminated
if ABS(J¢1+] - J¢i) < 0.01, Table 2 shows the final result correspond-
ing .5 the input conditions listed in Table 1 while details of the jet
mixing profile development are given in Fig. 4,

3.5 Non-steady Aspects of the Near-Wake Problem

Under certain conditions, when the transition criterion as used in-
dicates a close proximity between the traniition location and the region
of recompression, alternating solutions for the wake problem appear in-
stead of convergence to a single configuratien., While the narrrowness
of conditions leading to such oscillations between two repeating soiu-
tions may not find quantitative support, non-steadiness of near wakes
has been observed under similar conditionsl3,

4. RESULTS

One must emphasize that the present treatment of individual flow
components and their subsequent integration into the overall model has




not required the introduction of special coefficients or factors to pro-
mote agreement between calculated results and experimental data. The
large number of parameters entering the calculations are merely indic-
ative of the flexibility of the method in dealing with a variety of con-
figurations and operational conditions. On the other hand, results will
have to be judged strictly on their merits and any agreement, or
disagreement, with experimental evidence will reflect on the correctness
of component treatment and synthesis., In this respect, the present
analysis must be considered a versatile tool, convenient in use, which
sti1l has to be applied to a wide variety of specific tasks to fully ex-
plore its potential and/or limitations.

4,1 Afterbody Drag Evaluation

Experimental data on base pressures behind axisymmetric blunt
bodies often lack the detailed information on the approaching fiow con-
ditions, especially on the boundary layer profile, as are required for
the proper analytical treatment. Indeed, speculative assumptions
concerning the initial boundary layer profile may have to be made’. The
ratio of momentum thickness to body radius together with the approaching
Mach number and a characteristic Reynolds number can determine the solu-
tion, provided that the boundary layer velocity profile exponent can be
extracted from this information, It is within these limitations that
comparisons between different analyses and experimental data are pos-
sible,

4.1,1 Cylindrical Afterbodies in Supersonic Uniform Flow

Shown in Fig. 5 is the relationship between tne base pressure co-
efficient Cp,b = (pb - pm)/pwui/z, base pressure ratio pb/pm and the
radius Y5 {which should be somewhat larger than the trailing wake radius
ratio) plotted as a function of the free stream Mach number. For this
diagram, a representative vlue of Jp = 0.85 has been chosen instead of
going through the full iterative sequence of computer program AB1l, AB2,
AB3.
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4,1.2 Cylindrical Afterbodies in Supersonic Flow--Influence of
ARpproaching Boundary Layer

It is attractive to view the results of the present analysis in
Tight of those reported by Peters and Phares7. Not only does this allow
comparison of the analytical solutions with each other and with exper-
imental data but it is also possible to critically examine the different
approaches taken in dealing with the jet mixing mechanisms as shall be
% discussed later in more det3il, Shown in Fig., 6 are the results for the
: base pressure ratic pb/pm as functions of the ratio of boundary layer
f momentum thickress to base radius for the free shear Mach number of 2,
One must recall that beth analyses require a more precise defin-
ition of the approaching boundary layer configuration than that usually
offered with experimental data. Also indicated in Fig. 6 is the choice
of transition criterion in program AB3 (which does not appear to have

PR ———

much influence in case of the free stream Mach number of 2.) However an
interesting resuit of using the “natural transition“ criterion 1s ob-
tained for a freestream Mach number 3.9: solutions alternate between the

l1aminar and turbulent near wake closure conditions,

4.1.3 Afterbody with Conical Boattail or Flare 1

Shown in Fig. 7a are the results of an afterbody drag optimiza-
tion study carried out for the approach conditions identified in Yable 1
for boattail angles of -4 (7lare) to +10 degrees and a boattail length
of one caliber. It can be seen that a broad minimum exists for boattail
angles between 4 and £ degrees. Base pressures are also plotted to-
gether with peak pressures, see Fig, 7b, the latter indicating cvershoot
over free stream pressure as will be expected for axisymietric wake
problems, Finally, Fig. 7c represents theoretical wake radius ratios
Tor the range of boattail angles. 1In this series of calculations, the
full iterative procedure was foliowed in determining the solutions.
Transition of the dissipative jet mixing layer was assumed to occur ac-
cording to the lower limit for RET,X as function of slip stream Mach
number as given by Chapman, et al.ll. This assumption wil)l now be scru-
tinized in light of never indirect and direct avidence.
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4.2 Transitional Aspects of Jet Mixing

The afterbody performance evaluations carried out with the help of
the iterative computer programs described in section 3 included, as an
essential feature, criteria for the transition of the dissipative jet
mixing region in the initially relaminarized expanded rotational shear
layer, This, together with the assumption of locally similar mechanisms
in both the laminar and turbulent dissipative regions of the two-layer
viscous mixing component, generated results which could be compared di-
rectly with other quantitative base pressure evaluations. These cri-
teria shall then be reexamined and confronted with detailed measurements
of exchange mechanisms, Subseqguently an interpretation of their meaning
for global computational exercises can be sought.

4d.2.1 Comparison with Other Quantitative Jet Mixing Models

The near-wake base pressure ratio solutions obtained for a free
stream Mach number of 2 and a boundary layer parameter
of 6**/RB = 0,01 showed only very slight dependence upon the choice of
the transition location, see Fig., 6. VYet the devalopment of the two-
layer mixing region as presented in Figs. 8a,b exhibits on first sight
startling differences. This is, of course, a visual effect caused by
the logarithmic presentation of the downstream coordinate x/&l. A closer
examination reveals that there is but 1little influence on RET,x
and J¢ remaining as the mixing layer approaches wake closure even though
the widths of the dissipative regions are different. The reasonably
close aqreement with theoretical results for finite initial boundary
layer thicknesses given by Peters and pPhares’! shall now be traced to a
common root,

4.2,1.1 Turbulent Reynolds Number

Peters and Phares’ utilized an empirical expression for an ap-

parent turbulent Reynolds number, based on earlier work of Mueller3 and
Tani%2 in the form Ry p, B = 390 - 433a-(0.495 x M),
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This can be compared directly with the results of the transitional
calculations of Program AB3, in equating
Rep = REq oo (a/0)(8/8) )/ (x/8)
where the ratio A/b = n/2 for the mixing profiles as specified in the
two different approaches. Shown in Fig, 9 is the relationship for RET‘p
as function of the slipstream Mach number only while Table 3 lists the
streamwise changing values obtained from the results of Table 4. As can
be seen, agreement develops with increasing distance from the point of
transition, For a jet Mach number 4,35, Peters' eguation yields 351,

compared with downstream values betweern 347 and 389 obtained with pro-
gram AB3.

4,2.1,2 Turbulent Cell Reynolds Number

Yoshikawa and Hraylo define and use for their global numerical
calculations an effective turbulent Reynolds number [R] based on a cha-
racteristic cell width AL, Again, there is a direct relationship between
the results obtained form program AB3 in the form

2
“) ESE:El_l]l/(Y") L X

RE. . =
C "(1-c. 9 1-0¢%C

T,oL

While Yoshida and Wray selected a value of [R] = 75 in order to
make their wake calculdtions agree with experimental data, program AB3
exhibits a strong dependency of [R] upon the downstream location but
also shows that the region 7 ¢ x/G1 < 10, where the mixing reqgion ap-
proaches wake closure at the sting, the value of [R] as selected by “cut
and try" appears to be well explained, see Table 5,

4.2.2 Comparison with Detailed Measurements of Exchange Mechanisms

[t has been pointed out before that reasonable agreement is found
between the results obtained with program AB3 and some simpler expres-
sion dealing with the turbulent wmixing process. This should not be en-

tirely surprising since the more detai‘ed treatment represented by the




transitional two-layer mixing model wuses experimentally established
spread rates for its locally similar turbulent velocity profiles, On
the other hand, it is attractive to seek a direct comparison with the
results obtained by Gaviglio, et, a1.13 as their measurement should pro-
vide needed insights. Surprisingly, the analysis carried out by the
present method led to a dramatic confrontation:

4,2.2.1 Indication of Near Wake Limit Cycles

Calcutations carried out for the higher Reynolds number ex-
periments RElaxx = 33600 and assuming ‘“natural transition" produced
iterative solutions which converged to yield a base pressure closely in
agreement with the mwmeasured value if the boundary layer profile
approaching the base had a velocity profile exponent of the order 1/8;
however, for values of N = 6, oscillating solutions have been obtained
which could be traced to the alternating appearance of trangitional flow
conditions approaching wake closure location,

4.2,2.2 Theoretical and Experimental Shear Stress Levels and Mixing
Profile Spread Rates

A1l hot wire anemometer measurements reported by Gaviglio, et.
al., have been conducted at the Jlower Reynolds number level
of RE16xx = 16,800 and it was attractive to compare their direct
measurements of local turbulent stress levels with results ubtained form
program AB3. Programming "natural transition", in particular, the re-
iationsip between the reported shear stres ratios Tj/T(O) where t©{0)
represents the wall shear stress of the ittached boundary layer before
separation, can be expressed in the form

2 2, 2

Yo 2Pl Gy
v{0) oC,. P 2 2. 2
fo ML c, ¢ 1-C%,

2

For the present conditions, where C¥ = 0.5141, C5 = 0.5854,
pz/pl = 0.5705, and Cg¢y = 0.0029, the program AB3 yielded the values
shown in Table 6 which, suprisingly fell about one order of magnitude
below those reported by Gavigli013. In addition, the measured velocity
profiles appeared to have a spread rate exceeding those expected from
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results of earlier observations, While the discrepancies concerning
the profile spread ratios could be reduced significantly by repeating
the theoretical calculations with the assumption of instantaneous
transition, the shear stress levels still could not be reconciled and
remain therefore unexplained. This is most startling since there was
reasonable agreement on the global near-wake data (base pressure ratio
and pressure recovery at wake closure), see Fig. 10. In any case, the
lack of support for apparently useful empirical and semi-empirical shear
stress models by direct not-wire measurements certainly deserves further
scrutiny, particularly in view of the remarks madel3 that the dividing
streamline was determined by the average location within a "randomly
fluctuating interface". The sensitivity shown in our own calculations
as to the exact boundary layer approach conditions together with the not
fully documented corresponding details of the experimental conditionsi3
clearly indicate where future efforts must be concentrated., Indeed, the

w23

occurence of "Tlapping instabilities of plane jets and jet boundaries

has been related to abnormally high measured mass entrainment rates and

broadening of mixing profi1e524’25.

5. CONCLUSIONS

A flow component model for axisymmetric base flows in unpowered
flight has been developed which directs attention to the influence of
transition in the jet mixing region developing within an expanded rota-
tional shear layer. Assuming locally similar dissipative straight line
entrainment profiles superimposed on the inviscid constant pressure
slipstream contour, the region of pressure rise is excluded from the
analysis by utilizing a semi-empirical wake ciosure criterion based on
isentropic recompression of the stagnating streamline to a pressure
level prescribed by the concept of incomplete turning of the external,
inviscid flow. Since the recirculating flow is re-entering the control
cross section at constant pressure, there arises no need for introducing
a ficticious sting; instead, the effects of actual sting supports can be
evaluawed. Since tne flow fields as represented in the present model
extend over distances not much exceeding the afterbody radius, the
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treatment of the external slipstream past boattail and near wake is car-
ried out on the basis of a second-order solution of the potential
equation replacing the conventional method of characteristics for
axially symmetric supersonic flows. By utilizing this approach in the
form of a method of sequential centered expansions, it is possible to
handie a large variety of afterbody geometries with uniform or non-
uni form approaching flows. Computer programs have been devel:=ped which
arrive at entire flow field solutions in a few iterative steps and pro-
duce detailed quantitative information on the transitional exchange
mechanisms, thus providing potential support for global numerical fluid
dynamics exercises. In this respect, the proposed model is elevated
from serving as a convenient tool capable of dealing with a large
variety of practical performance parameters to the level of an instru-
ment to be used for exploring the controlling mechanisns,
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Table 2 Near Wake Solution for Input Conditions in Table 1
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Analysis and Modeling of Plume Effects on Missile
Aerodynamics--An Overview

H, H. Korst
Department of Mechanical and Industrial Engineering
University of Illinois at Urbana-Champaign
Urbana, TL 61801

1. OBJECTIVES

The cobjective of evaluating missile performance falls into two main
categories:

1. Internal tlow analysis which includes the burning conditions in
the rocket chamber and the expansion of the propellant gases in the noz-
zle, and

2. External aerodynamics concerned with 1ift, drag, and moments
acting on the entire missile body.

[t must be generally expected that the propulsive jet exiting from
the nozzle will interact with the external flow in various degrees and
modes affecting both propulsive efficiency (e.g. as a consequence of
base drag) and aerodynamic performance. 1In serious cases of plume in-
duced flow separation from the afterbody and/or control surfaces, cal-
astrophic trajectory degradation may be encountered.

A thorough understanding of the physical phenomena is needed to de-
velop predictive and interpretative capabilities through analytical and
experimental methods.

Figure 1 gives an account of different types of activities in sup-
port of these general objectives. [t is the purpose of this symposium
not on.y to examine the state-of-the-art and individual achievements of
hese different approaches but, what appears to bde more important, to
define the needs for and specific benefits expected from cluser
coordination of all these efforts, Without going into such details as
will be brougnt forth in subsequent sessions, it can be stressed that
the {entral issue rests with the predictability of prototype per-
formante., Conscquently, the peripheral and therefore supportive activ-
ities must be examined with respect to their ability, or potential, to
deal with all pertinent parameters and variables of the flight per-
formance, Since it will be seen that this is generally impossible, a
critical evaluation of realistic objectives and limitations inherent in
thia di fferent methodologies is in order. At the same time it will serve
the purpose of the symposium to emphasize the mutually supportive po-
tential of cooperative programs.

As suggested by Fig. 1 the merits of peripheral activities (A),
fnalytical: (t), Experimental: and (C), Computational, are to be ex-
amined indiviaually, in relation to each other und, most of all, with
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respect to their potential of predicting or explaining prototype per-
fermance. The nature of the supporting activities shall now be dis-
cussed in chronological order of their development.

1.1 Experimental Programs

{n absence of any viable theoretical concepts, the near wake prob-
Tam orig{nal]y had to be studied with strong reliance on experimental
evidence*, Going beyond the gathering of empirical information, the
fundamental observitions of Chapman concerning the im%ortance of
transition in appreaching, free and reattaching shear layers® yshered in
an era of analytical approaches. This work drew special attention to
essential details of the overall flow problem and logically led to the
delineation of compunent mechanisms, their interactions and their sub-
sequent synthesis int¢ overall systems evaluations, In turn, exper-
imental activities received guidance from analytical insights gained and
could then focus on both component and system testing,

Indeed it was up to analytical methods to furnish a rational bhasis
for the pguper modeling of plume interference effects in wind tunnel ex.
perimants”,

1.2 Analytical Models

Developed in early 1950, such models stress the iwmportance of
strong interactions between inviscid and viscous flow mechanisms,

Two major generic concepts have been pursaed, namely integral
methods (following th% gppruach of Crocco and Lees®™), and the component
models (Chapman-Korst2'*®) and its derivatives, A& comprehensive review
of 1ﬂu§ ersuing developments has been made by Carriere, Sirieix and
NDelery’.

One observes that the physically perceptive features of the com-
ponent models draw immediate attentlion to both their merits and short-

comings: While delineating all individual flow processes in detail,
they do not equally well in dealing with their interactive modes,
especially in the region of wake recompression, Even though the

Chapman-Korst model gives proper attention to the energetic aspects of
individual streamlines, the wake closure condition exhibits some well
driderstood, yet uncomiortabie, complexities. This can be iliustrated by
the formal adapcation of the second law of thermodynanics to the re-
compression process of the stagnating streamtine,

The ana]ysisﬁ whiun assumes the preponderance of transversal ex-
change mechanisms, a Prandtl nunber of unity, the validity of Crocco's
integral and isoenergetic conditions throughout the reattachment zone,
shows that the process of recompression is nearly isentropic In this
respect, the ‘“escape criterion® as originally stated5 eine rqes
directly. lowever, while the esse9t1a1 validity of the isentropic com-
pression process has been veritied’, it is the elusiveness ot pinpoint-
iny the pressure level at the ‘eattachment point--the environment

{
1




against which the flow above the stagnation streamline has to exit and
where the local value of the availability function cannot be gegative--
which obscures the issue, This was recognized at the outset™, but en-
tirely enalytical solutions to resolve the problem have not been found
despite nmuch efforts.

Reverting to the physical aspects of the recompression component,
the concept of incomplete turning of the adjacent inviscid tlowfield
(and the possibie moditfication of the impressed pressure field by
streamlyng curvature in the viscous region) has been explored with some
success’*?. While addressing itself to an essential and actual teature
of the reattachment process, empirical formulations had to be re-
tained,

1.3 Computational Fluid Mechanics

The availability of high capacity, high speed digitdl computers, to-
gether with the development of efticient algebraic algorithms has en-
couraged large scale numerical efforts directed to the solution of tlow
problems heretofore untractabla, No loager depending, in principle,
upon the simplifications introduced by boundary layer approximations,
the numegrical simulation of entire flowfields dealing with {nviscid-
viscid interactions as well as with elliptic, parabelic, and hyperbolic
regions of flow interdependency in a qlobal sense dppears to be in
reach, Yet trom a physical point of view, certain stringent impediments
become immediately apparent, namely:

1. The need for adaptive grid geometries with localized very high
raesglution requirements,

2. The need tor accurate quantitetive intormation on viscous mech-
anisms, and

3. The avgilability of substantial computur time on the wost
powertful machines.

An gdditional concern wnerges trom the observation that near wakes
(especially those having transitional frev shear layers) may exhibit es-
sential nun-steady features in the sense of short duration limit
cycles,

2. INDIVIDUAL CARPABILITILS AND RELATTONSHIPS BETWECN DIFFERENT
PREDICTIVE METHODS

In the following, an attempt is made to categorize the tasks and the
Jimitations dmposed on  analytical, (A); experimental, (E); and
computational, (C) eftforts. This is presonted in the form of Tables 1,
2, and 3,

Table 1 evdluates and compares analytical versus experimental
proarams; Table 2 is concerned enth computational versus analytical:
Table 3 15 concerned with computational versus axperinental

o e o e o bmrn e e .

b




activities. Evien though these tables may lack some additional and
possibly important criteria, they can serve to identify areas ot mutual
interest and interdependency. A few specitfic problems shall now be
discussed,

Figure 2 shows a Schlieren photograph of a complete missile
contiguration including a tinned boattail tested in a supersonic wind
tunnel at Mach 2.0 at an gangle of attack. The complexity of the flow is
well borne out and points directly to the principal difficulties to be
encountered in etforts of both categories (A) and (C). VYet there are
two serious limitations in experimental programs which may effect the
direct applicabilicty of aerodynamic performance parameters to the proto-
Ltype:

1. The problem of scaling a Reynolds number influence which is of
spaecial  Jwportance when transitional wake flow components
become an issue,

2. The problem of plume simulation--(correct plume effect
simulation is needed when wind tunngl operations do not permit
the use of actual propellant gases),

2.1 Analytical versus Experimental bftorts

As sugyested in Table 1, these questions can, in priaciple, be
studied (at least in an approximate manner) by utilizing analytical
modeling schemas, On  the other hand, dmprovements 1n anaglytical
modeling can only be expected by extracting detailed information from
component and tull configuration tuesting in wind tunnels,

2.2 Computational versus Anglytical Efforts

Table 2 uddresses the comparison between eftorts of cateyories (C)
and {A). In some way the limitations appear to be of similar nature,
yet they present evidence indicating that computational ettorts have so
far not yet coped with tha very servous problems reldated to turbulunt
mixing in shedar layers strongly out of equilibrium*", In particular,
the initial shear layer development atter strong expansions  and
compression leads to grid iiiq assignment problems which have not been
resolved in needed detaill’»1 Fiqure 3 strikingly demonstrates the
disappedarance of coherent structures generated in the attached boundary
Tayer and the development of a fﬂw transitional free shear layer for a
tlow nedr an expansion corner while Fig., 4 gives an daccount of the
correiﬁoqqinq jet.mixing‘calculatlons based on a transitional two-layer
model 7, [t is of interest to note Lhat the analytical turbulent
cell Reynolds numbers can be determined®” which bufqne could only be
utilized in a crude parametric trial and error fashion's,

2.3 Computational versus Experimental Ettorts

Tuble 3 gives a direct comparisor between activities (C) andg (F).
Tasks and limitations of both methods have already been identified in
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the preceediny sections but the correspondence of eftorts dealing with
global flowtield presentations becomes more clearly detined.

3. SPECIFIC EXAMPLES FOR TNFORMATION INTERDEPENDENCY

The exchange of information is indicated by reterence to the
identifying symbols (A), (E), and (C).

3.1 Needs of Computational Fluid Mechanics

Chosing as a tocal point a most recent dq? rep: asentative eftort at
NASA, Ames Field Research Center, by Deiwert®?, one notices the direct
reference to an expTEimentdl program carried out at FFA, Hromma, Sweden,
by Agrell and White*" which leads to the following comments:

1. The adoption of an initial grid puint system contorming with a
Schlieren picture (a5 a computer-cime saviny teature) is
immediately recognized, (E) + (C).

2. Assumption of conical source flow emerging from the propulsive
nozzle cannot be accepted since it is well kpown that the
throat yeometry can strongly effect the tlow field near the
nozzle exist, see Fig. 4, (A) «+(t) + (Cj.

3. Initiation of viscous jet mixing, resulting from the expansion
ot the nozzle tlow near the nozzle 1ip deserves close scrutiny
in view of the well documented, but seldow coqﬁiduned. hehavior
ot turbulent flow strongly out of equilivbrium*-,

4, Strongiy expanded shear luyerfﬁnmy produce an imtially laminar
Jet ent rainment region®”, subject to subseyuent
transition, (L) » (A) =+ (0).

5, It 15 well known that the transition location signiticantly
effegts the recompression mechanism at the end of the nedr
wake~, (£) + (A) = (C).

b The recompression mechanism itselt 1y controlled by turbulent
moment um exchange not reprosented by equilibrium
conditionst’, (£) + (C).

7. As shown in Fig, 2, the complexity of flowfields representative
of  prototype misstles in flight  will  generally  impoge
insurmountable  diftficulties to  both  computational and
andalytical effurts,

3.2 deeds ot Experimental Progrdms

To 3allow prediction ot ovverall prototype performance, the problems
of proper plume simulation and Reynolds number scaling must be carefully
examined, Here, experimental programs need direction and suppurt trow
analytical and computational methods, (A) + (0) » (L),

e



1. An example of closely coordinated activities for determining
the feasibility and merits of a matnematical modeling scheme
tor  plume interference effacts is illustrated by an
oryani zaticonal chart, Table 4, Preliminary results obtained yn
a hot Freon 22 facility at the FFA have been encouraqing1 .
The importance of accurately defining the flowfields near the
nozzle lip has been tully contirmed, (A) + (E) + (A). On the
other hand, jet temperature eftects are still subject to
analytical interpretation, (A) ++ {£).

2. Reynolds number effects fall into two distinctively different
categories, namely the scaling of attached, neariy equilibrium
viscous layers, (A) + (E) and () + (), and the more sensitive
problem of how to deal with transition and turbulence under
“strongly out of equilibrium" conditions. The present state-
of-the-art in this matter is unsatistactory in sTch as the
strong evidence tor the importance of the problem©:* " 8{s not
yet  complemented by  adequate  quantitative  tormulations
permitting tully predictive modeling,

3.3 MNeeds of Analytical Modeling

The capabilities and limitations of <omponent models are well
enough understood to restrict the analysis to cases where distinction of
individual model wmechanisms s retained, But, as indicated in the
preceeding sections, this 1s also the strength of analytical modeling:
to identify dreas ot tlow component testing and allowing the rational
interpretation of such results for subsequent cowponent inteqration, In
this respect, the exchange of {nformation can be identitied by the
sequences (A) » (E) + (C) and (A) + (E) + (A).

4, CONCLUDING REMARKS

Interaction between anulytical, experimental, and computationd)
aftorts iy needed to  improve predictive and/or interpreatative
capabilities tor protutype applications,

Specitic areas and topics requiring coordinated planning and
subsequent exchange of intformation have been identitied and examples for
already existing cooperative eftorts hdave buen prusented,

Tae present sywposium covers a4 plurality ot approdches but should
also werve to underline the unity in purpose leeding to bebter defined
and organi zed cooperation,
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Comparison of Analytical, A, and Experimental, E,

Modeling of Missile Prototype Aerodynamics

Cempanent Analysis,
Companent Synthesis

Table 1
i
Tasks
Limitations
- (i) Geometry
Lo (13) Inadequate
C compunent
treatment
(iii1) Component
merging
e (iv) Scale effects

(v)

:? . (vi)

et

C o
R
A

Plume analysis

Cost

A

yes

yes

no

no

E

Component Experiments,
Full Configuration
Modeling

no

no

no
yes

Correct Plume Modeling
Required

yes
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Table 2 Comparison c¢f Computation, C, and Analytical, A,
Modeling of Missile Prototype Aerodynamics

Tasks C A
Global strategy Overall component synthesis
(Regional) Model-  Component analysis

ing of inviscid-
viscid intaractions

Limitations
(i) Geometry yes yes*
(i1) Inadequate
accuracy
of component
treatment yes yes
(ii1) Component
merging no yes
(iv) Scale effects no no
(v) Plume analysis no no
(vi) Cost yes no

*Underlining stresses the comparatively stronger limitations.
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ADVANCED RESEARCH/ANALYSIS OF PLUME IRDUCED INTERFERENCE FLOW

Robert A, White
Department of Mechanical and Industrial Engineering
University of Il1Vlinois at Urbana-Cr 'wpaign
Urbana, [1linogis

ABSTRACT

An anslysis of the relation between rochet plumes and the induced
separated flow is presented wnich emphasizes the necessity for a com-
plete understanding of tne plume shape and surtface Mach number in the
vicinity of the nozzle exit plane. The internal nozzle tlow s shown to
be an fmportant factor in determining the initial plume contour and that
the common assumption of ¢onical tlow can lead to improper wodeling pro-
cedurvs and dnomalies 1n test results which are difficult to explain.
Proper modeling procedures to daccount for the plune and its interaction
with the treestream flow including eftucts of the nozzle, separation and
design point considerations, and recompression are also included. The
range of applicability of the methodaology is discussed and related to
ongoing experimental investigyations,

NOMENCLATURE

Seromet ¢
] toregbody diameter, m
L hoattail length. m
« angle of attack, deyg.

buattail angle, dey.

Noezle

R exit ot 1ip radiug, m
R* throat radius, w
Rg radius of throat wall curvature, m
HL conical divergence angle, dey .
Pot staygndtion pressure, Mpa
Pe freestream static presure, Mpg
ME rreestrean Mach No,, dimensinnless

Ve specific heat ratio

o



Nozzle flow

ML 11p Mach No., dimensionlesst

PO noZzle stagn-tion pressure, MPa

PL 1ip pressure, Mpa

To) nozzle stagnation temperature, °C

Y speci fic heat ratio, dimensionless

w Prandtl-Meyer ingle corresponding to M, dey,
Plume

M critical Mach No., dimensionless

Mg surface Mach No., dimensionless

RC initigl surface curvature, m

e RC/RL, dimensionless

eF initial surtace slope, duyg.

9 local plume surtace slope, deq,

w: Prandt 1-Meyer angle corresponding to M., dey.

Wake conditions

Py wake (base) pressure, MPa
S separation distance measured trom end of boattail, m
Subscriuts
A air
I Froon
M mode 1
P prototype
INTRODUCT 10N

The papers in this segient of the symposium represent a coordinated
presentation on the role of design and modeling on the prediction of
missile drag and stability. The inter-relationsips of theory, design,
and modeling to prototype development and eventually operational ve-
hicles is shown schematically in Table 1. Hote that wodeling, particu-
Tarly with respect to wind tunnel testing, spans the entire development

tConical source flow assumed; otherwise nozzle geopetry and lip
conditions have to be specifiad in qreater detail”,




Vitetime of a missile desiyn., The broad overview of the tirst paper
pointed to the importance ot advanced research and analysis methods.
Their role in the overall structure is also established in the matrix of
contributions of Table 1, The next presentation will discuss the latest
experimentdl results on the methodology presented in this pdaper and how
they tit into the past® and present programs of wind tunnel testing,
verification, and range of applicability,

The interaction of rocket or jet plumes with the external tlowtield
and surrounding 1$unch equipnent or adjacent surfaces is crucial to
system performance®, Such interactions determine the nedr wake base
pressure and temperatures, the tlow over portions of the vehicle surface
in the case of upstream external flow separation, the wake flowtield at
anyle of attack, afterbudy mounted control surtace eftectiveness, and
lTaunch equipaent pertormance, Thus, the plume-slipstream intertference
tlowtield atfects aerodynamic pertormance by introducing drag penalties
through lower than ambient base pressures or ledads, 43 the ratio ot jet
stagnation to ambrent pressure increqses as for highly accelerated ve-
hicles, to plume-induced separdtion’, In extreme conditions, such
separation cap lead to lovs of stability and/or degradation of control
ettectiveness ,

The understanding ot plume 1nduced separation is consequently a
vital factor in missile design, (hee agoin referring to Table 1, it can
be seen that the design and wind tunnel testing phases dominate early
portions of model and prototype work. Both the analytical and wind tun-
nel test proygrams also must be viewed as crucial tuture coniributors to
improved theoretical models and the rapidly expanding tield ot computa-
tion fluid dynamics {(CFD) which is still strongly dependent on experi-
mental results for guidance’,

The generation of rocket or jet plumes in wind tunnel investiya-
tions must, consequently, account tor all gr part of the tactors daffect-
ing the induced flowfield, see Fig, 1, including plume shdpe, plume de-
tlection, mass entrainment along the shear layers, wake closure (im.
pingement.), viscous etfucts, temperature, 1nfluence of specitic heat
ratio and molecular weight, and temperdture. The difficulty in attempt-
ing tu simulate all of these parameters simultaneously is well known®
and indeed a research program to determine and validate simulation tech-
niques for special conditions such as thoge of the cryoyanic National
Transonic Facility (NTF) has been suygested’. Since all parameters can-
not, in general, be simylated simultaneously in a4 wind tunnel, it be-
comes essential to determine the importance of the yndividugl factors
discussed above, This informistion has, in general, been lacking al-
though recent simulation studies* have contributed strongly tao this area
of knowledge dand strictly empirical correlations have been suggestod
tor specific applications such as the space shuttle,

This presentation discusses the dnalyt1c$1 methodoloyy ftor proper
plume modeling as sugyested by Xorst and Deep”’ and its initial and on-
going experimental veritication®. It then examines new research and
dnalysis which has pointed to improvements and clarifications in the ap-
plication of this methodoloqy which dre essential for proper modeling
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between prototype and wind tunnel models. The toliowing presentation
will examine additional experimental work underway to further support
the appropriate basis tor modeling of plume induced interference
t1ows.,

Analysis

White rocket testing has long recognized the need for some method
ot producing & plume, or 1ts equivalent, the success of, and understand-
ing of, the approaches utilized has had a rather non-uniferm history.
This is despite the fact that a basic understanding of the probiem and
even the establishment of relations accounting, in principle, for the
inf}BenCe of all pertinent variables was given 2?5 years ago by Korst, et
al.*™, The importance of generating the correct jet piume geometry has
been stressed in prior effarts to establish wmodeling ]TYS etween pro-
pellant gases having dissimilar specitic heat ratiosn' vl This was
brought about by at least the partial recognition of the tact thdat
wodeling of plume interactions requires qeometrically congruent jet
boundaries, correct pressure-rise jet boundary detlection chdracteris-
tics, and similar mass entrainment chdracteristic along the wake
boundaries.

The geometrical requirements, however, were only giVenH in terms of
the initial expansion angle of the jet, o.in Vig, 1, This may be suf-
ticient to deal with cases in which plume-induced separation is not
present and where there is little initial plume curvature, see Fig, 2,
bul not for high engine to freestredam prassure ratios typical of highly
accelerating missiles., For cases with piume 1nduced separation, how-
ever, 45 in Fig, |, ddditional constraints, both geometric and dynamic,
are obviously necessary.

Recently Korst and Deepg propased a modeling technique which dallows
the matching of buth the initial deflection angle and tne plume shape
through its local radius of curvature, see Fig, 3. Initially a second
order approximation tor dealing with ax1smiYSric centerad expansions
wds used tor calculating the plume curvature'* >, This approach in cun-
Junction with conditions at the nozzle outlet allows for sweeping sim-
plifications in interpretation of the results if the rozzle flow can ne
assumed to be Yocally concical., The Tatter was assumed to be reasonable
for typical protobtype nozzles of relatively high Mach number, although
it was recugnized”? that this may not always be truly repraesentative par-
ticularly for wind tunnel uwodels. While such a generalization is not
correct in many cases, the ogverall conclusions relcetive {¢ the modeling
procedures remain correct, An improved analysis will be discussed later
which removes the conical flow restriction albeit with additional com-
putational complications,

The methodology of Korst and Deep leads to a corresponding tamily
of norzles hased un prototype specitications, wnich have the same plume
houndar - geometry (congruent plumes), While these plumes are all of
similar .hape to the prototype plume, the selection of the one which
will sati fy the near wake dynamic conditions remsins to be de-
termined, This selection is hdsed an the onp remaining free parameter




in the solutions 4after having satisfied the geometric constraintsg.

This remaining specitication can be tied to the impingement QE“CESS
(recompression) or other wake characteristics such as entrainment

The documented importance of the effects of plume stiffnuss1 i.e,
plume surface pressure deflaection characteristics, underscores the im-
portance of selecting plume flexibility as the remaining parameter for
the simutation process. Yhus having selected the recompression process,
as represented by the linearized (weak shock) approximation for the
pressure rise streanline deflection relatiun, i.e.

U 15 /O )40 = Do /0 5 - 100 )

it is possible to determine model nozzle exit coanditions in terms of
local Mach number dand nozzle divergence angle which will quoumetrically
duplicate the jet contour produced by the prototype (including a dir-
ferent specific heat ratio) as 1t expands from a given nozzle to
specified ddjacent conditions that is (refer to Fig, 3):

eF.m * 0F.p Con = rC.p (2)
with subscripts p and m for prototype and model, respectively.

and locally r

The mass entrainment characteristics of the separated region bound-
iny shear Vayers will generally not be simultaneously satisfied, While
this ergect is generally ot second order compared to the recompression
g§°cﬁ?3 see Table 2, corrections can be made it necessary by wake mass

B

With the simulation concept established, it s necessary to select
the type of wake, see Figs. 1 and 2, to be investigated in order to es-
tablish the design operating pressure ratio. For plume induced separa-
tion, d given prototype afterbody pressure distribution due to non-
separated external flow can be determined and from which it is possible
to estimate the pgtssure rise due to sepdration by using intformation on
tree interactions in Lhﬁ presence ot disturbances such as local sur-
face slope discontinuities®’, The resulting plateau pressure determines
the wake regiun prassure and consequently the prototype jet surtace Mach
nunber, Thus the prototype conditions, i.e, nozzle tlow and jet
surfacv Madh number are all known and the model nozzle exit conditions

an% L, as well as model jet surtace Mach nunber wmay be de-
te?mlned Kt this design point, Eq. {(2) and the plume streamline de-
tluction churacteristics will be satisiied, Eg. (). The model con-
dition of using air or nitrogen to simulate hot, low specitic heat ratio
propellant gases, leads to nozzles which are of lower Mach nuuber with
substantially reduced stagnation pressures which simplities testing for
plume induced separation.

An example ot the modeling procedure is seen in Tig, 4 fur a Mach
2.6 prototype conical nozzle with exit half angle of 1§ degrees uand
specific heat racio ot 1,16 and the resulting model nozzles for air as
the gas. Both nodel nozzles are of lTower Mach number and swdller exit
angle. The Mach number 1.41 nozzle is sufficiently short that it would
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be anticipated that detailed throat and complete nozzle calculations
would be necessary to define the plume and that the conical flow assump-
tion would be invalid. This will be discussed in more detail in the
next section.

For off design operating conditions, it woulcu be expectedl'9 that
only the more stringent condition of plume slope matching needs to be
retained. This would appear to be particularly correct for plume in<
duced sepdaration where the pressure level in the wake is primarily de-
termined by the slip stream separation pressure rise, Thus in the
vicinity of the design point, it should be sufficient to retain

% . " %F,p (3)

and the angular relation

e T 0 T pteLp T4 Mt YELM (4)

Since the nozzle flows and therefore 8 . A s and w remain
identical for design and off design opera&?%n, &n@ exbe&ts tha%'ehe wak e
pressure ratios shall sti1l be c¢losely modeled; hence,

pb/pElD = (pb/pE)m = f(Pol,m/poE) (5)

Thus one tinds the praessure ratio for the prototype flow from the
Prandt1-Meyer relation

"o T Flprur p) ()
and the identify

Pot,pPot = (Pol,p/pb)mF Py /PE) (7)

Consequently, for each modeled flow experiment series for which the re-
lation

(pb/pE)m = f[ME(poI,m/poﬁ)'Ym] (8)

has been established, the corresponding gperating condition of the pro-
totype tlow can be determined,

The transfommation of model and prototype results into the appro-
priate plane is shown in Fiq._ 5 for results reported in®., Figure 6
shows the data of Korst, et al.lin the prototype plane as correlated by
Eq. (8) and the agreement in base pressure between the prototype and
model nozzles is seen to be excellent and extend on either side of the
selected design point.

3, ANALYSIS MODIFICATIONS
The discussion of the previous section and nozzle desiyns presented

emphasized ideal conical flow for the internal nozzle flow although the
possible Timits to its applicability were stressed. For the prototype




nozzle, Fig. 4, ideal conical flow had been assumed due to its rel-
atively long length and high Mach nunber although detailed calculations
were carried out for the two model designs., The plume shapes for the
three nozzles are shown in Fig, 7 and are seen to be essentially con-
gruent, bhoth in terms of plume surface, shape, and Tocal slope, In
actual wind tunnel tests (details of the experimental results are pre-
sented in the next paper) the two air (model) nozzles were found to
agree closely but the agreement with the prototype data was less satis-
factory.

Initial efforts to explain the difference facused on the mode! noz-
zles, the Mach number 1.41 nozzle in particular, due to its short length
and to difficulties in providing good stagnation inlet flow in the wind
tunnel model, Improved internal wind tunnel model flow to the nozzles
and careful calibration resulted in no improvement in agreement. The
strong effect of throat curvature pointed to in the previous paper, Fig,
8, suggested that it may be appropriate to examine the internal flow of
the prototype nozzle and its effect on the plume shape.

Figure 9 shows the plume for the prototype nozzle for the ideal
conical flow assumption and for full calculations using the method of
characteristics plus centered expansions. The latter is required to cb-
tain the initial radius of curvature at the actual nozzie lip where the
characteristic net 1s not sufficiently fine to accurately predict the
local curvature, The conical flow assumption is seen to produce a plume
with greater initial curvature, leading to significant differences in
plume surface slope and radius in the vicinity of the impingement point
for cases with plume induced saeparation, Figure 10 graphically
demonstrates the problem by comparing the soclutions for the model noz-
zles with the same initial detlection angle as a function of initial
curvature and Mach number. [n the range of acceptable solutions in-
dicated in Fig. 10 the M, = 1.55 and 6, = 7,095 degrees nozzle has bheen
selected for comparison to the ideal cohica11y based nozzle of ML = 1,41
and OL = 3,070 degrees.

Thus, the original model nozzles were both correctly nodeled, and
hence the agreement of the resulting test data for these two nozzles,
but for the wrong protoype plume. The plume shape for the M = 1.55
and 9, = 7.095 model nozzle and the actual plume shape of the prototype
nozzl& are shown in Fig. 11. The agreement in shape and surface siope
obtained using non-ideal flow calculations is seen to be excellent.

Based on these results it is obvious that the interval flow in both
prototype dnd mgydel nozzles must be examined in detail including local
accelerations in the vicinity of the nozzle exit due to disturbances
along characteristics emanating from the throat and over expansion at
the intersection of throat wall curvature and conical wall section, In-
deed the local wall curvature to throat radius ratioc alone can cause
significant differences in plume shape~ as seen in Fig. 8. Thus proper
plume modeling requires a caraful examination of the internal flow of
the proposed designs if the correct plume shape is to be obtained.
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4. CONCLUSIONS

The resulits of ongoing analytical and experimental studios on plume
modeling have lead to a strong interchange of information, Table 1,
providing explanations for cbserved test conditions and pointing to im-
provements in the modeling procedures. This type of relationship
demonstrates the value of such programs and the need for closer c¢oopera-
tion between the triad of contributions, analytical, experimental, and
CFD. The cooperation between those working on the analytical modeling
methodology discussed in this paper and experimental program sponsored
by ERQO has proven to be mutuelly beneficial. Simultaneously, it has
shown that the concept of modeling by congruent plumes of proper pli-
ability leads to the correct simulation of plume induced flows without
the necessity for multiple empirical correlating factors.,

The latter factor is particularly significant since the hope of ac-
curately computing, CFD, the complex flow fields of the type shown in
Fig. 12 or determining practical empirical correlating parameters for
such flows is at this time at best remcte., The design of such vehicles
will consequently rely on wind tunnel testing and proper plume simula-
tion for the foreseeable future., The limits of the applicability of
modeling by congruent plumes for different gases are still being in-
vestigated and the next paper will report on some of those results. Re-
gardless it is essential to recognize that correct simulation of plume
induced separation requires, in addition to the methodology, an accurate
and detailed computation of the entire propulsive flow from the throat
through to the plume.
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Table 2 Simultation Concepts

Y Freestream (a) Geometry (b) Jet Surtace Mach (c) Ratio of
. Mach No. ot Plume No. (Pliability) Speci fic Heats
‘ M < Dominates Apparently Not Significant Important
- M= Important Attains Increasing Significance Important
: (transonic)
My Important Important Import ant
/ //
/ / Recompression
v Shocks

_ e Toes

s PP M

- e ETE

0s2 Impingement
; > Paint
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(DU — »
Figure 1 Flow Configuration for Plume Induced Separation
from a Conical Afterbody and Identification of

Geometric and Operational Parameters
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Figure 2 Flow Configuration tor the Base Pressure Solution
without Plume Induced Separation ot the Stipstream
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Figure 3 Schematic of Geometrical Plume Modeling
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Figure 4 Prototype Nuzzle with vy = 1.16 and Two Model Nozzles
(Air, v = 1.40) cmphasizing Diffarent Operating Conditions
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A Plume Surface Slope

Model, Non-Ideal Flow
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WIND TUNNEL SIMULATIONS OF PLUME-INDUCED
INTERFERENCE EFFECTS

by
S-E. Nyberg and J. Agrell

FFA, The Aeronautical Research Institute of Sweden
P.O. Box 11021, S-161 11 BROMMA, Sweden

ABSTRACT

A brief review is made of the technique used at FFA in wind
tunnel simulations of plume induced interference effects and
some illustrative results are presented. With cold air as
propellant a comprehensive test program has been carried out
to determine the effects of the following parameters on the
plume-afterbody interference in supersonic external flow:
afterbody length and cone angle, nozzle exit angle and Mach
number, jet to free stream pressure ratio, free stream Mach
number, angle of attack and influence of aft-mounted con-
trols. Measurements of the flow in the body boundary layer
and in the separated region have been made by probes and

by LDV.

The validity of the plume modeling methodology suggested by
Korst has been confirmed by comparison of results for two
propellants with different specific heat ratios, Freon-22
(v=1.16) and air {(y=1.4). The modeling scheme is satis-
factory even at high angles of attack « < 20° and effects
of contrmls arc acceptably simulated.
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SYMBOLS (Reference to Figs. 1, 4, 5, 6, and 12)

O

Total afterbody drag coefficient

Boattail normal force coefficient

(@)

Bt
Forebody diameter

Boattail length
Mach number
Pressure

Radius

Separation distance

» 0w v X ¢ O

Axial coordinate
Angle of attack

| 3

Boattail angle
Y Specific heat ratio

5 Boundary layer thickness or
Control deflection angle

) Boundary layer displacement thickness

0 Boundary layer momentum thickness or
Conical angle

9 Circumferential angle

Subscripts

B,b Base condition

E, e External flow (free stream)
i Condition upstream shock

I Internal flow

L Nozzle lip condition

M Model

Stagnation ccndition

Prototype

S o o

Condition at circumferential angle ¢

e R
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INTRODUCT ION

Plume induced interference effects on afterbodies of sche-
matic models with a centered jet have been simulated in wind
tunnels at FFA since 1966. The major part of the tests have
been carried out at supersonic speeds with cold or heated
compressed air as the propellant gas. In recent years also
hieated Freon-22 has been used for this purpose.

The activities started in 1966 when Harris! made some tests
with a cylindrical afterbody. The model was supported by a
long sting mounted upstream of the sonic section of the wind
tunnel. The parametric variations were the base~to-jet dia-
meter ratio, the jet Mach number and the boundary layer
thickness for free stream Mach numbers of 0.9, 1.1, 1.5 and
2.0. One drawback observed with this type of mcdel support
system is the difficulty to get a realistic ratio of bound-
ary layer thickness to model diameter even with boundary
layer suction.

In 1971 a new research project on axisymmetric flow over
.afterbodies was started in collaboration with prof. R.A.
White from the University of Illinois. A new model set up
was constructed for the purpose of giving experimental data
to support further development of an ¢xisting computer pro-~
gram reported by Addy?. The experiment was also supposed to
verify a separation criterion by %Zukoski’ and to give values
for an empirical recompression factor for conical after-
bpodies. The results of this program® indicated that a more
detailed knowledge of the flow was needed as a basis for
further development of the computer program. Measurements
of the body boundary layer and of the flow in the separated
region of the afterbody were initially made by probeghs3s 8¢ 20
and recently by Laser Doppler Velocitymeter/.

The effects of angle of attack and of aft mounted controls
on base presgures and aiterbodg flow separation have been
studied experimentally®r®r18/1% and a calculation method-
ology for small angles of attack using the Addy-program for
axisymmetric flow has been suggested and tested®.

In wind tunnel tests simulating plume-afterbody interference
effects it is mostly important te minimize the influence of
the model surport. At FFA we have in most cases preferred to
use a strut apporting the model. The interference of the
support on the afterbody flow has been studied by comparison
with a sting supported model®r 3.

Plume wmodeling studies have been a major part of the activi-
ties in recent years. The method to use so0lid surfaces with
simulated plume shape to imitate a gas plume has been inves-
tigated®s !l . A hot gas faci'ity has been constructed for Jet
plume simulation with a variety of gases?’/1Us1li_ The facil-
ity has served to evaluate the merits and potential of the
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plume simulation methodology suggested by Korstl!2:13 in an
earlier investigationl!“ under restricted conditions and in

a current studv'® at high angles of attack and with the com=-
plex external flow field generated by aft-mounted cnntrols
in combination with angle of attack.

It is the purpose of this paper to review briefly the tech-
nigue used in the above mentioned investigations and to
present some illustrative results.

EXPERIMENTAL EQUIPMENT

Simulation test facility

The two wind tunnels available for plume simulation by com-
pressed air and Freon-22 are S4 and S51¢, They are of an
intermittent suck down type and have two-dimensional solid
nozzle blocks for supersonic speeds and test sections of
0.92 x 1.15 m? and 0.45 x 0.57 m?, respectively. Tunnel
stagnation pressure and temperature are approximately equal
to altmospheric conditions.

Compressed dry air for plume simulation is availabie from
the high pressure storage of the FFA's hypersonic facili-
ties, which allows the storage of 50 m3 of air at a pressure
of 25 MPa. The temperature can be selected in the range
-20° - +300°C and the maximum flow rate is 2.7 kg/s.

A hot gas facility, primarily intended for various types of
heated Freon, is also available for plume simulation. Freon-
22 has been chosen for all tests up to now. Cost and chemi-
cal stability - which allows it to be heated to sufficiently
high temperatures without chemical break down - were major
factors in its selection. The ratio of specific heats at
nozzle exit and plume expansion conditions, y , 1is in the
range of 1.16 to 1.18, which 1is appropriate for simulation
of combustion type jet products.

The basic system makes use of the above mentioned high pres-
sure storage which is used in the simulation system as an
essentially constant pressure driver for the Freon. Fig. 2
is an annotated schematic of the Freon system, the test
model and the high pressure driver. Details of component
design, construction and operating procedures are given in
Ref.’ along with a discussion of the temperature control
requirements and the system developed for this purpose. The
systems performance tests are presented in Ref.l!? and a
condensed review of the facility can be found in Ref.}l.
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Wind tunnel model

The basic model Figs 3 and 4 is built up of a 14 degree
half-angle nose cone, a cylindrical centerbody of 50 mm
diameter and a set of interchangeable afterbodies and pro-
pulsive nozzles. The over—~all length is 9 diameters (9.5
diameters in the plume-modeling tests). The model is sup-
ported just behind the conical nose by a strut with 40°
sweep back which also provides the air for the jet. The
model can also be mounted on a sting with or without the
capability of simulating a gas Jjet. In this case the jet
plume effect can also be simulated by solid bodies. Fig. 3
shows the model in the wind tunnel., The rear part of the
center body, the boattail and the base region are all in-
strumented with pressure taps (Fig. 5). A set of four stab-
ilizing or control fins can be attached to the afterbody
(Fig. 6). The control deflection angle & can be varied.

Instrumentation

The afterbody pressures are recorded by pressure transducers
and the output signals are fed into the wind tunnel data
recording and reduction system, based on a General Automa-
tion SP16/65 real time computer.

During several years experiments have been conducted in
order to develop a technique for applying Laser-Doppler-
Velocimetry (LDV) to the measurement of the velocities in
the separated regions on the afterbody. The main difficulty
has been to f£find a suitable technique to seed the flow in
the separated regionl!’7. The method currently usedi? is to
seed the external wind tunnel flow by silicon particles and
to seed the separated region by condensed acetone vapor.
One~component. LDV results obtained by this technique are
presented below. Two-component measurements will begin in
the near future,.

COLD AIR JET EXPERIMENTS

Zero angle of attack

These experiments"’® were carried out to provide values for
an empirical recompression factor for conical afterbodies
to support further development of the computer program by
Addy?. The test geometries and parameters investigated are
shown in Table 1. A typical pressure distribution is shown
in Fig. 7 together with a photo-montage where the flow field
is visualized by a spark schlieren picture and an oil flow
picture. The separation line is discernible from the oil-
flow and from the shock impingement in the schlieren photo-
graph. The determination of the location of separation from
the pressure distribution is in this single case quite
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inaccurate because the pressure tap density is low, but with

a family of pressure-distributions for different jet pres-

sures the accuracy is increased. A summary of the data on

pressure rise for the zero angle of attack results “’6 at

Mg = 2.0l, using the form suggested by Zukoski?, that is ’

PB/pl = 1 + CMi

is shown in Fig. 8 as an illustrative example. This kind of
results have allowed the determination of experimental- 1
theoretical correlation for the recompression coefficient .
for both cunical afterbodies and non-parallel outflow

nozzles?!l,

It might be of interest to mention that experimental data §
for this FFA-model“ has been selected as test cases No. 9-12
by AGARD Fluid Dynamics Panel Working Group 08 “"Aerodynamics
of Aircraft Afterbody" for comparative calculations of
afterbody {lows with exhaust jet.

Effects of angle of attack

Supported by experimental data as those presented above the
modified Addy-program? turned out to be a very useful re-
source for computation of the plume-afterbody interaction
for a wide range of practical configurations. The program
is, however, basically only valid for the axisymmetric case,
and an experimental investigation was therefore carried out
in order to establish the limitations of the applicability.
Off-design effects of angle of attack and of external flow
disturbances from aft-mounted controls (treated in the next
paragraph) were studied. The test geometries and parameters
investigat:dl!® are shown in Table 2 and a few illustrative
examples of the results are presented in Figs. 9-12, which
all show results at Mg = 2.0 for beattails at a = 6°.

£ et ot bl sl

The pressure distribution on the afterbody and the oil flow
plctures in Fig. 9 show the separated region for a fairly
high jet pressure P;/Pp = 9 on the L/D = 1, 3 = 8° boattail.
The precsure differences in the separated region generate
marked secondary flow, which is seen in the o0il flow pic- |
tures.

Fig. 10 shows the circumferential pressure distribution on

the base for the same boattail also at o« = 6° and with the

jet pressure ratio PL/PE as parameter. The base pressure can

be seen to be falirly constant over the base region at Jjet- !
off but increasing jet pressure ratio is followed by growing '
unevenness in the base pressure distribution. That this

variation is dependent on boattail configuration is demon-

strated in Fig. 11, which shows the base pressure distribu-

tion of various boattails at constant test conditions.




Fig. 12 shows an example of the circumferential variation of
the separation location and of the base pressure ratic for
the L/D = 1 and B8 = 8% afterbody at « = 6° and PL/P = 9,
The separation distance is presented dimensionless 1n two
ways, S/D in relation to the body diameter D and S/§, in
relation to the boundary layer thickness &, at X/D = 7,6 and
at the corresponding circumferential angle ¢ uvstream of the
separation. It c¢an be seen that the 5/8,-curve has a pro-
nounced maximum at the side of the afte%body (¢ = 90°) due
t0 quite large separation distance $§ in combination with a
rather thin boundary layer (see Fig. 16, presented below).

The boattail normal force coefficient is presented in Fig.
13 versus jet pressure ratio. The results can give an idea
about the order of magnitude of the stability disturbances
that can be expected.

Effercts of controls

The effects of controls on the pressure distribution for one
cylindrical and twe conical (L/D = 1; B = 4° and 8°) after-
vodies were studied!?. The tests were made with the model
described above at Mp = 2.0 with a propulsive jet Mach num-
ber M; = 2.5 with controls as in Figs 4 and 6 at control
angles & = 0 and x10° and at zero angle of attack. Fig. 14
shows the pressure distribution on the B = 8° boattail with
all controls deflected. The corresponding results for the
model without controls are also presented for comparison. It
can be seen that the influence of the controls is consider-
able. The effect increases with boattail angle and jet pres-
sure ratio. The total afterbody drag (Fig. 15) is, however,
little influenced by the presence of controls and control
deflections except for the jet off case.

Body boundary layer

The conical nose of the model was equipped with a carbor-
undum transition strip 85 mm from the apex. The body bound-
ary layer has been measured by a probe at the body station
X/D = 7.6 for My = 2.0 and 3.0!¥. Fig. 16 shows the varia-
tion of the boundary layer aruvund the body. The displacement
and the momentum thickness curves for « = 6° are seen to
have a maximum at ¢ = 30°, indicating that the angle of
attack is close to vortex separation. Measurements with LDV
in the boundary lay: have given r. sults, which agree well
with the probe resulis.

Flow in the separated region

When the results from the experimental plume-afterbody in-
terference program mentioned above were analyzed in terms of

7
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recompression factor to be used in the computations, it was
found that this factor in some cases reached impossible
values. It was suggested that the assumption used of zero
velocity in the separated region was not accurate enough,
and therefore an experimental program was initiated to in-
vestigate the flow in the separated rvgion. Measurements
have been made with probes?? and with one-component LDV’.
Fig. 17 shows the measured Mach number distribution over

the afterbody at a jet pressure ratio of 15. The separated
region and the surrounding free stream have been surveyed at
five axial locations. At the same distance from the surface
the locally generated acetone particles tended to have lower
velocities than the silicon particles coming from the free
stream. This is believed to be due to a too large size of
the acetone particles, which results in to slow accelera-
tion. In Fig. 18 an attempt has been made to draw the most
probable lines through the measured values of Fig. 17. The
ovrofiles are superimposed on a schlieren picture. The high-
est Mach nunmnber in the reversed flow was found to be close
to 0.1.

PLUME MODELING EXPERIMENTS

Plume simulated by annular jet and sclid body

In a test comparing strut and sting supports® a study was
also made of the possibility to use a solide body to simu-
late the gas plume. Fig. 19 shows some typical afterbody
pressure distributions from this study. The annular nozzle
had the same axial flow distribution as the circular nozzle.
The shape of the solid body was identical with the plume
shape of the circular nozzle as recorded oun a schnlieren
photograph. On the pressure distributions it can be seen
that the plume interference on the afterbody in this case
is underrated by the annular nozzle and considerably exag-
gerated by the solid body.

Plume riodeling methodoleogy suggested by Korst

L L

The merits and potential of the plume simulation methodolwogy
by Korstl2,13 have been evaluated in an earlier investiga-
tionl* which is extended in a current studyl!® to more severe
off-design conditions. Results from these investigations
will probably be analyzed in detail by cther authors at this
meeting, but we will also present a few samples from the
test results.
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Basis for the Korst modeling methodology is the assumption
that the prototype plume is properly simulated by a model
plume if the two plumes have the same contour in the £low-
field adjacent to the afterbody. This means that the initial
plume deflection angle and the plume radius of curvature
(shape) must be duplicated by the model plume.

The validity of this modeling scheme has been checked by
comparing results for nozzles designed for gases with dif-
ferent specific heat ratios. The earlier testsl“ started
with mndeling from air (y=1.4) as prototype to Freon-22
{(y=1.1%) as model. The air (prototype) and the two Freon
(model) nozzles investigated are depicted in Fig. 20. &
typical base pressure result is shown in Fig. 21. The agree-—
ment between prototype and model base pressures is satisfac-
tory not only for the design point but also for a rather
wide range of off-design conditions. Algo shown are a few
results for the Freon nozzle run with air to illustrate the
shortcomings of retaining nozzle similarity. Slope nodeling
of these results gives reasonable correspondence to tne
prototype data but at effectively much lower pressure
ratios. At these conditions, with essentially no separation,
the radius of curvature is less important. In contrast to
the proposed technique based on distorted nozzle geometries,
very high stagnation pressures would be required for mod-
eling with gases of higher than prototype specific heat
ratios. For the separation location, as shown in Fig. 22,
the nozzle designed according to "weak shock modeling” pro-
vides the best correlation, particularly near the design
pressure ratio.

In the later part of the earlier tests!“ and in the current
tests!® unozzles mwodeling from Freon (prototype) to air
(model) have been used. As the specific heat ratio for
Freon-22 is y=1.16, which is appropriate for simulation of
combustion type products, this modeling is relevant for
typical plume simulation in wind tunnels. The geometry of
the prototype was chosen to be as realistic as possible,
i.e. to have a shape similar to a typical rocket nozzle,
see Fig. 23.

Base pressure results are shown in Fig. 24. The correlation
between the two air {(model) nozzle results is very good and
the correlation Freon-—air is as good as in the earlier
tests, although it seems possible that a minor systematic
discrepancy exists.

Schlieren pictures of the flow for the three nozzles at the
design stagnation pressure are presented in Fig. 25 together
with a plot overlay of some of the significant features in
the pictures. In this scale no differences in plume shape
have been observed, but minor differences in the location of
the separation shock are detected and appreciable differ-
ences in the shape of the inner (barrel) shock are noticed.
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Although the modeled nozzles have been calculated for axi-
symmetric flow tests have been made earlier at low angles of
attack (~6°<a<+6°)!* and currently at high angles of attack
(=20°ca<+20°)!% to examine the applicability of the modeling
procedure. To facilitate the evaluation of the simulation of
the angle of attack effects on the base pressure the press-
ure_diffe;encetMPB/PE)a = (PB/PE)a - (PB/PE)a=O.at the cir-
cumferential angle ¢=0 has been calculated and is shown

as a function of angle of attack in Fig, 26 for the three
nozzles. It can be seen that the angle of attack effect of
the Freon (prototype) nozzle is quite well simulated.

The separation location S/D at the circumferential angle ¢ =0
is in Fig. 27 shown versus the angle of attack for the de-
sign jet stagnation pressure. It can be seen that the simu-
lation is quite good, except at low positive angles of attack,
which means when the vortex flow starts to build up. O0il
flow and schlieren pictures for the angle of attack «=10° and
the design jet stagnation pressure is presented in Fig. 28.

The results confirm that the basic validity of the Korst
modeling methodology is satisfactory also within the angle
of attack range investigated (-20°<a<¢+20°).

Effects_of control_finsg

A wind tunnel test has been carried outl!® to investigate the

limitatioans of the Korst modeling methodology when the

afterbody is exposed to the complex external flowfield L
generated by aft-mounted controls in combination with angle

of attack. The angle of attack range was -6°<g<+6®* and the

controls were set at 5=0° and z10°.

To isolate the effects of controls on base pressure ratio
more clearly the difference between the results with and
without controls have been calculated and the results for
all three nozzles have for comparison been plotted together
versus angle of attack. The results at the design jet stag-
nation pressure and for the circumferential angle ¢=0 is
shown as a sauple in Fig. 25.

After analyzis of all test results it is concluded that the )
effects of the fins on base pressure obtained with the Freon

(prototype) nozzle is in general satisfactorily simulated by

the air (model) nozzles. A few local exceptions seem to

occur in areas, where interaction between control wakes and

the separated base region might be very sensitive to one

parameter, e.g. the Jjet stagnation pressure. Apart from this \l
few points the modeling seems to be valid even for severe

combinations of control angles, angle of attack and off-

design jet stagnation pressure. It is noted, however, that

10
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the effect of controls on base pressure ratio obtained with
the air (model) nozzles is often somewhat larger than the
effect with the Freon (prototype) nozzle. .

CONCLUDING REMARKS

A brief review has been presented of wind tunnel simulations
of plume induced interference effects carried out at FFA. We
have in this survey emphasized the general information about
the existing data base on plume-afterbody interference
tests. The presentation of test results has due to space
limitations been restricted to one or a few samples from
each investigation.

Two main problem areas have been treated. The first concerns
cold air jet experiments. The results obtained have been
used for modification and updating of existing computer
programs and have improved the knowledge about the details
of the flowfield. The second problem area concerns plume
modeling experiments using hot Freon and cold air as proto-
type and model propellant respectively (or vice versa).

The resul*s have confirmed the validity of the Korst mod-
eling metnodology not only for the design jet pressure and
zero angle of attack but also for off-design jet pressures
and complex external flowfield disturbances generated by
deflected aft-mounted control fins in combination with
angle of attack.
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Table 1.

geometries and test parameters”.

Summary of zero angle of attack test

L/D=1.0
ME 2.01 and 3.27
My, 2.0 2.5

4o L | 20° o 10° 20°
o° X x‘
4° X xt
€° X X
ge X X X x2)

L}O“ X X

1) also with
2) also with

nozzle extended 0.05 D
nozzle extended 0.05 D and 0.10 D.

Table 2. Summary ©of angle of attack test
geometries and parametersl?.
Mg 2.0, 3.0 2.0
Jet M = 2.50; Or, 20°
nozzle
P, /P Jet off; 1, 3, 6, 9 and 15 '
L/D 0.5 1.0 2.0 « 0 3°] 4° 6% 8° 10° 15°
B3 |
Cylin- X X | X X X X
drical
4° % X x | x X x x1)
8° X X x | x| xP) x | k2 oxP) o x1)

1, 2uly for L/D =

1
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ABSTRACT

The near-wake flowfield behind the base of a missile is being
investigated through a series of small-scale two-dimensional exper-
iments. The primary objective of the research effort is to provide
new, axtensive, and well-documented data and thus obtain a better
understanding of the basic fluid dynamic mechanisms existing in the
base flowfield. The two-dimensional experiments concern the growth,
development, recompression, and reattachment of a compressible tur-
bulent free shear layer., Also examined are the effects of plume-
induced and shock-induced separation of a turbulent boundary layer.
The data include laser Doppler velocimeter measurements, extensive
static pressure measurements, and flow visualization pictures. The
results of preliminary LDV experiments indicate particle size dis-
tributions on the order of 1 um and atomization and insertion of the
sead in the wind tunnel plenum chamber as a successful technique.
The initial recompression and reattachment data seem to verify two-
dimensionality of the wind tunnel flowfields. The develaopment of the
LDV system over the past few years is relatively complete and mea-
surements are currently being made 1in two-dimensional base region
flowfields which should provide insight into various component
mechanisms,

NOMENCLATURE
Yariables
Speed of sound
D Diameter
fD Doppler shift frequency
Step height
M Mach number

Professor and Associate Head.
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® Variables (cont.)

P

el
mm

N & % £ < < o

o™ Q

K

o Subscripts

¥ O

Sugerscrigts

Abso]ute prassure
Reattachment Tocation
Reynolds number

Absolute temperature
Streamwise velocity component
Velocity vector IV = V(u,v,w)]
Normal velocity component
Spanwise velocity component
Physical axial distance
Physical normal distance
Physical spanwise distance
Ramp angle _
Boundary layer thickness ?
Laser beam h.1f-angle after focusing lens

Wavelength

Kinematic viscosity

Base

Centerline

Gas or compressible fluid
Inner jet

Normal

Particle

Rrlative;
Reattachment

Stagnation condition
Upstream of shock wave
Downstream of shock wave
Freestream

Fluctuating quantity
Time averaged quantity




I[NTRODUCTION

Since the early 1950's, the separated flow region at the base of
a missile for flight at supersornic speeds has been studied exten-
sively. The objectives of these studies were to davelop an under-
standing of the mechanisms gdoverning the separated base flow region
and to formulate flow models for predicting the base region pressure,
temperature, and heat transfer characteristics. The more successful
models or methods, judged by their ability to predict base flow con-
ditions in reasonable agreement with experiment, are all combinations
of theoretical and empirical compongnts which have been combined to
model this complex flow region . These methods leave still
unanswered many questions regarding the fundamental fluid dynamic
nature of the fiow mechanisms and interactions within the separated
base flow region.

The supersonic turbulent flow which approaches the base of the
missile undergoes an expansion process at the geometric corner, a
shear layer mixing process between the freestream flow and the
recirculating flow, and a recompression and redevelopment process.
In each of the components of the base flowfield a number of flow
mechanisms exist which are still in need of detailed examination.
The flow mechanisms, as indicated 1in Figure 1, can be broadly
categorized as follows:

® Geometric separation of a boundary layer to farm a free
shear layer. Local expansions or comnressions at the
separation location are important factors affecting
shear layer development, turbulence intensity, and the
initialization of the flow entering the base region;

e Effects on shear layer development resulting from
modifications of the initial phases of the jet mixing
due to adjacent wall geometry and local wake flowfields;

® Shear layer development in the presance of the recir-
culating base flow. The determination of the local
velocity field and the turbulence characteristics of
this fiow are important to the characterization of the
base flow;

& Recompression, reattachment; and redevelopment of the
shear flow in the presence of the external and internal
flows; and

® Shock wave or uerodynamically induced separation of the
body turbulent boundary layer to form a shear layer at
locations upstream of the geometric separation location.

These basic flow mechanisms are being investigated through carefully
controlled small-scaie experiments in an effort to provide well docu-
mented new data.
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The data obtained from small-scale base flow experiments focus
on instantaneous velocity measurements and turbulence informatinn for
various features of the base flowfield. The overall objective is to
obtain insight concerning the basic fluid dynamic flow mechanisms and
the nature of the turbulent transport properties. The data include 1
taser Doppler velocimeter (LDV) measurements, extensive surface pres-

! sure measurements, and Schlieren and shadowgraph pictures. The non-

i intrusive nature of LDV measurements is well suited to the base flow- |
field, since pressure probe insertion, particularly in the recir- ;
culating region, tends to perturb the existing flowfield. The
measured data can be statistically analyzed to determine mean
velocity, turbulence intensity, Reynolds shear strecs, turbulent
kinetic energy, and turbulent length scale, i

The new base flow data which are obtained from these small-scale
experiments will be used to improve the analyses used in the compo-
nent approach. The research efforts emphasize accurate and reliable
data based on an understanding of the phenomena associated with LDV
measurements in a supersonic flow and the nature of small-scale
experiments. The goal of this paper is to document the measurement
and experimental facilities which are currently in use for LDV
measurements in two-dimensional, small-scale base flow regions. i

|
!
|
!
i
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WIND TUNNEL FACILITIES

The wind tunnel faciiities 1in the Mechanical Engineering
Laboratory of the University of I1linois permit investigation of
subsonic, transonic, and supersonic flows through small-scale experi-
ments. The air supply system utilizes high pressure compressors,
filters, and dryers to provide clean and dry compressed air for a
range of wind tunnel applications. The available mass flowrate of
air is at a level which permits, based on model size, either
continuous flow or blowdown type small-scale experiments.

PPV

The base flow experiments described herein are relatively small
scale and generally blowdown mode of operation. The wind tunnels in
each case utilize a control valve to supply compressed air into a
large cylindrical plenum chamber, where the flow is stagnated. Two-
dimensional converging-diverging nozzles are utilized tc produce a
supersonic, disturbance-free, uniform flow in the test sectien. The
test model 1is heavily instrumented with pressure taps which allow a
survay of the static pressure distribution. The test sections use
glass windows in the near-wake region in order to permit LDV mea-
surements to be made. The wind tunnel flow is then exhausted outside
the Laboratory to the atmosphere.
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LASER DOPPLER VELOCIMETRY

Basic Principles

The fundamental concept of laser Doppler velocimetry (LDV) is
that fluid velocity can be measured by mixing the Doppler frequency
shifts of scattered laser light. Two intense, coherent laser beams
intersect to form an ellipsoidal measurement volume with a set of
alternating light and dark fringes. The movement of a seed particle
past the resulting fringe patturn will cause some of the incident
taser light to be scattered and reflected. The scattered light from
the two incident beams reaches the collecting optics and undergoes
aptical heterodyne mixing in order to produce an output signal.

The resulting output signal oscillates at the Doppler shift frequency
and is directly proportional to the velocity component normal to the
angle bisector of the incident beams and lying in the same plane,

fy = 2u(sink)/a.

The LDV System

The experimental programs described herein utilize a two compo-
nent two color LDV system as shown in Figure 2. A 2-W argon ion
laser (subsequently replaced by a 5-W argon jon laser) is used as the
coherent light source and produces a green beam (x = 514.5 nm) and a
blue beam (x» = 488.0 nm) after passage through the dispersion prism.
Each color beam is then split into two parallel beams by its respec-
tive beam splitter. The beam splitter components provide equal power
in the two partial beams and equal optical path lengths. The inter-
secting beams form ellipsoidal measurement volumes and permit simule-
taneous measurement of two velocity components. A dichroic mirror
will separate the blue and green scattered radiation and send each to
different photomultipliers. The output signal is processed by a DEC
PDP-11/03 minicomputer with a dual floppy disk drive.

Frequency shifting is employed by adding a Bragg cell to the
optical arrangement in order to handle flow reversals and areas of
large turbulence intensity. The size of the measurement volume 1is
affected by tlhe diameter of the incident laser beams and the half-
angle between them. Further reduction in the effective size of the
measurement volume can be achieved by employing small photodetector
apertures and off-axis 1ight collection.

Particle Dynamics and Measurement Bias

The nonintrusive nature of the LDV and its ability to measure
velocity components independent of fluctuation intensity make it a
very useful tool for examining fluid dynamic flowfields. However,
certain problems inherent in the LDV technique, particularly for
supersonic flows, require consideration and compensation in the data
collection and reduction process. Foremost among these problems are

il csnden
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the effects of tgglgartic1e dynamics, particularly particle insertion
and velocity lag , and Elegffects of measurement bias due to the
counter-type data processor .

The problem of particie lag arises when one considers that the
velocity of the light scattering particles is actually being measured
and not the flow velocity. The choice of particle type and size
should focus on the ability of light scattering particles to follow
the flow through strong gradients or high frequency fluctuations in
velocity., The seed particles should effectively scatter 1incident
light, possess uniformity of particle population, and be available in
easily controlled concentrations. Some LDV experiments investigating
particle dynamics have been conducted and are discussed in a later
sectioen.

The use of a counter-type data processor as a component of the
LDV system poses experimental prcblems regarding the interpretation
of data. The effects of velocity bi%ﬁiﬂ?g and fringe biasing are
thoroughly discussed in the Tliterature and various correction
schemes are proposed and tested herein.

SMALL-SCALE EXPERIMENTS RELATED TO NEAR-WAKE FLOW

Preliminary LDV and Particle Experiments

Numerous LDV experiments were conducted in a small-scale
continuous flow supersonic wind tunnel. The objectives of these
experiments were as follows:

® To develop, evaluate, and refine procedures and
techniques for using LDV in supersonic wind tunnels;

® To determine the number of naturally occurring and com-
pressor generated particles in the flow and to determine
their size;

® To evaluate various seed particle generation techniques;
e To estimate seed particle size; and

o To evaluate the abilities and limitations ot the equip-
ment making up the total LDV system.

The initial experiments were done without seeding and it was
found that no significant number of natural or compressor generated
particles in these supersonic flows could produce Doppler signals for
which noise did not dominate the results. Resulis obtained at high
system gain levels indicated these types of particles were present
but that these particles were too small to produce a good signal.
011 streak lines on wind tunriel windows and rust colored dust on wind
tunnel walls also indicated the presence of these particles.
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Particle generation methods that were investigated included
atomizing silicone oil and atomizing ethanol with monodisperse poly-
styrene latex particles contained within it. One channel data rates
were commonly in excess of 40 kHz for oil seeded flows and approx-
imately 125 times less for the latex/ethanol seeded flows. A coinci-
dence requirement of 0.22 y s between u~ and v-component measurements
reduced data rates by up to a factor of 5. f

Diameters of particles gunerated by atomizing silicone oil were :
estimated by measuring the relaxation of particle velocities down- 1
stream of an oblique shock wave, The shock wave was generated by {
expanding the wind tunnel 1inlet Mach 2 flow 15° and then turning it
15°, as shown in Figure 3. Static pressure measurements and shock
wave angle measurements made from Schlieren photographs indicated
that the flow upstream of the shock wave was at Mach 2,58, The

theoretical change in the component of velocity nommal to the shock 1
wave was 160.7 m/s when Ty = 296°K,

The velocity relaxation experiments were done using only one LDV
channel. Both normal and tangential velocity components were inde-
pendently measured. The compnnent of velocity tangent to the shock
wave was found to change by 0.85 percent or less across the shock |
wave, The average normal component particle velocities at locations ‘
downstream of the shock wave are shown in Figure 4 for ! il mist
seeded flow. The predicted results obtained using Waish's empir- ]
ical drag coefficient for 1 ym and 1.5 uym diameter water droplets are
plotted on this figure for comparison. However, the range of rela- |
tive Mach numbers and Reynolds numbers for the data used in the
formulation of this drag coefficient and those occurring downstream
of the shock wave, see Figure 5, are quite different. Thus there
exists some questions concerning the accuracy of this siza
estimation.

!

1

1

1
Experiments were conducted using monodisperse latex particles in |

order to evaluate the accuracy of Walsh's drag coefficient under 1

the flow conditions of interest. These were done by atomizing a -i

dilute solution of ethanol with latex particles and injecting this

either into the wind tunnel plenum chamber or 30 m upstream of the !

plenum chamber into the supply line. These experiments proved unsuc-

cessful because the ethanol condensed in the expanded supersonic flow !

of the wind tunnel and produced many ethanol droplets with primarily !

submicron diameters. These ethanol particles outnumbered and masked j

the latex particle results, Experiments using Frecn-14 as the i

carrier fluid for the latex particles may be conducted in the future

in an attempt to obtain drag coefficient data in this range of flow

conditions.

The LDV system, including positioning and alignment hardware,
optics, electronics, and computer hardware, performed satisfactorily,
The aged 2-W argon ion laser used in these experiments, which oper-
ates well below specification output power, has now been replaced by
a new 5-W laser. This should allow the use of submicron diameter ‘




latex particles with higher data rates and better signal-to-noise
ratios as a result,

Free Shear Layer Formation and Development Experiments

The initialization and growth of the shear layer is being inves-
tigated in a ser.es of two-dimensional experiments wutilizing LDV
measurements., The objectives of these experiments are to obtain a
more detailed knowledge of the separation and development process of
a compressible turbulent free shear layer and of the potential inter-
actions of flow components occurring in missile base region type
flows that may effect the shear layer.

Three basic experiments are planned for the study of compres-
sible free shear layers using LDV. Simultaneous u- and v-component
velocity data will be taken with the LDV in all cases. These
experiments will be conducted in a blowdown wind tunnel with a
supersonic test section inlet that measures 50,8 mm high by 10i,6 mm
wide, The inlet flow in most of these experiments is at Mach 2.5
with a fully turbulent approach boundary layer. This experimental
program will use the three configurations shown in Figure 6 to attain
its objectives. The configuration shown in Figure 6{a) will be used
to study the deva2lopment of a constant pressure turbulent free shear
layer with a turbulent approach boundary layer and without the
effects of a recirculating flow or an expansion or compression at the
separation point, This will be achieved by bleeding very Tlow
momentum flow through a porous plate, located downstream of the
backward facing step, at a rate equal to the shear layer's entrain-
ment rate. The effects of a recirculating flow on the shear layer
will be studied using the configuration in Figure 6(b). Note that
the approach flow conditions and boundary layer will be the same in
all c¢i these experiments. Constant pressure flow, expansion at the
separation point, and a weak shock wave at the separation point can
be obtained by adjusting the position and angle of the ramp at the
right side of Figure 6(b). Figure 6(c) indicates the extreme case of
reroval of this ramp and will be the strongest expansion to be
eamined,

The porous plate experiment has been done before18 but there are
good reasons to repeat it. This fiowfield is dominated by one com-
ponent of velocity, has relatively low turbulent intensity, no large
accelerations, and no flow reversal. These features make it appeal-
ing as our initial LDV effort with compressible turbulent flows.
Both the approach flow and bleed flow may or may not be seeded so
that the effects of particle concentration gradients can be minimized
and also studied. The data from this experiment will be compared
with that of the previous study in order to validate the quality of
the LDV results, Also this earlier study, which employed hot wires,
was unsuccessful in measuring the Reynolds shear stress, u'v', and
mass flowrate fluctuations, not velocity fluctuations, were measured.
The results of this experiment are neerded to serve as a basis by
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which the results of the other free shear layer experiments will be
judged.

The recirculating flow configuration, Figure 6(q , has been used
to study shear layer reattachment and redevelopment ~. However, no
pffort has bren made to examine the shear layer in the presence of
recirculation in detail.

Very little detailed knowledge exists concerning the effects of
an expansion or weak shock wave at the separation point on free shear
layer development. It 1is expected that the turbulence in the
approach boundary layer will be completely quenched in a strong
expansion. Thus the turbulent boundary layer remnant will become a
laminar rotational layer into which a now initially laminar 1inner
free shear layer grows. Milder expansions will lead to kigher levels
of turbulence in the boundary layer remnant and the rotational layer
should play a more active role in initial shear layer development. A
Mach 2 approach flow will be used for the configuration in Figure
6{(c). This will be done to reduce the Mach number adjacent to the
free shear layer so that it is more nearly equal to the Mach 2.5 flow
of the porous plate and recirculating flow experiments.

Free Shear Layer Reattachment and Redevelopment Experiments

The recompression, reattachment, and redevelopment of the tur-
bulent shear layer in the near wake flowfield provides the key com-
ponent in the overall base flow analysis. ;gezimportance of these
processes has been cited ~in the literature™’ and a number of
empirical models exist . In an effort to obtain a better under-
standing of tb- basic flow mechanisms of recompression, a research
effort is unaerway to conduct a series of three small-scale two-
dimensional experiments. The experiments which are planned are
desgri?e? as follows, noting the configurations shown in Figures
7(a)=7(c):

e Reattachment and redevelopment of a self-similar
turbulent supersonic free shear layer on 4 ramp;

o Reattachment and redevelopment of a developing free
shear layer on a horizontal plane; and

® Interaction of two developing free shear layers,

The main objectives of these experiments are to obtain better insight
into the reattachment and redeveiopment processes of a two-dimen-
sional free shear layer and to evaluate some of the basic assumptions
and empirical information of various extensions of the component
model., In addition, these data will provide information in order for
computational researchers to test different turbulence <closure
models.
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A two-dimensional wind tunnel with a test section 50.8 mm wide
and 127.0 mm high has been designed and fabricated. The wind tunnel
test section and the test section inlet are adaptable to each of the
configurations shown 1in Figure 7. The test models are heavily
instrumented for static pressure measurements and a clear glass test
section window exists for LDV measurements in the recompression
ragion,

The initial series of experiments, namely the compression ramp
experiments, are characterized by a test model as shown in Figure
7(a). The data which are presented in Figure 8 are for a 15 degree
ramp subject to a free shear layer developed from the corner separa-
tion of a freestream flow with a Mach number of 2. The turbulent
boundary layer is approximately 3.8 mm thick when it separates over a
sharp backward-facing step. The resulting free shear layer is
approximately 90 mm (24 &) long when it attaches onto the plane
ramp. The angle of the ramp and the distance between the ramp and
step have been adjusted so that there are no changes in pressure or
flow direction as the boundary layer separates at the step. The
typical static pressure distributi?g é@:Qgthis type of flow is shown
in Figure 8(a). In the literature "’“°*"7, the necessary length of a
free shear layer to achiaeve self-similarity in terms of mean velocity
has been reported to be from 10 to 22 times the incoming boundary
layer thickness. The experimental configuration examined here will
therefore create an undisturbed self-similar free shear layer with
well defined initial conditions for the reattachment process. In
general, the compression ramp experiments will be conducted for
freestream Mach numbers of 2, 2.5, and 3 using ramps of 15, 17.5, and
20 degrees.

The two-dimensional nature of the flowfield for these experi-
ments was investigated using spanwise surface pressure measurements
at a number of stations on the test model. The spanwise pressure
survey, again for a Mach 2 freestream and a 15 degree ramp, produced
the measurements shown in Figure 8(b)., The results seem to indicate
that the spanwise surface pressure variation is within the accuracy
of the pressure measurements. Further checks will be made by
measuring the spanwise velocity component using the LDY. Surface
flow pattern visualization methods will also be utilized.

The backward-facing step experiments, depicted in Figqure 7(b},
will utilize approach Mach numbers of 1.5, 2, and 2.5 in order to
produce f{ree shear layers with the same Mach and Revnolds numbers
approaching recompression as those of the compression ramp exper-
iments. The free shear layers in these experiments are not expected
to reach an equilibrium condition before reattachment occurs.,
Therefore, the results of self-similar and developing free sh~ar
layers with the same approach Mach and Reynolds numbers will be
compared.

The two-jet experiments, characterized in Figure 7(c), will
examine the interaction between two turbulent, supersonic free shear
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layers. Combinations of the Mach numbers 1.5, 2, and 2.5 will be
used together with different approach static pressure ratios.

A1l of the experiments will employ flows which are seeded in the
plenum chamber using monodisperse polystyrene latex particles or oil
with a mean diameter of 1 micron. Simultaneous u- and v-component
velocities as well as time between sample data will be measured. The
data will be analyzed in order to determine mean velocities, turbu-
lent intensities, turbulent kinetic energy, Reynolds shear stress,
autocorrelation function, turbulence length and time scales, power
spectral density, and redeveloping boundary Tlayer thickness
parameters.

Shock Wave-Turbulent Boundary Layer Interaction Experiments

The interaction between a shock wave and a supersonic turbulent
boundary layer has been the subject of research Tor well over two
decades. Such interactions can occur at a flare on a missile body or
on a deflected control surface. In the study of shock wave-boundary
layer interactions, three basic configurations are of interest, The
first of these is the impinging shock wave, shown in Figure 9(a). In
this case an oblique shock wave, generated by an external source,
impinges on the boundary layer and is reflected, causing a separation
bubble near the impingement point if the wave is strong enough. The
second configuration, shown in Figure 9{b), is the compression
corner, or ramp, In this flowfield a shock wave is generated as the
flow turns and a region of separated flow may exist near the corner
depending upon the corne-~ angle and the flow properties. The third
configuration, shown in Figure 9(c), is the forward-facing step. A
separation region exists upstream of the step and an oblique shock
wave is generated near the bheginning of the separated region. The
location of the separation point will be a function of the flowfield
and boundary layer properties. .

The scope of these experiments will be limited to experimental
studies of the compression corner and forward-facing step flowfields.
These two configurations were selected because they mest closely
represent the separation process that can take place near the base
region of a missile in powered flight as a result of flare-induced or
plume-induced separation.

A great deal of research effort has been directed at the shock
wava-boundary layer 1interaction problem over the past twenty-five
years., Several review papers have g%en written concerning this
research including the work of Zukcski™ , which summarizes f9 ward-
facing step experiments, and the work of Adamson and Messiter”™ , the
most recent of the review papers. Most of the experimental studies
done in this area are concerned with measuring mean flow propertie§2
The most thorough of these investigations was performed by Settles .
In this work, extensive mean flow measurements of a compression
corner flowfield were made, The flowfields were assumed to be

11




steady,; and no instantaneous measuraments were taken, Dolling and
Murphy used a high frequency response pressure transducer to
measure instantaneous wall pressures in a separated compression
corner flowfield. The rasults of this study indicate that the shock
structure was not steady but that the shock wave Tocatior fluctuated
randomly over a significant distance. These results raise questions
about the meaning of the mean flow surveys made in the past, and
pcint out the need for more measurements using high frequency
response techniques.

The facility to be used in this series of experiments is a
101.6 mm by 101.6 mm supersonic wind tunnel. This tunnel was origi-
nally designed with a flexible nozzle assembly which allowed the test
section Mach number to be varied from the high subsonic range to
approximately three. Although the variable geometry nozzle proved
useful in a number of applications, it produced a Mach number distri-
bution within the test section which was less than adequate for this
study. As a result, the flexible nozzle assembly has been replaced
with a solid nozzle block designed te¢ produce a uniform Mach numbar
within the test section of approximately 2.9. This solid nozzle
arrangement is shorter than the flexible nozzle it replaced, allowing
the installation of a test section at two different axial locations.
Thus it is now possible to conduct experiments at two locations
within the constant area section of the tunnel, producing different
values of Re_ due to the different boundary layer thicknesses. These
modificationd to this wind tunnel have been completed, and tests are
currently underway to determine wind tunnel operating character-
istics.,

The models used in these experimental studies will be heavily
instrumented with static pressure taps for determining both flowwise
and spanwise pressure distributions. Step heights of 5.08, !0.16,
15.24, and 20.32 mm will be used to obtain data with different ratios
of step height to boundary layer thickness. Ramp angles of 8, 12,
16, 20, and 24 degrees will be used with care taken to ensure that
the ramps are long enough to simulate infinite ramp conditions. A
number of studies have shown that three-dimensionality can be a
problem in smali-scale wind tunnels., Initially the models will be
built to span the 101.6 mm width of the test section. If preliminary
measurements indicate that reliable two-dimensional flow is not
present near the center of the model, it may prove necessary to
reduce the width of the models and install transparent sidewall
splitter plates to remove the effects of the wind tunnel side wall
boundary layers, These splitter plates would add additional optical
surfaces which would increase the difficulty of making accurate LDV
measurements.

The primary objective of this study is to use the LDV to measure
mean velocities, turbulence intensities, and Reynolds shear stresses
throughout the compression corner and forward-facing step flowfields.
In addition, mean surface pressure distributions will be measured on
all models. A kerosene-graphite technique will be used to determine
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separation and reattachment locations, and Schlieren photographs will
be used to help visualize the flowfield. The LDV data will be
studied closely for the appearaggce of the unsteady shock wave
behavior seen by Dolling and Murphy™~.

Supersonic Power-0On Base Flow Experiments

The advent of rocket powered flight initiated many research
investigations which attempted to detail the base region flowfield
resulting from the ig&grsascticn between the freestream flow and the
rocket exhaust plume « The primary goal was to identify and
understand the fundamental flow mechanisms and viscous interactions
which occurred in the near-wake base flowfield. The interaction of a
strongly underexpanded exhaust plume with the freestream flow which
initiated separation of the turbulent boundary layer upstream of the
physical corner of the base also has drawn considerable interest.
The examination of particular flow mechanisms within the power-on
base flowfield, including the effects cof plume-induced separation,
will provide information for extension of the component model to
complex geometries and flowfields.

An experimental investigation is being conducted to examine in
detail the two-dimensional base flow problem in the presence of an
exhaust Jet. Special emphasis will be placed on plume-induced
afterbody separation with the objective of determining those flow
parameters which govern such features as separation point location,
recirculating region velocity, and shear layer growth. The data will
be LDV measurements, supported by extensive surface pressure measure-
ments and Schlieren and shadowgraph pictures. Most past research
focuses on mean velocity determined from pressure distribution data.
The use of a two-compeonent, frequency-shifted LDV to measure
instantaneous flow velocity, despite its added complexity, has the
particular advantage of being nonintrusive in the separated flow-
field.

The power-on experiments will utilize a two-dimensional wind
tunnel, already constructed, which is 127.0 mm in height and 50.8 mm
wide, The freastream and inner jet flows are directed through valves
which control the level of stagnation pressure. Continuous-slope
converging-diverging nozzles are under design which will produce
uniform superscnic flows with turbulent boundary layers at the two-
dimensional base. The wind tunnel test section window s approxi-
mately 101.6 mm by 184.2 mm and is of adequate size to encompass the
entire near-wake flowfield. The test section window port can be
utilized with either a clear glass window for LDV measurements or an
aluminum port with multiple static pressure taps for a near-wake
static pressure survey. The wind tunnel air supply design is readily
adaptable for use of high pressure bottled air for the inner jet
during the plume-induced separation studies.
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The two-dimensional power-on base flow experiments will progress
in complexity as follows:

® Preliminary experiments;

® Power-on expuriments with separation at the physicai
corner of the base;

® Pgwer-on experiments with plume-induced afterbody sepa-
ration upstream of the physical corner of the base; and

® Boattail experiments,

The experiments will be conducted utilizing the wind tunnel in the
blowdown mode of operation with a sudden enlargement type diffuser.
The data will be LDV measurements in the shear Tayers and recircu-
lating region and will be reported in the form of velocity profiies,
turbuience intensity levels, turbulent kinetic energy, and Reynolds
shear stresses.

The preliminary experiments will be conducted in order to verify
the two-dimensionality of the flowfield, determine approximate run
times, and identify the boundary layer characteristics of the free-
stream flow just upstream of separation. The two-dimensional nature
of the base region will be verified using an oil flow or kerosene-
graphite surface visualization technique, and by making spanwise
static pressure measurements. Mean velocity profiles will Le
measured and used to caiculate displacement and momentum thicknesses
and to ensure a turbulent approaching boundary layer.

The primary power-on experiments, shown in Figure 10(a), will
utilize an inner jet with a Mach number of 2.5 in a freestream flow
of M_ = 2.0, 2.5, and 3.0. The jet-to-base height ratio will cover
the range 0.5 < hi/hg < 0.75 through simple replacement of the
splitter plate reprékenting the two-dimensional base. Extensive LDV
measurements will be made in the freestream/recirculating flow shear
layer, recirculating flow/inner jet shear layer, and the recircu-
lating region. Simultaneous u- and v-component velocity measurements
will be made utilizing mono-disperse polystyrene latex particles and
0il droplets as seed. Additional seeding in the recirculating region
may be necessary in order to produce an adeguate data rate.
Frequency shifting will be necessdry, especially for measurements 1in
the recirculating region and the hignh turbulence regions, in order to
eliminate the directional ambiguity of the velocity components mea-
sured by the LDV, The effects of plume-induced afterbody separation,
shown in Figure 10(b), will be limited to investigation of the sepa-
ration zone Jength, shear layer lengths before the start of recom-
pression, and the correlation of pressure rise to separation with
freestream Mach number.

The last series of experiments will dincorporate the effects of
boattail angle into the flowfield investigation. In this case the
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splitter plate will be machined with a slope of 5-10 degrees for the
last few base heights. One flow mechanism of particular interest is
the modification of the turbulent boundary layer by the expansion at
the afterbody/boattail junction as compared to that which occurs at
the physical corner of the base. The pressure rise necessary for
afterbody separation as the separation region grows will also be
examined.

FUTURE PLANS .

The complex nature of near-wane base flow experiments requires
precision test facilities and state-of-the-art data measuremeni,
acquisition, and analysis systems. The long range goals of this
small-scale research effort include ongoing addition of needed exper-
iments and constant upgrading of experi.ental facilities. The future
plans for this base flow research effort thus include new instrumen-
tation and equipment as well as new experiments.

Anticipated instrumentation focuses on the addition of a third
velocity component measurement capability to our present two-
component LDV system, a 5-W argon 1ion 1laser, a super mini-computer
base laboratory data system for acquiring and processing LDV and hot-
wire anemometer data, and a computer-controlled traverse system tc be
incorporated with our present manual LDV traverse system., The opti-
cal, electronic, and mechanical equipment necessary for three-
component LDV capability are being procured and will provide signif-
icant new measurement capabilities vital to small-scale experimental
researchs Plans are also underway to purchase a VAX-11/750 super
mini-computer system with a basic magnetic tape subsystem for large
data storage. This equipment will greatly facilitate acquisition,
processing, analysis, presentation, and storage of LDV data and
results. The plans for a computer-controlled modular traverse
mechanism system will give us efficient, accurate, and precise LDV
measurement volume positioning.

The current extrnsive two-dimensional base flow experiments will
be supplemented in the future with small-scale axisymmetric power-on
and power-off experiments. A number of small-scale axisymmetric
models already exist and these flowfield measurements would be the
natural next step fTor detailed LDV 1investigation. Correlation of
data for two-dimensional and axisymmetric near-wake flows would
provide a useful measurement compaiison and lend further insight into
the componant analysis of the base flowfield.

CONCLUSIONS

The small-scale research effort has produced an introductory
level of expertise for making LDV measurements in high-speed flows.
The present %wo component LDV system is operational and is being
utilized for studies of particle lag problems and various insertion
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technigques. The experience with LDV measurements in supersonic flows
is being extended to small-scale two-dimensional near-wake base flow-
fields. The series of two-dimensional experiments on shear layer
development and rerompression, shock-induced separation, and plume-
induced separation will provide new and more extensive flowfield
data. Many of the models now exist and are being tested, while some
are 5tili under design. The results of the particle velocity relax-
ation experiments and the data of the ramp recompression study indi-
cate that careful and accurate LDV measurements can be made in super-
sonic base flowfields. The new data accumulated from these experi-
ments will contribute to the supersonic power-on base flowfield
database.
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& Figure 1(a) Power-on supersonic base flowfield.
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Figure 1(b) Pcower-off supersonic base flowfield.

Figure 1 Overall schematic indicating important
base flow regions.
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velocity relaxation experiments.
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a=15,17.5, or 20°

Figure 7(a) Reattachment of a self-similar free shear layer.

N Fiqure 7(b) Reattachment of a deveioping free shear layer.
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Figure 7(c) Interaction of two free shear layers.

Figure 7 Cenfigurations for two-dimensional recompression.

reattachment, and redevelopment experiments.
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Figure 8 Preliminary results of the two-dimensional
recompression experiments using a ramp.
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Figure 9(a) Impinging shock wave configuration.
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Figure 9(b) Compression corner configuration.

Figure 9{(c) Forward-facing step contiguration.

Figure 9 Shock wave-boundary layer
interaction experiments.
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Figure 10(a) Geometric separation at corner of base.
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Figure 10(b) Plume-induced separation on afterbody.

Figure 10 Configurations for two-diimensional power-on
supersonic base flow experiments.
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APPENDIX G-2

SMALL-SCALE MODELS FOR TWO-DIMENSIONAL EXPERIMENTS
UTILIZING A LASER DCPPLER VELOCIMETER

(Research effort under the direction of Professor A. L, Addy)
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The photographs included in this appendix show many of the small-scale
models of various base flowfield configurations being used for a laser Noppler
velocimeter (LDV) study of near-wake phenomena. The experimental research
effort is being conducted under the direction of Professor A, L. Addy and is
aimed at developing the LDV as an instrument for making oaccurate velocity
measurements in high-speed flows with imbedded separated flow regions. The
wind tunnel models depicted herein have been designed and fabricated under ARO
sponsorship and are currently being used for near-wake measurements. The
details of the planned two-dimensional experiments are described in more
detail in Section 4 of this final technical report, under the heading of
SMALL-SCALE BASE FLOW EXPERIMENTS UTILIZING A LASER DOPPLER VELOCIMETER. The
paper associated with the research effort which utilizes these models was
presented by Professor Addy at Huntsviile and is included here as Appendix

G-1.
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Figure 1 Photograph showing the laser Doppler velocimeter
components mounted on the traversing table.
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Figure 8

Closwe-up photograph ol the supersonic nosele hlock,
inclined ramp, and tlat surtace used tor the
recompression/resttacheent experiment.,,




Figure 9 Photoyraph of the anodized ramp models
tor the shock-induced separation exper-
imgnts.

Figure [0 Photoyraph ot the anodized forward-facing
step models tor the shock-induced sepa-
ration experiments.
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INTRODUCTICN

The importance of afterbody boundary layer and wake shear layer develop-
ment on slipstream separation and base region pressures and temperatures is
well established. For plume-induced separation typical of highly accelerating
vehicles, the upstream movement of the separation shock and separation pres-
sure rise are known to be effected by both the body geometry and distance from
the vehicle base plane [1]*. Thus, the interaction of the separation shock
with afterbody expansion fields such as occur at boattail body junctions also
modifies the separation process. Consequently, an investigation of the
effects of rapid pressure changes on shear layer characteristics was initiated
with the objective of establishing an understanding of their relation to the
plume-induced separation problem,

Figure 1 schematically shows the flowfield components for the plume-
induced separation process and demonstrates the importance of the shear layer
for all portions of the interaction., For more complex interference fields
such as occur ftor vehicles with control surfaces and operating at angle-of-
attack, see Figure 2, it will be necessary to rely on wind tunnel testing and
modeling techniques for the foreseeable future although detailed information
on subcomponents must be sought to provide guidance and understanding in the

analysis of this type of problem,

INITIAL CONFIRMATQRY STUDIES
A series of initial experiments was undertaken to examine wheiiher pub-

lished results [2] on the reduction of the separation pressure rise were

Taumbers in brackets refer to entries 1n REFERENCES.
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related to axisymmetric configurations, in contrast to two-dimensional flows,
and on the iteration of separation shocks and afterbody expansions. The
results of the experiments on plume-induced separations and resultant separa-
tion pressure rise for two-dimensional configurations are shown in Figure 3
along with the axisymmetric results of Reference 2., The agreement is seen to
be excellent within the first two boundary layer thicknesses of the base
plane. For distances greater than 26, the two-dimensional values are slightly
Tess than for the axisymmetric case. The latter may be due to the adverse
praessure gradient on axisymmetric afterbodies in contrast to the constant
pressure of two-dimensional flows, Favorable pressure gradients further
decrease the plateau pressure after separation,

The upstream movement of plume-induced separations is also affected by
body generated pressure changes such as occur at body junctions., Thus, the
expansion fan at the start of a boattail can be expected to modify the extent
of plume-induced separation in conjunction with the engine-to-freestream pres-
sure ratio. The interaction of the separation shock and fan can be expected
to delay further upstream migration of the induced separation with increasing
engine-to-freestream ratios until the base pressure is sufficiently high to
cancel the expansion fan pressure drop. This process is shown in Figure 4 for
separations induced by a simulated jet recompression surface. The delay in
upstream movement at the expansion corner spans an approximate range of 4
degrees of the reattachment surface corresponding to a change of base pressure
of approximately 0.135 < Pg/Py < 0.185.

DETAILED STUDIES OF THE EFFECTS OF SUDDEN COMPRESSIONS AND
EXPANSIONS ON SHEAR LAYER MOMENTUM THICKNESS
Since the supersonic external flowfield over typical rocket propelled

vehicles contains both expansions (Prandt] Meyer) and compressions (shocks),



particularly in the vicinity of the afterbody and hase plane, it is important
to be able to determine the effects of these sudden pressure gradients on the
boundary layer developing along the missile surface, 1In particular, for wake
solution techniques such as the widely used component approach [1], it can be
shown that the approaching boundary layer can be treated as an equivalent mass
bleed into the wake. This effective mass bleed is a function of the boundary
layer momentum thickness. Consequently, an investigation has been made [3] of
the effects of both Prandtl! Meyer expansions and separation shocks (not
reflected shocks) on the change in a turbulent boundary layer with adjacent

supersonic stream,

Analysis

The effects of sudden or rapid pressure gradients on boundary layer
parameters have been the subject of a number of studies [4,5]. The primary
emphasis has been on reflected shocks in supersonic flow and imbedded shocks
in the transonic case, For supersonic flow over missiles, however, the flow-
field at separation will have either an expansion or compression (see Figure
1) depending on the engine-to-freestream pressure ratio (here neglecting the
apparently trivial case of no pressure change at the separation point),"“r
While the stream tube expansion method has been widely used to describe

changes due to expansions, it is not applicable to the compression case, Some

Tt1t should be noted that while the no pressure change case is apparently an
unimpgortant case in the sense of this study, i.e., 8y = 8-, recent studies
[3,6,7] suggest that significant effects can occur dlde to the laminar sub-
layer no longer having the turbulence quenching adjacent wall as a boundary
condition. Consequently, a new subshear layer appears to form due to tran-
sition of the laminar sublayer downstream of separation,

Ml‘



studies have also suggested that in rapid expansions, the layer nzar the wall
may overexpand [6].

In 1965, White [8] suggested that gross features such as momentum thick-
ness of boundary layers subjected to Prandtl-Meyer expansions or separation
shocks could be found by integrating the inteqral momentum equation subject to
appropriate assumptions. Such a unified approach is attractive and its con-
firmation or possible modification was one of the goals of the current study.

The solution given by White is

op/6y = (C/C)F2((C8 - 1)/(cF - (120 - (270 - DTy

where a = H; and b = H; + 1, H; being the incompressible form factor for the
disturbed flow,

Figure 5 shows a comparison of Eq. (1), using H; = 1.20, to the stream
tube expansion method for the effect of a sudden expansion on the momentum
thickness. The agreement 1is seen to be excellent. For compressions, the
selection of the approximate H; value is open to interpretation and Figure 6

shows predicted changes in momentum thickness for two H; values, one repre-

sentative of fully developed f]o&s, H; = 1.2, and one representative of
separating developed flows, H; = 1.8. The differences are seen to be
significant.

Thus an experimental investigation was undertaken to determine the change
in boundary layer momentum thickness across sudden compressions and expansions
in the Mach number range of 1.5 to 3.0.

Figure 7 is a photograph showing the basic wind tunnel and model con-
figuration. Fixed interchangeable nozzles provided nominal freestream Mach

number conditions of 1.5, 2.0, 2.5, and 3.0. Extensive static pressure tap

distributions over the model surfaces were used to obtain a clear




determination of the pressure field. The shear layer was probed using a 0.018
in, (height) diameter flattened probe. The probe was manually adjusted in
increments of 0.005 inch. Consequently, 40 to 50 points were obtained in each
profile. The flow Reynolds numbers were 18 x 105, 25.4 x 106. 30 % 105, and
43.4 x 106 per foot, respectively, for the nominal freestream Mach numbers of
1.5, 2.0, 2.5, and 3.0.

Typical expansion and compression disturbed downstream profiles are shown
in Figure 8. The unusual shape of the expansion profile was found to be
typical and to have an increasingly distinct knee near the sublayer portion
for increasing expansion ratios. A close check of Schlieren photographs, cil
flow patterns, and probing nearer the corner showed no indication of a separ-
ation bubble. The inner and outer profile nature of the expanded profiles
suggests that overexpansion of the laminar sublayer is occurring, followed by
redevelopment of this new near wall layer into a quenched lower turbulence
outer rotational flow. Such overexpansion has been suggested by previous
investigators for saeparating flows [6] and in association with the lip shock
problem. Thus, the boundary layer on afterbodies and its separation charac-
teristics may require a new approach based on the actual boundary Tlayer pro-
file and its description when the flow has experienced a strong and rapid
expansion such as occurs at boattail body junctions or for the base pressure
problem,

Results and Analysis

The values of the ratio of momentum thickness for both the expansion and
compression tests are shown in Figures 9(a) and 9(b) as a function of the
pressure ratio across the process. An inversion can be seen to occur between
the effects of expansions and compressions depending on the Mach number of the

approach flow.
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The form of the results suggested that the analysis qiven by Eg. (1) is
correct although the appropriate choice of H; remains to be determined. A
best fit analysis of the data to Eq. (1) using parameter identification by
optimization, i.e.,

A L) s o0 @

1 L experimenta]i theoretica1j

was carried out. The values of H; for the expansion and compression pro-
cesses as a function of approach Mach number are shown in Figure 10. It is
apparent that the H; values for expansions is approximately 1.0 and for com-
pressions 1.95 and independent of the freestream Mach number over the range of
these tests. These H, values are in the range anticipated in that they are
representative of fully developed and separated profiles, respectively, They
also point out that the expansion process and compression process lie along
different legs of Eq. (1). The latter explains the spreading of the inver-
sion region compared to that of Reference 8 in which a single H; value was
utilized, Figure 11 shows the magnitude of the inversion regions based on Eq.
(1) and the experimentally determined H; values, In Figures 9(a) and 9(b),
the test data are also shown along with the fit to Eq. (1). The agreement is
seen to be excellent both gualitatively and quantitatively. Thus, the inte-
gration of the momentum equation represented by Eq. (1) appears to adequately
describe the effects of sudden pressure gradients on attached turbulent

boundary layers.

CONCLUSTONS
A detailed experimental study of the effect of rapid expansions and com-

pressions on momentum thickness of the turbulent attached houndary layers has

l
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been carried out. The results of the measurements point to a number of

important factors related to boundary layer modifications and development in

the presence of rapid pressure gradients. In particular, the following points

are of consequence:

(1)

(2)

Changes in momentum thickness of turbulenf boundary layers
subjected to sudden expansions and compressions can be corre-
lated and explained by available integral analysis.

The best fit correlation to the tformulation of Reference 8 is
assentially independent of Mach number over the range tested
and are in agreement with fully developed and separated
boundary layers.

Excellent qualitative and quantitative agreement exists
between the test results and theory.

Apparent sublayver averexpansion occurs for rapid expansions
imposed from the outer flow leading to a need for a two pro-
file velocity description downstream of the disturbance.

The effects of rapid expansions on the boundary layer may lead
to changes in boundary layer development and separation char-
acterization on boattails.

A detailed laser Doppler velocimeter study of rapidly expand-
ing shear layers is necessary to confirm the effects of sub-
layer expansion at the corner and in the rodfevelopment pro-
cess.
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Fiqure 7 Photograph showing details of the wind
tunnel model installation and probe.
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*d“ NEAR WAKE ANALYSIS WITH THE METHOD OF SEQUENTIAL CENTERED EXPANSIONS
i Helmut H. Korst
¢ Professor of Mechanical and Industrial Engineering
) The University of I1linoic at Urbana-Champaign
Urbana, I1linois
SUMMARY
A wide spectrum of near wake flows is controlled by inviscid and viscid
mechanisms in the proximity of the vehicle base. This situation has important
implications since it suggests the possibility of simplifying the analysis of
the inviscid flow structure while, on the other hand, complicating the viscid
L mechanisms as they may be strongly influenced by Reynolds number (scale)
effects and transitional phenomena,
Since flow component models are based on *‘he separate treatment of

inviscid and viscid mechanisms, subject to subsequent integration into an

overall system by imposing proper closure c¢onditions at the end of the wake,

it is often advantageous and acceptable to utilize an approximate method for

dealing with the inviscid wake boundaries. The method of sequential centered
. expansions becomes quite attractive for jet and/or slipstream boundaries hava-

ing axisymmetric geometries,

Based on the development of the Potential Equation in the vicinity of a

i
discontinuity in boundary conditions, i.e., slope and curvature, the method }
originally proposed by Johannesen and Meyer [1] can be extended and adapted to i
a wide variety of practical problem: in supersonic missile flight, In partic- !
ular, cases involving axisymmetric wakes in both powered and unpowered flight

can be analyzed with convenience since both the plume and slipstream

b ot

boundaries appear in the convenient form of circular shape approximations

which accurately represent the initial slopes and curvatures,




Beyond this, however, even problems involving strongly non-axisymmetric
vehicle geometries, or flight conditions at high angle-of-attack, can be
analyzad by modeling schemes utilizing the method of sequential centered
expansions. The only requirement is that the pressure in the near-wake need
be reasonably uniform, which is true in many practical cases. The slipstream
and jet-plume analysis are carried out in differently oriented polar coordi-
nate systems, as shown in Figures 1 and 2. Consequently, the partial differ-

ential equation for the axisymmetric potential flow is as follows:

e+ ﬁ'_ + uy (aR oy (vsing-ucosg) =

ooj

: 1+Rcosy
where one will distinguish between the cases of the slipstream and the plume
by specifying the upper or lower signs, respectively. The series development

for the flow in the vicinity of the discontinuity becomes

W(Ry 4) = wg + u(oR + up()RE & .o
v(R, ¢) = Vo * vl(¢)R + oeas
a(R, ¢) = ag + a1(¢)R Foaee

which suggests convergence of the solution {pressure distribution along down-
stream walls or slope and curvature of free jet boundaries) within a region
extending one (dimensionless) radius downstream,

After specifying the appropriate boundary conditions, solutions can be
found by integration of ordinary differential equations in Region B-1 (flow
upstream of the center. expansion, see Figure 3), Region A (modified Prandtl-
Meyer fan, see Figure 3;, and Region B-2 (flowfield downstream of the centered
expansion, see Figure 3).

Even though the initial condition is second order, the solutions can be

continued for much Targer distances downstream by utiiizing the conventional

proon ol

it
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Method of Characteristics. This explains the success of the mathematical

modeling scheme for plumes havino dissimilar specific heat ratios.

The method of sequential centered expansions i1s an integral part of the
analysas of the base flowfield which are employed in the published papers

which are included in this report as Appendices C, E, F, and K.

‘ REFERENCES
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Polar coordinate system for the external slipstream

Figure 1
analysis.
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Figure 2 Polar coordinate system for the jet-plume analysis.
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INTRODUCTION

Non-steady phenomena during the early phases of the launch of missiles
involving large amplitude pressure waves have becen suspected to cause struc-
tural failures and generate high impulse noise levels.

Laboratory experiments reported herein have confirmed that unsteady flows
may be present and are repeatable under well controlled operating conditions,

Even though unsteady flow has been observed during the starting phases of
biowdown wind tunnels [1]7, observation and theoretical modeling of the
unsteady plume-launcher interaction have not been reported profusely in the
scientific literature with the exception of a related report by Meier, et al,
[2]. 1In their communication, non-steady flow phenomena in two-dimensional and
axisymmetric configurations were studied, In all cases, converging nozzles
discharged into smooth charnels of larger but constant cross-sections, whereas
a converging-diverging nozzle was used in the present investigation. It will
be shown la*er that a converging nozzle limits the range of unsteady fiow
occurrence because a s.unding shock wave cannot form in the nozzle.

Meier, et al., reported extensively on the 1nf1ueﬁce of the important
geometrical and operational parameters causing flow unsteadiness, employing
diverse means such as dynamic and static rressure readings, Schlieren, streak
as well as interferometer visualizations, and fast Fourier transform analysis.
However, the report does not provide a complefe theoretical meodel to interpret

the thorough and extensive experimental data.

Tnumbers in Lrackets refer to entries in REFERENCES at end of these excerpts,




Furthermore, their experiments with two-dimensional channels gave rise to
asymmetrical flow interactions which are not representative of the scope of
this investigation.

Although no satisfactory overall flow modal has been proposed offering
full understanding of the ertire flow phenomena as based on constituent flow
components and regions, the literature does provide much detailed information
on particular flow components such as fluidic mass entrainment, mixing shear
layers, resonating flows past cavities, and choking (critical mass flow rates)
in channels and ducts due to irreversibilities (friction or shocks) and/or
cross-sectional area reductions,

The objective of this investigation is to propose and test a model based
on well established flow components. Both physical and computational aspects
of the components and their interactions are introduced and subsequently sub-
ject %o experimental corrobcration.

The <onfiguration germane to the missile launch problem consists, as
studied in this case, of a convergirg-diverging nozzie discharging into a
smooth channel of larger but constant cross-section, This channel ends with
an adjustable area reduction (secondary constriction or nozzle). Figure 1
shows a sketch of the confiyguration,

The non-cteady operation of such a system can be expected to exhibit the
following patterns:

(1) The jet emerging from the nozzle expands forming 4 plume which

impinges on the wall (base flow problem). This will subse-
guently produce multiple shock wave iterations eventually
resulting in subsonic fiow at the entrance of the downstream
{secondary) nozzle. In spite of the complex nature of the
multiple shock interactions, the flow conditions (Mach number)

at the entrance nf the secondary nozzle will be closely
approximated by one-dimensional flow [37.




(2) Since irreversibilities are sustained in the flow, the local
stagnation pressures will decrease, thus to maintain a steady
flow would require an eniarged secondary throat area that
satisfies A* /A* = P0 /P I If the area ratio of the down-
stream nozzfé i§ too %ma?*, this Mach number cannot be sus-
tained in stecly flow and a left-running wave will form.

(3) The difference in the mass flowrates between the choked
primary and secondary nozzles will then be stored behind the
moving shock.

(4) 1If the traveling shock proceeds so far upstream that it
reaches the end of the wake, the plume impingement is elimi-
nated, and as the jet detaches from the wall, the flow
irreversibilities decrease and the stored mass will soon dis-
charge through the secondary nozzle.

) {(5) The free jet emerging from the nozzle will begin to entrain
! mass, thus reducing the pressure near the nozzle exit,
T eventually forming a closed wake with resulting plume expan-
sion and impingement,
If all these events occur, a cyclic system operation will result,

The analysis of the problem has to establish criteria which allow to
quantify the geometric and operational parameters in order to arrive at the
understanding of under what conditions non-steady operation can be expected

» and which time scales and pressure amplitudes can be predicted.

An experimental program section will describe the design of the test
equipment and instrumentation as well as the data acquisition and processing
procedures.

Comparison with analytical and experimental results will then allow to
evaluate the merits of the simplified flow model 1in explaining qualitatively

and quantitatively the non-steady flow phenomena as they may occur during the

tube-launch of rockets.

¥ CONCLUSIONS
The primary coal fer the initial phase of this research endeavor ha. been

to lay down the ground work for mure detailed and extensive development of a




theoretical model that would predict, accurately and comprehensively, the con-
ditions (both geometrical and operational) necessary to induce non-steady flow
phenomena; and also to describe the system behavior under non-steady opera-
tion, Such flow phenomenon can occur during the initial phases of the launch
of missiles.

Despite the highly simplified analytical model reported here, the identi-
ficetion of the secondary throat area (AeII) as a critical parameter -- pro-
vided that the system configuration allows for the development of the fluidic
mechanism and near-wake formation and that critical flow prevails through the
exit nozzle -- has been possible.

Furthermore, the verification of the base pressure oscillations as being
nearly periodical will aid in the prediction of the overall system behavior
with regard to oscillation amplitude and frequency.

Detailed modeling of the fluidic entrainment mechanism as a basis for
near-wake development as well as accurate experimental data for the changes in

base pressure levels during pump-down will be subject to follow-up phases in

this research area.
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THE ANALYSIS OF SECONDARY FLOWS
FOR TUBE-LAUNCHED ROCKET CONFIGURATIONS*

+
H. H. Korst
The Gniversicy of lllinuis at Urbana-Champaign
Urbana, Tllinois

Abstract

Theoretical solutions have been computed for
the tlow fields which exist whea an underexpanded
nozzle is exhausted into a constant-area launch
tube such that the impingement shock wave is re-
lativelv weak and the dovnstream flow remains
supersonic. The theoretical flows are compared
with experimental data for various nozzle/launch
tube configurations. For the test program, un-
hested air was accelerated to supersoric speed
through convergent~divecgent nozzles over a wide
range of stagnation pressure, In the present
paper, an eagineering model for the {mpingement
flow-ffeld 1s presented, the computed flow-tield
solutions are compared with experimental results,
the comparisons are used to verify the validitvy
of the flow model, and solutions are presented to
illustrate the effect of -~ -variations. The
theoretical wall statie~-pressure distributions In
the (mpingement vegion and the calculated value
for the stagna.ion pressure tfor which there is no
secondary flow La the anonular gap are in good
agreement with the experimental data.

Nomenc lature
homenc ldiure

Cruss~section area

Crocuee number

Diameter

Mach number

Mass tlow rate

Pressure

Radius, measured perpeadfculdar te the venter-
line of the luunch tube

Rl Tnitial radius ot cdrvature ot the Lnviscid

plume boundary

(o Mot BN be g <N R4

T Temperature
u stteamwise velocity compouent
% Axial dilstance atone the centerline ot the

launch tube or streamwise distance (are
lengeh) along the Laviscid plume boundary

v Normal distance to the toviscid plume boswd-
ary

' Rativ ol specitic neats

- Nondimensional shear-laver coordinate

* The individual vesearch cllorts discussed here-
fn wete supported by the Uls, Avrmy Hesearch
Ottt through zrant DAAG=29=70+G-0209 aud bv
the Uuese Avrmy Hissite Command through contract
DANMIOT=RO~(=0114.

+ Dratressor of Hechimical Eonetneeriog, Depactment
ot Mechanical and Industrial Dagineering, Uni-
versite ot Tlinois gt Urhana=Champaien, Fellow,
AAA

b+ Pratevsnr, Depactment of Avrospiace Engineering
nd Ungineering Hechanics, The University ot
Tevas at Austin, Assoefate Feilouw, ATAA

Copyright Arnerlvun Instiiate of Aeronwutics ur
Astrunaution, o, 1981, Al rghiy reserved.

++
Johwt J. Bertin
The tniversity of Texas at Austin
Austin, Texas

<] Flow inclination relative to the centerline
of the launch tube

o Density

a Spreading parameter, defined by equatiuvn (})

] Dimensionless veloclty ratio

w Prandtl-Meyer angle

Subscripts

ay  Denotes stdatic pruperties evaluated at the
upstream end of the annular gap

b Denvtes statlc properties Ln the base replon
d Discriminating (dividing or stagnating) stredm-
line

ax Flow through the nozzle extig-nlane, i.e,, the
axhaust tlow
Free—jet surtface (ianviscid plume boundary)
i Denotves pruperties evaluated at the inter=
section of the inviscld plume boundary and
the launcher wall

=

] Zero sereamline, 1.,e., that dividing the ex-
haust flow from the base air
L Denotes local coudicions act the Lip ot the

nozzle exit-plane

ne Denotes properties cvaluated in the nozzle
exit-plane

plt  Pressure measured using o pltot probue cullinvar
with the launch=~Lubue axis

pk Denotes peak values

r Outer surface of the rocket

t Tuner surtace of the launch tube

tl Denotes properties evaluated in the staguation
chamber of the simulated rocket

12 Denotes propertles downstream ot o nuemal
stiock wave

Beginning ot viscous intecaction
1 Mass tlow rate glven by equatoon (b}

Introduction

Varlous military vockets are launched trom
tubes. The designer ot a tube=-luunched rocket
svstem must consider the possibility ot unbalanced
forcer acting on the rocket that are caused by
tlow in the annular gap bhetween the (ockei did the
lauiichetr walle  As the underexpanded nezzle tlow
accelerates upon leaving the noezle, LU entvolos
aiv frow the annulav gap torming o shear Laver at
the plume bonndary,  The exhaust plume dmpioges on
the wall o short distance downstream ol che nossle
vxit-plane, creatiug an [mofogewent Shock -wvave,
When the dmpilogement shock-wave is very wedak, o
tracgion ot the entrafoed alr has been riven sul-
ticient momentuam o chat it passes through the
fmpingement shock md the »vitem wets s an clector,
Using the atmosphere at the gpstveam end ot the
launches as 1ts source, 4 low velocity tlow de-
velapy in the anpualar region to supply Phe maoan

e ALY s e e L e e e ok = o = 8 4 s ¢




flow rate ofair that is carried through the shock
wave. A fraction of the air entraincd by the
exhaust plume does not gain sufficient momentum
to pass through the shock wave and is turned
upstream, creating a separation "bubble'" near the
launcher wall. Thus, as indicated in the sketch
of Fig. la, the discriminating (or dividing)
streamline can be traced into the annular region
between the rocket and the launcher wall.

If the stagnation pressure or the nozzle
exit~angle is increased above the values for
ejector-type flow, the flow 4t the plume boundary
must turn through a larger angle when it encounters
the wall. Thus, although classified as a weak
solutiou, he pressure rise across the shock
wave increases. Once the impingewent shock—wave
becomes sufficiencly strong, the resultant adverse
pressure gradient causes a fraction of the exhaust
flow to be turned upstream into the annular gap,
as shown in Fig. 1b. The exhaust that is turved
upstrean is known as blow-by flow.

When conditions are such that the impingement
shock=-wave system is strong, massive blow=by
occurs. The essential elements of a flow model
for this launch-tube flow field have been identi-
fied experimentallyl. A one-dimensional, theo-
vetical, flow-model, which correlates well with
the experimental data, has been developedZ. The
pressure gradients and gsymmetries resulting from
turning a large fraction of the exhaust flow up-
stream into the annular gap cause unbalanced
forces on the rocket. Because the rocket is
flying free ir the launch tube at this time, these
forces can cause the rocket to deviate signifi-
cantly from its intended f£light pach, Such devi-
ations in cthe rocket's trajectory have been ob-~
served in flight tests3d. and in cold-gas simula-
tiouss5, Therefore, although it is necessary to
understand launch~tube flow fields with wassive
blow-by, they should be avoided whenever possible.

To predict the magnitude and the direction
of the flow in the annular gap, one must be able
to describe the uvxhaust plume of the rocket and
the viscous/shkock~interaction structure that re-
sults when the plume encounters the launcher wall.
The strength of the impingement shock wave and
the characteristics of the viscous interaction at
the wall depend on the structure of the exhaust
plume and on the geometry of the launch tube,
When an underexpanded, supersonic nozzle exhausts
into a constant-arvea tube, the strength of the
impingement shock-wave depends on the Mach number
of the inviscid flow along the inner edge of the
mixing zone at the jet boundary, on the ratio of
the specific heats (Y), on the inclination of the
impinging flow relative to the launcher wall, and
on the velocity profile in the mixing zone.

For a wide range of test conditions, the
impingement shock-wave 1z relatively weak and the
downmstream flow remains supersonic. For such
cases, there is relatively little sacondary tlow
and the pressure in the annular reglon differs
only slightly from the atmospheric value. As a
result, unbalanced forces on the missile are
relatively small. The Chapmau-Korst model® can
be used to delineate the inviscid and the viscid
flow-mechanisms encountered in the plume-impinge-
ment flow-field, Once the geometry of the corre-~
sponding inviscid plume-boundary is established
by an appropriate potential flow analysis, a
viscrus mixing component is superimposad on the
boundary., Wake closure conditions are specified
in the form of a modified concept of incomplete

Jet exhoust
boundary

Launcher centerling

Shaded ragion designates air snircined from the bose
region which is yiven sufficiant momentum fo poss threugh
the impingaman! shock wave.

{a} System octs as an sjector

Biow-by flow
Separation “bubble™~ & <Js! exhaust boundary
- - -
_ e

o

Launcher centarline

Shaded region designates that fraction of ths exhaust flaw
which doss not have sufficient momentum to pass through

the impingament shock wave.

{b) Systam produces noming! blow-by flow

Figure 1., - Sketches of possible launch-iube flow
fields.

turning of the plume near the point of shear-layer
reattachment’ .

Theoretical flow-fields have been calculated
for various nozzle/launch-tube configuration using
this flow model. The solutions, thus calculated,
are compared with experimental data in the present
paper. The principal objectives of the present
paper are (1) to present an engineering model for
the impingement flow-field which 1s produced when
an underexpanded supersonic nozzle 1s exhau: ted
into a constant-area tube, (2) to compare the
computed flow~field solutions with experimental
results, and (3) to use the comparisons to estab-
lish the validity of the flow model. This final
objective is of special importance, since having
demongrrated the validity of the flow model,
launchetube flow=fields cam be calculated with
confidence for other nozzle configurations and/or
other specific heat ratios providing the flow
satisfies the basic assumptions,

Theoretical Analysis

A component .approach for gupersonic, turbu-
lent flows, i.e., the Chapman-Korst model®, forms
the basis for the present analysis. It includes
the delineation of 1inviscid and viscid flow-
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mechanisms encountersd in plume/launcher-wall
tmpingement flows ind their subsequent synthesis
inco an overall systems solution, The geometry
of the corresponding inviscid plume bouundary is
established by an apprxoptiate potential flow
analvsis, The viscous mixing component is super-
imposed on the boundary. Wake closure conditions
are specified in the form of a modified concept
of the incomplete turning of the plume near the
point of shear layer reattachment/. A number of
conceptual simplifications for the plume-~impinge-
went flow field, which will be introduced, are
justiftable for the conditions of interest.

Since the launching of rockets from straight
tubes will generally impose geometric rastrictions
to blow-by, the present analysls can be glwplified
by the assumption that the mase flow rates which
will be rejected from or entrained inte the vis~
cous jet mixing region should be small. It is
assumed that the entire system will be operating
under essentlally isoenergetic conditfons, thac
is, with the stagnation teuparature for the entire
flow fleld equal to that of the exbaust gas. This
assumption is realistic for most flows under con-
sideration; the exception being Lf ejector-type
flow is Ifnduced by the rocket firing.

Since the rativ of the launch-tube diameter
to rocket unozzle—exit diameter is usually limited
to values < 1.3, the contour of the corresponding
inviscid plume boundary can be determined with
gufficient accuracy by the second-order potential--
flow approximation for axially symsecric, suser-
sonlc flow near the center of an expansion v
The resulting civcular-arc configuration {8 con-
venieat for establishing a simple inviscid-flow-
component geometry. On the other hand, it is
necessary to treat the nozzle flow in detail iun
order to defiae accurately the cowditions ac, and
near, the lip of the exit cross-section. This
requires the analysis of the nozzle flow by the
muthod of characteristics (including the effects
of charactevistics coalescence) as it develops
from tha transonic fluow region near the nozzle
theoatl

The axit-plane conditivns near the nozzle
1{p, will be determined by the local wall-slope,
01, the local Mach number, My, and che local
flow acceleration. With these initial conditions
spacified, selection of the jet yurface Mach
number, Mp, will yield a vaique sojution for the
circular-arce ovproximacion of the contour of the
inviscld plume boundary in terms of the infitial
streawmline angle, Oy, and the radius of curvature,
Rill., Thus, for a given nozzle configuration and
for any et surface Mach number, My, tha inviscid
flow field will be uniquely determined, see Fig.
23, with 84 denoting the inviscid impingement-
angle at the cylindrical luuncher wall, i.e., at
vadius ry., One now has to analyze the viscous
flow mechanisms that will provide the closure
conditions for determining the actual uvperating
conditions of the system, see Fig. 2b.

The jet mixing characteristics of the free
shear--laver at the plume boundarv cam be approx-
imated by selecting isoenergetic conditions and a
linear veloeity profilel?. Use of a self-similar,
linear mixing profile does not exclude the study
of Reynolds number c{fects. The <Efects of the
boundary layer aloug the nozzle wall can be con-~
sidered, subseguently elther in form of an equiv-
alent bleed’- or by analyzing the development of
4 dissipative ghear layer in a rotational but
essentially uon-dissipative flow field associated

lounch-tubs wall

Anmular
ragion

R

%

(s} Overall tiow- tigkd

A} - o———
Ry
wiacstchle _ HOH !
i ¥
™ $
. i

(b) Detais of impinging shecr-loysr for ejector - typa flow
{$> ¢4, w secondary flow)

Figure 2, - Sketches of flow wodel for plume=-im-
pingenent flow fleld

with the fluw expansions near the nozzle lip. The
spread pavumeter o shall here be related to the

rate of change in slope of the velocity profileld,15

in the form:

i 1

[(ay mnx] (1)
For a Iinea: velocity profile with the conditions
at the "{uviscid” plume boundary given by up and
pp, ovne finds:
¢ =2 e
Y Yy

where n = g 1—. The density ratio {n the {sven~
ergetic mixing region is:

(23

1 -G (3)
P

¥ 2.,
Fool-o%C

where use of the Crocou nunber.

.-‘1./‘-+H » (6)




conveniently eliminates the influence of the spe-
cific hear ratilo un constant-pressure mixing pro-
tilese

Applicacion of the momentum equation to a
two-dimensional mixing region allows one to locate
the prorile with respect to the corresponding
inviscid jet bounduary in the form:

M X Z 1-C

R O - A 1(1”)
C

(3)

One snhould note that the application to an axisym~
metric, curved plume boundary requires that the
length x be 4inteynreted a8 an arce length and
that the use of ¢ wvalues originally defined for
planar mixing zones adds to the inherent uncer-
tainty in making an assessment for the effects of
compressibility on the spread parameter, For the
present purpose, where the Mact number Mp will
seldom exceed 3.5, one may use the simple rela~
Lionshipl

3 o= 12 + 2.56 MF

The mass-flow=rdte per unit depth within the mixing
zone up tu the strecmline y(d):
v
ml -‘{ P u dy

y-> o0

can now be expressed in closed form by:

X u, O
, R et 4
fa, = I1(¢,LF) G ®)

whare

2,2
11(¢’CF) e In (1 ~ ¢ Cp )

(6a)

The velocity ratio, h = E— , defines a streamline

having the locatlon y = g— Ny = 4 measured
"

perpendicular to and outside of the corresponding
inviscid plume boundary. The velocity along the
zerv streamline, which separaces the nozzle flow
from the air entrained trom the base region, is
given by:

7 \J

LoJiol sz,kll(l‘"cx) 2
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The recompression of the plume as it lmpinges
on the c¢ylindrical wall leads to a flow config-
uratiou as shown in Fig. 2b. T1f the stagnating
(discriminating or dividing) streamline has a
veloclicy level, 9., different from that of the
zero streamline, 8 , 4 secondary flow will be
established as req&ired for sacisfying the con-
servation vf mass in the near wake region. The

secondary flow rate will be positive, t.e., ejector-

tyvpe flow, if mi
by flow, {f ¢ ¢
be approximatéd ae

and negative, {.e., blow-
The secondarv flow rate may

. X I

M 2nrt p quF[11(¢J, CF) 11(¢d, CF)] (8)

The condition = ¢ corresponds to an operation
without any secoAdarv flow which will be satisfied
for the case where the near wake is vented to the
atmosphere if:

p - patm
Pcl ptl

e

and for the case where the annular gap is sealed
by a tight fitting sabotr or by an obturator ring.
As the discriminating streamline, whose veloc-~
Lty ratio is ¢d’ stagnates at the wall, the pro-
cass of yecumpression will be practically isen~-
tropic 4 Hence, for a local wall pressure corra-—
sponding to an inviscid value of the Crocco number,
where Cd ~ CF¢d’

(9

Since the reattachment point of this stream—
line falls into a region where the adjacent inviscid
plume flow-field has not yet fully aligned with the
solid wall, the concept of an incomplete turning
angle will be utilized.

For a linear xeloei%y profile, the correlation
proposed by Page et al, for cases involving wmass
bleed reduces to a remarkably simple expression:

W(Cp) = w(c)

CL,P = GTE;S—:fETE;j = 0.59 10)

which is wvalid over a range ~f inviscid-toundary
Mach number from ! to 5, 1.e. 1 < M, < 5. 1In
equation (10), w(C) is che Prandtl-ﬁeyer function
(which depends on the Crocco number) and C is
the Crocco number for the inviscid flow after the
{mnpingement of the inviscid jet and its realignment
with the launcher wall.

Equat{ons 1 through 10 can be sclved to estab-
lish the theoretical operating conditions using
information about the hase pressure, which is ap~
proximately equal to the atmospheric value when
the annular gap is vented, and the peak reattach-
ment pressure, which is located a distance:

® " Rl(sin GL - sin 91) 11)
from the nozzle exit-plane, For cagses where the
secondary flow rates are large, equations 1 through
10 must be supplemented by a relatiouship between
the mass flow rate and the pressure drop in the
annular gap. This additional relation for the
large flow rates in the annular gap is discussed

in Ref. 2.
The viscid pressure rise will start near the
location:
n L
X = R {sin 9 - sin 08 11 + (8§, -9 )-1L~-$1 '
v L L v L v'i80 ¢
ay
as shown in Fig. 2b. The implicit equation for
ev
8 ~6)va -
<) -cos_l cos O _(_IL._lLL¢ 1+.£e_[:..._e"_)_11r
v i 180 o d 180 o M
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has to be solved by iteration.

After plume impingement and alignment of the
jet surface with the wall by a reversible com=-
pression, the pressure distribution for the in-
viscid flow configuraticn can agaln be reasonably
approximated by the formal application of the
concept of centered expansions. With the new
origin of the centered expansion at the impinge-
ment point for the ianviscid plume, an ogdinary
differential equation is obtained for M along
the wall downstream of the impingement and the
resulting pressure distribution can be determined.
The mathematical aepproximations fnherent in the
methad-of~centered~expangions restrict the use-
ful range of the calculated wall-pressure dis-
tribution to approximately 1.0 T, downstream of
the lmpingement.

It is of interest to explore the influence
of Reynolds number together with an assessment of
the nozzle-wall boundary-layer development. The
boundary layer in an axisymmetric, convesaentl
divergent nozzle can be calculatedl8r19, at the
nozzle lip. Then, for a given Mach number, M.,
one can calculate the developmeant of the dissi-
pative shear layer following the expan.;ion from
the nozzle exit. After the transition of the
cthin laminar sublayer, the turbulent mixing layer
grows within the rotational shear layer produced
by the axpanded nozzle boundary-layer until it
reaches 1its inner edge and then crosses into the
"free-stream”, Calculations for the present test
conditions indicate that the velocity ratic for
the discriminating streamline i{n the shear layer
is within five percent of the similarity value,
as 1t approaches reattachment. Thus, the test
conditions of the current program provide a
reasonable simulation for the prototype teattach-
ment pressure rise.

0f greater concern 1s the behavior of the re-
attaching flow due to the strong interaction with
its boundary layer. TImplied with the concept of
incomplete turning of the adjacent inviscid stream
is che continuation of the pressure rise beyond
the stagnation point within the dissipative layer.
This will lead tc a thickening of the attached
boundary layer and may, of itself, cause a pres-
sure overshoot above the level consistent with the
full turning of the external flow.

Un the other hand, there will also be a
communication withi the boundary layer ol the
rapid expansion following the plume impingement,
These mechanisms are expected to modlfy the pres-~
sure distribution across the reattachment region
but in oppusing faslion. As a result, pressure
peaks determined for the corresponding inviscid
jet Loundary will generally show reasonable agree-~
ment with experimental data even though there may
be noticeable, albeit explainable, differences
between the theoreticallvy derermined and the
measured pressure distributions.

Experimental Program

The experimental results presented in this
paper were obtained at the Rocket Exhaust Effects
Facility located at the .Experimental Aerodynamics
Laboratory (EAL) of the University of Texas at
Austin, Simulated rocket exhaust plumes were
obtained bv accelerating unheated, compressed air
(the test gas) through a convergent/divergent
nozzle (the simulated rocket). The nozzle flow
was exhausted either into quiescent air or into
3 constant-area launch tube. A sketch of a
typleal nozzle/launch~tube configuration is pre-
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gented in Fig. 3, The simulated launch tubes were
mounted on a moveable table, so that the location
of the launch tube relative to the exit plane of
the simulated rocket nozzle could be varied. For
all of the runs in the present test program, the
axis of the launch tube was collinear with the
axis of the simulated rocket nozzle.

The test schedule included three nozzle ge-~
ometries and three launch tubes which were com-
bined to give nine different configurations.

Since the objective of the present paper is to use
the experimental data to validate the theoretical
flow model and to establish the limits of its
validity, only selected data are presented in this
paper. For a more complete discussion of the
experimental programs, the reader is referred to
rvefs, 21 and 22.

Simulated Rockets

Simulated rocket exhaust flows were produced
by accelerating unheated air through convergent/
divergent nozzles. Data are presented for two of
the nozzle configurations,

1) a 20° conical convergent/divergent nozzle,

designated as €3, and

2) a 10° contoured convergent/divergent noz-

zie, designated as C5.

The geometries of the nozzle coufigurations
studied in the current program are presented in
the equations below,
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Figure 3., - Sketch of nozzle/launch-tube config-
uyrations i{llustrating the launcher
instrumentation (dimensions are in
cm).
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Figure 4. - Sketch of a typical nozzle configura-
tion, C% nozzle {dimensions are in
cm) .




The 20° Conical Nozzle, C3:
For =1.308 < x < =1.031:

(x + 1.308)% + (r - 1.626)% = (0.813)°
For -1,031 < x < 0.0:

r = 0.759 + 0,364 (x + 1.308)

The 10° Contoured Nozzle, C5:

For -2.098 < x < -1.395:

(x + 2.098)% + (¢ - 1.626)% = (0.813)°
For -1.895 < x < 0.0z

b
c© = 1,530 + 0.434x

The equations give the dimensions in centimeters.
A sketch of the C5 nozzle is presented in Fig. 4.
The throat radius, the nozzle exit-plane radius,
and the external radius of the vocket were the
same for all nozzles. The cross-sectioa area for
all nozzle exit-planes was A__ = 2,316A%, 1If the
acceleration of the flow through the nozzles of
this area ratlio were isentropic, the Mach number
in the nozzle exit-plane would be 2,36 (ref. 23).

Simulated Launch Tubes

The constant—-area launch tubes, designated
as L1, L2, and L3, were used for the tests (Fig.
3). The inside vadius (r ) for the smooth bored
tubes was 1.20 vy, (1.484°¢cm) for the L1 con-
figuration, 1.275 r,, (1.322 cm) for the L2 con-
figuration, and 1.50 1,,(1.855 cm) for the L3
configuration. S$tatic pressure ovifices (0.0635
cm In diameter) were located axially along the
tube wall at a spacing of .25 rpe (0.309 cm).
Additional statlc pressure orifices spaced 0.50 1qe
(0.618 c¢m) apart were located further downstream.

For each test configuration, i.e., nozzle/
launch~tube configurarion, two pitot-static probes
were located midway between the simulrted rocket
and simulated launcher wall and 4.128 cu {rom tche
upstream end of the launch tube, Static pressgure
orifices were located in the launchetube wall
at the face of the pitot probes. These pitot~
pressure/static-pressure data could be used to
"measure" the mass flow rate in the anuular gap.
The pitot probe was desigred so that it could
face either upstream or downstream in order to
"measure" the mags flow racte in either direction,
i.e., ejector flow or blow-by flow.

The Mass Flow Rate

The mass flow rates were calculated using
the pressure data from the piltot-static probes
located at the upstream end of the annular gap.
If one assumes one-dimensional, isentropic flow
in the annular gap, and perfect gas properties,
then the dimensionless mass flow rate iy given
by:

2 2,
. T, P r " -
oo tl _ag 4 r (1)
28 Ha T P 1
ag tl -

i 1
Tex ..2._(._2_) f (r*) 2

y+1{y+1

For those runs where blow~by occurred, p

was assumed to be the atmospheric value and tg
measured pltot pressures were used tu calculate

M_ . TFor the ejector flow ~alculations, the pitot
préssures were agsumed to e the atmospheric value
while measured value of p was used in the cal-

. a8 i
culation of the Mach numbe? {n the annular gap.

Obtuxator Rings

For some of the runs, obturator rings were
used to seal the base region so that there could
be no flow in the anoular gap. The obturator ring
fit snugly into the annula» gap at an x of
approximately -1,270 cm {.e., upstream of the
nozzle exit plane.

iscusgion of Results

Solutions of the theoretical flow-fields have
beer computed from the transonic region of the
nozzle throat, through the nozzle, and through
the impingement of the jet-exhaust plume on the
launcher-wall. Computed solutions have been
obtained both for the C3 and for the C5 nozzles.
Thus, the theoretical solutions of the rocket ex=~
haust flow-fileld represent the effects of the
actual nozzle geometries on the overall flow~f{ield.
The theoretical solutions will be compared with
the experimental data. In some cases, two theo-
retical solutions representing vary degrees of
rigor were generated. In such cases, the theo=-
retical solutions will be compared with each other.

Nozzle Flow Field

The static pressures were measured along the
wall of the divergent section of the C5 nozzle for
stagnation pressures from 0.7 x 106 8/m? to 8.8
¥ 109 N/m?, TFor stagnation pressutes of 3.4 x
109 N/m?, or greater, the values for the ratio
p/e were 4 function of position only. The
non&imensionalized static-wall-pressure measure-
ments are cowpared fin Fig, 5 with the theoretical
values computed using the method of characteristics.

O Experimental values
~= Theoretical volues
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Figure 5, - The static-wall-pressuce distribution
for the C3 nozzle.
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The agreement between the theoreticil and the
experimental distributions is excellent.

The radial pitot-pressure distributions which
result when unhaated air is accelerated from a
reservolr where pyy 1s 8.715 x 106 N/m? through
the C3 nozzle and exhausts into qui. scent alr are
presented in Fig. 6. The theoretical values of
pe2/py; are compared with experimental pitot~
pressures for the nozzle exit-plane (x = 0.0 rpe)
and for the plane at x = 0.5 rpe. The theoret-
ical values of the pitot pressures were calculated
using the local Mach number, which 1s computed
using an isentropic method-of-characteristivs
solution, to define the stagnation pressure ratio
across a normal shock wave (pp2/pe;). The effect
of the local flow inclination was not included ia
the calculation procedure, The effect on the
theoretical stagnation pressure ratios presented
in Fig. 6 for =x_< 0.85 ry, should be small, siace,
as Pope and Goin?® note, a pitot probe "will be
insensitive tou angle of attack up to 10 deg for an
orifice diameter of only 10 percent of the outside
diameter and up to 15 deg for one 98 percent of
the outside diameter." The theoretical total-

are {n very good agreement with the experimentall
determined digtributions. Referring to the tab-
ulated values of Ref. 23, the total
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Figure 6. ~ Radial pitot-pressure distribucions
for the C3 nozzle exhausting into
quiescent air, P, = 8,715 x 106 N/m?

pressure distributions in the nozzle exit-plane
are in very good agreement with the experimentally-
determined distributiona. Referring to the
tabulated values of Ref. 23, the total pressures
that the Mach number varies from 2.13 near the
axls to 2.48 near the wall of the nozzle. Recall
that if one assumes that the flow undergoes a
one-dimensional acceleration from the sonic
throat to the stream tube of the exit-plane, the
Mach nuymber would be 2.36. Thus, although the
C3 15 a conical aozzle, the flow in the nozzle
exit-plane is not condcal.

For x = 0.5 Ches the pitot-pressures
measured in che intermal region are i{n reasonabie
agreemant with the theoretical values. The
theoretical wodel even predicts the variation
which occurs near t = 0.5 ryga. For r > 0.963
Thes the measured pltot-pressures decrease
rapldly with -lncreasing r until near the plume
boundary. These data illustrate that since the
Mach number is constant along an “inviscid plume
boundary", the local Mach number is a maximum
at a point between the adge of the core region
and the pluwe boundary.

The theoretical values outside of the core
region are calculated using the relations for an
axisymmetyic Prandtl-Meyer expansion and those
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for a linear velocity variation in the mixing
layer. Local flow inclinatioms as great as 37°
cause the theoretical values which do not account
tor the local flow inclination to exceed the
measured values. Note also that the jet mixing
reglon 1s narrow, leading to uncertaincy in the
correlations {n a high gradient region. Never-
theless, the correlation between the theovetical
and the experimental values is considered good.6

When the stagnation pressure 1s 8.715 x 10
ﬁ/mz. the static pressure in the nozzle exit-plane
is voughly six times the atmospheric value. Thus,
as the exhaust gases leave the nozzle, they accel-
erate rapidly until the pressure along the plume
boundary is equal to the static pressure of the
surrounding gas. The plume boundatries for the
€3 (20° comical) arnd for the €5 (10° contoured)
nozzles, as calculated using the method-ocf-charac-
tevistics, are presented in Fig, 7. The plume
boundaries computed using the method-of-charac-
terigtics are in excellent agreement with those
observed in the schlierean photographs of the noz-
zle exhausting into quiescent air. This s true
for both of these nozzles, which are of considerably
different geometries,

The correlation betweea the theoretical and
the experlmentally-determined flow-fields iundicates
that the nozzle-exhaust flow-field can be well
modeled analytically. Thus, the method-of-char~
acteristics for axisymmetric flow provides an
acceptable tool even when no direct provisions are
made for the occurence of intermal shocks, As will
be seen, the plume impingement and the initial
wall-pressure rise will be described with suffi-
clent accuracy by the method-of-characteristics
tfollowed by plane shock reldtions.

The internal radil of the launclhi tubes used
in the present test program are from 1,2 ry. to
1.5 fpes depending on the launch-tube configuracion.
Since the developing shear layer is relacively
short, the ensuing viscous/shock~interaction
structure at the wall is very dependent ou the ex-
pansicn process as the flow leaves the unozzle.

For the relatively small values of rt/rne of
interest in tube-launched-rocket applications, it
13 necessary to model the plume boundary only for
a short distance. Thus, the calculation of the
inviscid plume boundary by a technique which pro~
vides quick but reasonable contours becumes
attractive. The theorecical plume boundaries have
been calculated using the method-of-centered-ex-
pansions€: 7, These approximate plume boundaries
ave compaved with thuse calculated using the more
rigorous method-of-characteristics and with the
data in ¥ig., 7. Note that the plume boundary cal-
culated using the method-of-centered-expansions is
very close to the actual boundary for both nozzles.
Thus, the inviscid plume boundaries calculated
using the method-of-centered-expansions provide a
close appruxiwation of the actusl plume boundaries,
making the methad attractive for use in generatinyg
quick calculations of the plume impingement flow.
Howover, at a given x-location, the local flow
angle at the plume boendary calculated using the
me thod=of ~centered-expansions is sllgzhtly less than
the actual tlow angle which will affect che sub-
sequent correlations,

Launch=Tube Flow-Fields

When a hilghly underexpanded supersonic nozzle
exhausts into 4 constant—-area tube, thu viscous/
shock-wave inkeraction due to the impinging flow is

o+ b —— e e -

subject to a boundary condition in the base region.
If the annular gap between the rocket and the
launch-tube wall {s open, i.e., vented, the atmo-
arheric pressure at the forward end of the vented
annular gap forms the boundary conditjon. The
direction and the magnitude of the secondary flow
which 1s usually generated by the impingement
{nteraction is controlled by this boundary con-
dition. 1If the mass Elow rate of the secondary
flow in cthe annular gap is relatively low, the
pressure will vary only slightly along the annular
gap. Thus, the static pressure in the base region
will be approximately equal to the atmospheric
value. However, if the annular gap is sealed, the
pressure in the base region will assume a value
such that the viscous/shock-wave interaction at
{mpingement creates a "constant-wass' recirculating
flow in the base region.

Pressure distributions for the launch-tube flow-fields

with the annular gap sealed by an oburator rving. -

Over a wide range of stagnation pressure, the ratic
phlptl is essentially independent of the stagnation
pressure when the annular gap 18 sealed. That the
pressure ratio pb/pt should be constant for a given
configuracioa for a %ully developed supersouic flow
is well documented, e.g., refs. 22, 25, and 26.
Korst et al?? have shown that the equilibrium (or
steady~state) value of the base pressure is governed
by the viscous shear-layer at the boundary of the
nozzle exhaust plume that bounds the 'dead-air"
base~flow region and by the physical geometric
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constraints, The theoretical values of the base
pressure are presented for the C3 and the C5 unoz-
zles in Fig. 8 for all three launch tubss for
stagnation pressures from 2.5 x 106 N/m¢ o 8.8

x 10° N/m?,

The experimental values ot the static wall-
pressure vary only slightly with x in the region
between the obturater zing (small negative x-co-
ordinate) and the intersection of the exhaust
plume with the launcher wall, reaching a minimum
just before the impingement-induced pressure rise.
This 18 illustrated by the data presented in Figs.
9 and 10. For the purposes of the present paper,
the static wall-pressure sensed by the orifice
located at % «» 0.0 ry, (i.e., in the plane of the
nozzle exit) is designated as the base pressure.
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Figure 9. - The etfect of launch-tube radius on the
statlc wall-pressure distributions,
C3 nozzle with an obturator ring, pgp =
8.715 x 106 N/m?.
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Figure 10. - The effect of launch-tube radius on
the static wall-pressure distributions,
CS nozzle wigh anqobturator ring, Py
= 8.715 x 10° N/m=.

The experimental values of p, are presented in Fig.
8, Since they are a linear ?unction of p 10 the
ratio pb/Ptl is constant for a given configutation.

.Furthermore, they compare very well with the theo-

retical value: for both nozzles.

The static-pressure distributions in the
vicinity of the plume impingement have been com-
puted for flows with the annular gap sealed by an
cbturator ring. The pressure distributions for
unheated afr acce%erac%ng from a reservoir where
1) is 8.715 x 10° W/m* through the C3 nozzle iato
tﬁe constant-area launch~tubes are presented in
Fig. 9. Similar solutions for the CS nozzle are
presented in Fig. 10. The theoretical solutions
are compared with experimencal data for these
nozzle/launch-tube configurations. Note, that as
the tube radius is increased from 1.20 rj, (the Ly
tube) to 1.50 r,, (the L3 tube), the base pressure
decreases and the location of the peak pressure
moves further downstream of the nozzle exit-plane.
Howevexr, as the base pressure decreases, the angle
through which the plume boundary expands at the
nozzle exit-plane increases. As a result, the
pressure ratio across the impingement shuck-wave
(i.e., the peak static-pressure divided by the hage
value) increases as r increaees.

For both nozzles, the theoretical value of the
peak pressure in the impingement region is signi=-
ficantly greater than the corresponding experimental
value for the L1 launch-tube. BRecause of the small
difference between r_ and r_, the free-shear layer
at the plume boundary is re?gtively short and the
flow deceleration agsociated with the impingement
procesy significantly modifies the viscous/shock-
wave interaction. The modification 1is not reflected
in the theoretical flow model and, thus, the peak
pressure is overestimated by the theory. However,
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the agreement wvetween the theoretical and the
experimental values 1is much better for the L3
launch-tube. he improvement in the correlation
for the larger-radius launch-tube is attributed
to cumpensating effects of approximations in the
theoretical flow model.

Pressure distributions for the launch-tube flow-
fields with a vented annular gap. - As noted
earlier, if the mass flow rate of the secondary
flow in the annular gap is relatively low, the
pressure will vary only slightiy along the annular
gap. Since the stacic pressure in che nozzle
exit-plane (p,p) is directly proportional to the
stagnation pressure, while the base pressure (pb)
remains roughly constant, the jet pressure ratio
(ppe/pPy) varies with p.j. Thus, the viscous/shock-
wave interaction depends on the stagnation pres-
sure as well as the nozzle/lawmch-tube configura-
tion,

The effect of the launch~tube is indicated
by the pressure distributions presented in Figs.

11 and 12 for the largest value of p_,. Since the’
base pressure is approximately constant, the shape
of the plume boundary would be iudependent of the
launch~tube radius, if the flow were inviscid.

If the shape of the plume boundary were indeed
independent of the launch-tube radius, as r
decreased, cthe intersection of the plume botndary
and the wall would be nearer the nozzle exft., Thus,
the impingement shock-wave would move upstream and
increase in strength as r_ decreasas.

These trends are substantiated by both the
theoretical and the experimental pressure distri-
butions for the nozzle/launch-tube coufigurations
using the C5 nozzle, which are presented in Fig.

2, As was the case for the flow flelds with

the obturator ring, the correlation between theory
and experiment is better for the larger radius
launch~tube, the L3. As before, the theoretical
madel of the shear layer does not reflect the
interaction between the approaching free shear-
layer and the pressure rise of the impingement
shock-wave, However, as was shown fn Fig. 7, the
method=-of-centered-expansions, which is used to
provide the approximate inviscid plume boundary,
vields plumes for which the local flow angle at

the plume boundary is slightly less than the actual
flew angle. Because these two flow—model approxi-
mations tend to compensate each other, the theo-
retical values of the peak pressure are ia very
good agreement with the data for these f[low/geometry
conditions.

Although experimemtal pressure distributioas
are presented for all three C3/lauach-tube coun-
figurations, a theovetical discribution is pre-—
sented only for the €3/L3. Theoretical solutions
were not possible for the C3/LL or fer the C3/L2
configurations with the present flow model, since
the local flow inclinstiop at the plume boundary
intersection with the launcher wall exceeds the
value which can be turned through a weak shock-
wave. This contrasts the flow fields for the
sealed annular gap. Recall that theorerical
pressure distributions were presen: :d in Fig. 9
for all three launch tubes when the annular gap
was sealed by an obturator ring. As shown in
Fig. 8a, the base pressure is considerably grearer
than the atmospheric value, when the annular gap
is sealed, and the expanding flow turns through a
smaller angle as it leaves the nozzle. Therefore,
with an obturator ring in place, the local flow
inclination of the ilwpinging plume {s such that
the Llmpingement shock wave is weak.
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Figure 12, ~ The effect of launch-tube radius on
the static wall--pressure distributions,
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Although the theoretical solutiomns indicare
the weak impingement shock-waves are not possible
for the C3/L1 or the C3/L2 configurations, the max-
iinum measured values of the pressure are not large
encugh to indicate the presence of a strong shock-
wave. Thus, these pressure distributions iodicate
a relatively strong interactlon hetween the im~
pingement shock-wave and the free-shear layer at
the plume bourdary. For the two smaller-radius
tubes, the streamwise pressure-gradient along the
launcher wall is not constant in che impingewent
region., As was discussed in ref. ZZ, the relatively
strong viscous/shock-wave fnteraction which occurs
for this nozzle/Taunch~tube comfiguration at high
stagnation pressures produces siguificanmt blow-by
flow.

Secondary flows. - As the rocket exhamst entrains
base-region air, a free—shear layer develops alomg
the plume boundary, accelerating alr from the base~
region and deceleratiog cxhaust gas. When this
free-shear layer encounters the adverse pressure
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Figure 17, - The mass flow rate in the annular xap

(ﬁx ) as a function of stagnation
prefsure for ¢3 nozzle.
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gradient assoclated with the impingement shock-
wave, gsome of the flow passes through the shock
wave, some of it is turned back. As discussed in
Fig. 1, if the stagration pressure {s relatively
low, the system acts as an ejector with some of
the entrained air passing through the impingement
shock-wave. As the stagnation pressure is ilncreased,
the ratio p__/p, increases and the flow expands
through a larger angle as it leaves the nozzle.

As a result, the strangth of the impingement shock
increases. Once the impirgement shock is suffi-
ciently strong, the resultant adverse prassure
gradient causes a fraction of the exhaust flow to
be turned upstream (blow-by flow).

Theoretical and experimental values of the
secondary flow rates are presented as a function
of the stagnation pressure im Figs. 13 and 14,

For all three configurations, theory provides a

goud prediction of the stagnation pressure for

which there is no flow in the annular gap. How-
ever, the theory provides reasonable estimates of
the secondary flow rates only for relatively low
flow rates, This is evidenced by the comparison
between data and theory for the C3/L3 configuration,
w?i%h deteriorates as Py increases above 6 x 10
N/me.

This result should not be surprising. As has
been often noted, the theoretical model of the
shear layer does not reflect the interaction be-
tween the approaching free shear-layer and the
pressure rise of the impingement shock-wave. Hoth
cf these approximations contribuce to the limitation
of the flow model to the prediction of the lower
secondary flow rates. As the model is presently
formulated, the secondary flows are only carried
between streamlines within the linear mixiang pro-
file, Thus, the model 1is aot applicable to high
secondary flow rates.

For the C5/L1 configuration, the theory pro-
vides a reasonable approximation of the crossover
value of the stagnation pressure but does not come
close to the blow-by flow rates, as showm in Fig. 14,
Part of the difference may be experimental. Since
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Figure 14. - The mass flow rate in the annular
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Figure 15. = The effect of Y on the static wall-
pressure distribution.

the diameter of the pitot probe was approximately
$50% of the width of the annular gap for the L1 tube
conf iguration, inaccuracies in the total pressure
measured by the pitot probes wmay contribute to
significant experiwmental errors. Nevertheless,
the theoretical flow model provides a reasonable
estimate of the stagnation pressure tequirved for
zero secondary flow.

The correlation between the computed solutions
and the experimenral data demonstrates that the
flow model provides a icasonable approximation for
exhaust flows where the lmpingement shock wave is
reiatively weak and the downstream flow remains
supersonlc. Thus, the computed solutions can be
used to investigate the relation between the launche
tube flow-field and various flow parameters. The
effects of the nozzle configuration and of the
stagnation pressure (or Peynolds number) on the
impingemenct flow-fields have already been discussed.
The effect of the specific-heat ratio on the static-
pressure distribution along the lauucher wall is
illustrated by the computed sclutions preseated in
Fig. 15. These solutions are for a conical nozzle
(g, = 12,4° and M = 1.8) exhausting into a launch
tube for which r_ = 1,47 r__. The computed solutivns
indicate that cthé peak valué of the impingement-
induced pressure rige is sensitive to the specific-
heat ratio.

Concluding Remarks

An engineering model has been developed to
d =2ribe the impingement f[low field which is pro-
duced when an underexpanded supersonic nozzle ex-
hausts iviuv a constant—-area tube. Solutions of the
theoretical flow-fields have been computed from
the transonic region of the nozzie throat, through
the nozzle, and through the impingement of the
exhaust plume on the launcher wall. The theoretical
solut{ons have been compared with experimental data.
Based on the correlations betueen the data and the
theory, the following ronclusions are made.

1. The corralations between the theoretical and
the experimentally~determined flow-fields in
the nozzle and of the free exhaust plume indi-
cate that the nozzle~exhaust flow-field can be
well modeled analytically.
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With the annular gap sealed by an ubturator
ring, the theoretical model clusely predicts
the stdatic pressure in the "dead-air" base
region. The theoretical and the experisental
static wall-pressure distributions in the
impingement region are in reasonable agrecement,
with the best correlatlvon for the relatively
large-radius tube.

For the vented annular-gap configurations,

the theoretical wall=-static pressure dis-
tributions in the impingement region again arve
it reasonable agreement with the data, pro-~
viding the i{mpingement shock-wave can be
calculated using the weak, oblique, shock=-
wave relations.

The theoretical flow model provides a reason-
able estimate of the reservoir (stagnaction)
pressure for which there is no secondary flow
in the annular gap., However, the theorerical
flow model represents the actual flow~ifield
only when the secondary flow can be accomodated
wlkthin che linear mixing profile,
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SUMMARY

Since there are a wide variety of tube-launched military rockets,
the designer needs to have a basic understanding of the flow-field
produced when a highly underexpanded nczzle exhausts (nto a tube. To
understand the resultant flow field, one must be able to model the
viscid/inviscid interactions that take place because the exhaust plume
is confined by the launcher walls. Important parameters for modeling
the exhaust plume include: the nozzle-exit anale, tha nozzle-exit Mach
numbers, v of the gas, the jet expansion ratio, and the radius of cur-
vature of the plume.

The impingement shock-wave may be weak (oblique with the down-
stream flow remaining supersonic) or strong (normal with the down-
stream flow becoming subsonic). When the impingement shock-wave is
weak, there is relatively 1ittle hlow-by flow. The large adverse pres-
sure gradient associated with the strong shock wave causes a significant
fraction of the exhaust gas to he turned upstream into the annular gap
between the rocket and the launch~tube wall. This "massive blow-by"
flow can produce significant asymmetric pressure forces that markedly
alter the trajectory of the rocket.

In many desians, the launch tube is not of constant area. Rails,
frangible bore riders, or different diameter tubes may be used to con-
strain the missile while it builds up speed and angular momentum. These
constrictions to the exhaust flow in a nontipoff launch tube may
radically alter the flow field. Imnortant geometry parameters for a
nontipoff launch-tube include: the qeometry of the constriction, the
aft-tube radius, the forward-tube radius, the length of the aft tube,
and the length of the forward tube. The constrictive area ratio has
a significant influence on the impingement shock-structure. If the
aft-tube cross section is smaller than a second throat, the exhaust
flow is choked by the constriction and a strong impingement shock wave
follows the nozzle-exit motion.

The forward-facing surface in a nontipoff launch-tube can produce
significant “"transients" in the flow field. "Puffs" of blow-by can
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occur as the exhaust splashes back from the obstruction. As the
missile moves away from the step (or constriction), the flow field
is similar to that for an isolated step in a supersonic stream.

The.present paper reviews the launch-tube flow~-fields that result
when a highly underexpanded supersonic nozzle exhausts into a launch
tube. Data from a wide variety of cold-gas simulations and from two
flight-test programs are used to develop flow models for a wide variety

of design applications.

NOMENCLATURE
The following are the commonly used symbols of this paper. The reader
should refer to the cited reference for the meaning of symbols to which
only a single reference is made.
A Cross-section Area

d Diameter

-4

Friction factor

L Length

M Mach number

aag Mass flow-rate in the annular gap

ﬁex Exhaust mass flow-rate (also ﬁne)

) Pressure

r Radius, measured perpendicular to the centerline of the launch
tube

R] Initial radius of curvature of the inviscid plume boundary

T Temperature

u Streamwise velocity component

X Axial distance along the centerline of the launch tube,

measured from the change in cross section

Axial distance along the centerline of the missile (or launch
tube), measured from the nozzle exit plane

patd

Ratio of specific heats
Flow inclination relative to the centerline of the launch tube

Dimensionless velocity ratio

wr




aft

ag

eq

ex

for

ne

pit

pk

t1

t2

2s

Subscripts
Aft tube of the launcher

Denotes static properties evaluated at the upstream end of the
annular gap

Denotes static properties in the base region
Discriminating {dividing or stagnating) streamline
Equivalent passage diameter

Flow through the nozzle exit-plane, i.e., the exhaust flow
Free-jet surface {(inviscid plume boundary)

Forward tute of the launcher

Gage location

Denotes properties evaluated at the intersection of the in-
viscid plume boundary and the launcher wall

Zero streamline, i.e., that dividing the exhaust flow from the
base air or relating to the jet boundary

Cenotes local conditions at the 1ip of the nozzle exit-plane
Denotes properties evaluated in the nozzle exit-plane

Pressure measure” 'sing a pitot probe collinear with the
launcher-tube axis

Denotes peak values
Quter surface of the rocket
Inner surface of the launch tube gr stagnation temperature

Denotes properties evaluated in the stagnation chamber of the
simuylated rocket

Denotes properties downstream of a normal shock wave

Beginning of viscous interaction or vent

Static conditions downstream of a weak shock wave
Superscript

Sonic fiow conditions
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INTRODUCTION

Various military rockets are launched from tubes. The designer
of a tube-Taunched rocket system must consider the pessibility of un-
balanced forces acting on the rocket thatl are caused by flow in the
annular gap between the rocket and the launcher wall. Barnette et al.
have shown that the trajectory of a tube-launched rocket can be
significantly affected by the unbalanced forces asscciated with this
secondary flow. To predict the magnitude and the direction of the flow
in the annular gap, one must be able to describe the exhaust plume of
the rocket and the viscous/shock interaction structure that results
when the plume encounters the launcher wall. The strength of the
impingement shock wave and the characteristics of the viscous inter-
action at the wall depend on the structure of the exhaust plume and on
the geometry of the launch tube.

1

When there is negligible secondary flow, the pressure in the
annular region between the rocket and the launcher wall varies only
slightly and is approximately egual to the atmospheric value. The
pressure downstream of the weak, impingement shock wave is much greater
than the pressure at the forward end of the launch tube (i.e., the
atmospneric value). Thus, pressure in the impingement region is
greater than that at the forward end of the launcher. Nevertheless,
experimental measurementsZ obtained in the Rocket Exhaust Effects
Facility at the University of Texas at Austin indicate that, when the
stagnation pressure is relatively low, air from outside of the launcher
can be drawn into the annular region toward the exhausting jet. Thus,
at these conditions, the exhaust gases have sufficient momentum and
the shock is sufficiently weak so that the system acts as an ejector,
This is true even when the pressure downstream of the shock wave is
approximately five times the base pressure. A sketch of a possible
flow model for the ejector-type performance of the system is presented
in Fig. la, As the underexpanded nozzle flow accelerates into the
straight Taunch tube it entrains air from the base region. A fraction
of the entrained air is given sufficient momentum so that it passes
through the impingement shock wave. Using the atmosphere at the
upstream end of the launcher as its source, a low velocity flow
develops in the annular region to supply the mass flow-rate of air
that is carrjed through the shock wave. MNote, the static pressure
in the annular region is belcw the atmospheric value. A fraction of
the air entrained by the exhaust plume does not gain sufficient
momentum to pass through the shock wave. When this fluid encounters
the adverse pressure gradient associated with the impingement process,
it is turned upstream and recirculates in a separation "bubble" near
the launcher wall. Thus, as indicated in the sketch of Fig. la, the
dividing streamline may be iraced into the annular region between the
rocket and the launcher wall,

As the stagnation pressure is incressed, the ratio Ppe/Pp in-
¢reases and the flow expands through a larger angle as it leaves the
nozzle, As a result, the Mach number of the exhaust flow and the
angle at which it encounters the wall increase, causing the impinge-
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ment shock wave to become stronger. Once the impingement shock wave
becomes sufficiently strong, the resultant adverse pressure gradient
causes a fraction of the exhaust to be turned upstream, as shown in

Fig. 1b. The exhaust that is turned upstream is known as blow-by flow,
Since the flow in the annular gap originates at the shock impingement
and exnausts to the atmosphere at the upstream end of the launcher, the
static pressure in the annular gap is greater than the atmospheric value.

Saeparation “bubble’~ < Dividing streamiine
- — — =N
- - e Entrained

—

Jat exhaqust
boundary

7/////////////17///

Launcher centerline

Shaded region designates gir entrained from the bose
region which is given sufficient momentum fo pass through

the impingement shock wave,

{a) System acts as an ejsctor

Blow-by flow
Separation "bubble"— R -~Jet exhaust boundary

-_— N <

—t— - —
- -

——

-

- Y 4 \

Louncher centerline

Shaded region designates that fraction of the exhoust flow
which does not hgve sufficient momentum to pass through

the impingement shock wave.

(b) System produces nominal blow-by flow

Figure 1, - Sketci of the viscid/inviscid interaction flow-fields for
a weak impingement shock wave.
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For both of these flows, the flow downstream of the impingement
shock wave accelerates and the static pressure at the wall decreases
until the shock wave, generated when the jet exhaust impinges on the
wall, crosses the launch tube and strikes the opposite wall. Across
the reflected shock wave, there is a sudden increase in the static
wall pressure and a sudden decrease in the Mach number and in the total
pressure, As the shock wave reflects back and forth across the tube,
it becomes progressively weaker. The distance between the impinge-
ment points decreases (since the shock wave angle increases as the
Mach number just upstream of the shock wave decreases). Since the mass
flow rate in the annular gap (mzq) is a relatively small fraction of
that exhausting through the nozz?e (Mey) for the two cases represented
}? Fig. 1, the flow in the annular gap shall be termed a “secondary

OW" ,

The stagnation pressure can be increased until the Mach number of
the exhaust flow and the angle at which it encounters the wall are such
that a weak shock wave cannot exist. For these conditions, the impinge-
ment shock wave is strong, and the flow downstream of the shock wave 1is
subsonic, as shown in Fig. 2. The very large adverse pressure gradi-
ent associated with the strong shock wave can cause over 10_percent of
the exhaust flow to be turned upstream into the annular gap”. The
large pressure gradient required to change the flow direction of a
large fraction of the exhaust gases in a relatively short distance
"magnifies" the inherent asymmetries in the exhaust flow field. Thus,
massive blow-by flow may cause large pressure differentials to act on
the missile. Since these pressure differentials are relatively large
and act near the nozzle-exit plane, they create a very large moment
about the center of gravity. As a result, the missile pitches in an
oscillatory motion during that portion of the launch when the missile
is in free flight in the launch tube.

Sepavation bubbh-\ [-Blow-by flow

-— {
—
—
-— ) /S .
— ~ 7/ Subsonic flow dowrwtream
7 of the impingement
7
/ f/ g / / p shock wave
/’,
”
-
——’
7 Dividing
streamiing
g
Louncher certeriine “—’_ Strong shack wavs
Supersonic flow upctiream f

of the shock wave

Figure 2. - Sketch of the viscid/inviscid interaction flow field for
a strong impingement shock wave.
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When an underexpanded, supersonic nozzle exhausts into a con-
stant-area tube, the strength of the impingement shock wave depends
on the Mach number of the inviscid flow along the inner edge of the
mixing zone at the jet boundary, on the ratio of specific heats, on
the inclination of the impinging flow relative to the launcher wall,
and on the velocity profile in the mixing zone. However, many launch
tubes are such that their cross-section area does not remain constant.
The presence of rails, frangible bore riders, and changes in the
cross-section serve as constrictions to the exhaust flow. Constrictions
located in the exhaust flow downstream of the nozzle can produce
dramatic changes in the launch-tube flow field. If the reduction in
cross-section area due to the constriction is relatively large, the
constriction (or the constrictive section) may serve as a second throat,
choking the exhaust flow in the launch tube. Thus, the mass flow-rate
that can pass through the constriction is limited and additional ex-
haust gases must flow upstream into the annular gap between the rocket
and the launcher wall, i.e., significant blow-by flow occurs. For
these flows, a strong shock wave iy generated when the plume impinges
cn the wall, producing a large pressure gradient that turns a signif-
icant fraction of the flow upstream into the annular gap. The resul-
tant flow is similar to that depicted in Fig. 2. Choking of the ex-
haust flow by a constrictive change in cross-section has been observed
both in cold-gas tests at the University of Texas at Austin! and in
£1ight tests at the White Sands Missile Range%.

THE PLUME CHARACTERISTICS

The uncertainties involved in modeling the plume~related flow-
fields (especially those for complex configurations where the flow
past the missile affects the exhaust plume) encourage the engineer
to use experimental techniques to define the flow field. Experimental
programs require proper plume simulation, including geometrically
congruent inviscid jet contours, correct pressure-rise/jet-boundary
deflection (plume stiffness%, and mass-entragnment characteristics
along the wake boundaries®,0, Nyberg et al.” note further: "Thus,
modeling with gaseous plumes is needed and normally involves dissimilar
specific heat ratios." Pindzola’ notes that "on the basis of existing
data, the jet pressure ratio is shown to have the greatest effect on
nerformance characteristics. Certain characteristics are affected by
conditions in the immediate vicinity of the base. Thase conditions
in furn are shown to be affected most by the initial inclination angle
of the jet. Characteristics affected by downstream jet conditions are
saen to be denendent upon the parameters YjMJ /Sj and (RT)j and the
jet momentum."

Korst and Deep8 note that: "“Whatever the velocity distribution
in the nozzle, the plume shape in the vicinity of the nozzle exit,
especially for strongly underexpanded nozzles, will mainly depend
J4con the local approach conditions to the nozzle lip." It is then
nossibie to determire the nozzle-exit conditions in terms of the
Mach number and the nozzle divergence angle at the nozzle lip, wnich
w111 geometrically duplicate the jet contour produced by a gas with
different specific heat ratios as it expands from the nozzle. The
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simulation parameters areS: b

aF’M = eF,P and RC,M = RC,P

where the subscripts M and P are for the model and for the prototype,
respectively.

Simulated Rockets
Simulated rocket exhaust flows were produced by accelerating un-
heated air through convergent/divergent nozzles9,10, Data are pre-
sented for two of the nozzle configurations,

1) a 20° conical convergent divergent nozzle, designated as C3,
and

2) a 10° conical contoured convergent divergr=t nozzle, designated
as C5,

The geometries of the nozzle configurations studied in the current
program are presented in the equations below.

The 20° Conical Nozzle, C3:

~

For - 1.308 < x < - 1.03%:
(% +1.308)2 + (r - 1.626)% = (0.813)
For - 1.031 <X < 0.0:
= 0,759 + 0.364 (X + 1.308)

The 10° Contoured Nozzle, C5:

For - 2.098 < % < - 1.895:
~ 2 2 _ a2
(X +2.098)° + (r - 1.626)" = (0.813)
For - 1.895 < X < 0.0:

P2 = 1,530 + 0.434X

The equations give the dimensions in centimeters., A sketch of the C5
nozzle is presented in Fig., 3. The throat radius, the nozzle exit-
plane radius, and the external radius of the rocket were the same far
boTh nozz]es The cross-sectional area for the nozzle exit-plane was

316A* tor both nozzles., If the acceleration of the flow
tﬂrougn nozzles of this area ratio were isentropic, the Mach number of
the nozzle exit plane would be 2.36 (ref. 11).
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Figure 3. - Sketch of the C5 nozzle.

When the stagnation pressure is 8.715 x 106 N/mz, the static
pressure in the nozzle exit-plane is roughly six times the atmospheric
iR value. Thus, as the exhaust gases leave the nozzle, they accelerate
o rapidly until the pressure along the plume boundary is equal to the

: static pressure of the surrounding gas. The plume boundaries for

the C3 (20° conical) and for the C5 (10° contoured) nozzles, as cal-
culated using the method-of-characteristics are presented in Fig. 4.
The plume boundaries computed using the method-of-characteristics
are in excellent agreement with those observed in the schlieren

. photographs of the nozzles exhausting into quiescent air, Tnis is

! true for both of these nozzles, which are ot considerably different

geometries.

The correlation between the theoretical and the experimentally-
determined flow-fields indicates that the nczzle-exhaust flow-Tield
can be well modeled analytically. Thus, the method-of-characteristics
for axisymmetric flow provides an acceptable toc] even when no direct
provisions are made for the occurrence of internal shocks. As will be
seen, the plume impingement and the initial wall-pressure rise will be
described with sufficient accuracy by the method-of-characteristics
followed by plane shock relations.

The internal radii of the launch tubes used in the presont test
program are from 1.2 rpe to 1.5 rpe, depending on the launch-tube
configuration. Since the developing sheay layer is relatively shert,
the ensuing viscous/shock-interaction structure at the wall is very
dependent on the expansion process as the flow leaves the nozzle.

For the relatively small values of ry/rpe of interest in tube-
‘ 1suncher/rocket applications, it is necessary to model the plume
o houndary only for a short distance, Thus, the calculation of the
“dnviscid plume boundary by a technique which provides quick, but
reasonable contours becomes attractive. The theoretical plume hound~
aries nave been calculated using the method-of-centered-expansions12,13
These aporoximate plume boundaries are compared with those calculated
using tne moie rigorous method-of-characteristics and with the data
in Fig, 4. MNote that the plume boundary calculated using the method-
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of-centered-expansions is very close to the actual boundary for both
nozzles. However, at a given x-location, the local flow angle at the
plume boundary calculated using the method-of-centered-expansions is
s51ightly less than the actual flow angle. As will be seen, this
difference contributes to a discrepancy between the calculated impinge-
ment shock strength and the measured strength, Nevertheless, the
inviscid plume boundaries calculated using the method-of-centered-ex-
pansions provide a reasonabie approximation of the actual plume
boundaries, making the method attractive for use in generating quick
calculations of the plume impingement flow.

In addition to the jet pressure ratio and the nozzle exit
conditions, the effects of the properties of the exhaust gas have been
considered by many researchers. The selection of the test gas was a
major element in the design of a jet simulation test facility for use
with the FFA 0.25m2 and 1.0m@ wind tunnels. Korst et al.5 report:
"After an examination of the alternatives, Freon-22 was chosen. Cost
and chemical stability--which allows it to be heated to sufficiently
high temperatures without chemical breakdown--were major factors in its
selection.” Experience with Freon-22 as a test gas was reported by
Nyberg et al,®: "The Freon plume shapes have been found to be in close
agreement with those of the corresponding air test supporting the
suggested modeling methodology &and design procedures."

Galigher et a1.14 reported: "The cold jet technique can be used
toc match either the initial inclination angle or the maximum diameter
of the inviscid plume boundary uf the hot jet. However, viscous inter-
action effects for a cold jet differ from those for a hot jet since
mixing between the nozzle exhaust and local external flow depends
largely on temperature and velocity gradients." They also observed:
"The differences obtained in boattail pressure drag between the cold
jet simulation and hot jet duplication results were significant at
nozzle pressure ratios representative of turbofan and turbojet angines
at subsonic Mach numbers. Adjusting tne cold jet nozzle ratio to
correct for the changes in the exhaust plume specific heat ratio with
temperature did not account for the differences observed."

Since the blow-by flow is caused by the adverse pressure gradient
associated with the impingement shock, the static pressure in the
nozzle exit-plane (ppe) must be significantly greater than the static
pressure between the rocket and the launcher wall at the nozzle exit-
2lane (pp), i.2., Ppne > Pb. Note that this pressure (pp) is equiva-
ient to the ambient pressure of the atmosphere for a stationary nozzle
axhausting into still air. The primary variables which define the
=naracteristics of the exhaust plume include:

ta) the divergence angle of the conical nozzle, ene’
b} the Mach number in the nozzle exit-plane, Mne’
(¢; the ratio of specific heats, -, and

{d) the jet pressure ratiq, pne/pb’
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When an underexpanded jet exhausts from a nozzle into still aijr, the
degree of expansion which occurs is a function of Mpe, Y, and pnpe/Pb-
The initial inclination of the jet boundary (6j) increases as vy de-
creases and as ppe/pp increases. In addition, increases in the
divergence angle of the nozzle by the amount A8 increases §3 by the

(b) Effect of ¥
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(¢c) Effect of ane

Figure 5, - Example of the effects of jet Mach number, ratio of
specific heats of the jet, and nozzle divergence angle
upon the shape of the jet boundary. P o = 5pb.
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same amount. The effect of these variables on the shape of a free jet

is illustrated in the curves in Fig. 5, which are taken from ref. 15,
for a jet pressure ratic (ppe/pp) of 5. The correlations, which are
considered typical, indicate that the effect of increasing My is to
decrease the initial inclination of the boundary, to increase the
maximum diameter of the free jet, and to move the maximum diameter
farther away from the n2zzle exit-plane. The effect of increasing y
is to decrease the initial inclination of the boundary, to decrease
the maximum diameter of che free jet, and to move the maximum diam-
eter closer to th» iazaie exit-plane. The effect of increasing 8pe
is to increase the .rit:al inclination uf the boundary, to increase
the maximum dianesw: of the jet, and to move the maximum diameter
closer to the nozote oxiv-plana,

This discussion of the plume characteristics has ignored the
interaction between the axternal flow cver the missile and the ex-
haust plume. This viscous/invisci¢ interaction is neglected be-
cause the velocity of the rockets -onsidered in the present study
as they leave the launch tube is relatively low. Furthermore, the
velocity of the exhaust gas is roughly 20 times the velocity of the
rocket as it clears the launch-r.

LAUNCH-TUBE FLOW-FIELDS BASED ON
COLD-GAS SIMULATIONS

When a highly underexpanded supersonic nozzle exhausts into a
constant-area tube, the viscous/shock-wave interaction due to the
impinging flow is subject to a boundary condition in the base region.
[¥ the annular gap between the rocket and the launch-tube wall is
open, the atmospheric pressure at the forward end of the vented
annular gap forms the boundary condition. The direction and the
magnitude of the secondary flow which is usually generated by the
impingement interaction is controlled by this boundary condition.
[€ the mass flow-rate of the seconds y flow in the annular gap is
relatively Tow, the pressure will vary only slightly along the
annular gap. Thus, the static pressure in the base region will be
approximately equal to the atmospheric value. However, if the
annular gap is sealed, the pressure in the base region will assume
a value such that the viscous/shock-wave interaction at impingement
creates 3 '"constant-mass" recirculating flow in the base region.

Simulated Launch Tubes

Constant~area launch tubes, cdesignated as L1, L2, and L3, were
used for the tests as described in ref. 10. The inside radius (ry)
for the smooth bored tubes was 1.20 rp. (1.484 ¢m) for the L1 con-
“iguration, 1,275 rpe (1.322 cm) for the L2 configuration, and 1,50
rne (1.855 cm) for the L3 configuration, Static pressure orifices

(20,0635 cm in diameter) were located axially along the tube wall at a

soacing of 0.25 rpe (0.309 cm). Additional static pressure orifices
spaced 0.50 rpe (07613 cm) apart were located further downstream.

or each test configuration, i.e., nozzle/launch-tube configu-
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ration, two pitot-static probes were iocated midway between the simu-
lated rocket and simulated Tauncher wall and 4.128 cm from the upstream
end of the launch tube. Static pressure orifices were located in the
launch-tube wall at the face of the pitot probes. These pitot-pres-
sure/static-pressure data could be used to "measure" the mass flow-rate
in the annular gap. The pitot probe was designed so that it could face
either upstream or downstream in order to "measure" the mass flow-rate
in either direction, i.,e., 2jector flow or blow-by flow.

Transients and Quasi-Steady Flows

Most of the experimental data described in this paper were ubtained
in blow-down facilities, where an unheated test gas was exhausted
through a convergent/divergent nozzle. For the Rocket Exhaust Effects
Facility at the University of Texas at Austin, the simulated rocket
exhaust is of several seconds duration with the exhaust air being re-
leased through the supply chamber/nezzle assembly from the external
storage tanks Ly means of a rapidly opening valve. The test is termi-
nated by closing the valve., Thus, the stagnation pressure increases
from the atmospheric value to the test value in approximately two
seconds at the beginning of the test. The stagnation pressure returns
to the atmospheric value during the shutdown process, which is of
similar duration. Extremely low pressures were measured!® on the wall
of the L1 launch tube as the stagnation pressure builds up during the
initial phase and as it decreases during the terminal phase of the
test. The low pressures result because the system acts as an ejector
at the low stagnation pressures. The strong ejector action produced
during the start up and the shutdown processes is evident in all of the
pressure histories presented in Figs. 6 and 7. The pressure data
presented in Fig. 6 were obtained at an orifice located just down-
stream of the nozzle exit-plane (Xg = 0.04 rne) but upstream of the
impinging exhaust for most stagnation pressures. The pressure data
presented in Fig, 7 were cbtained at an orifice located in the annular
gap far from the nozzle exit plane (%g = - 7.15 rpe).

As can be seen in the data, the low static pressure associated
with the ejector action was followed by a transient overshoot before
reaching the "steady-state" value fer the particular test conditions.
It is believed that this transient behavior occurs as the flow tries
to expand from the nozzle to the temporarily, low base pressures
creating a rather strong impingement shock wave. The resultant pres-
sure rise across the impinging shock interacts with the base pressure
causing it to increase, which would act to reduce the turning angle
and, therefore, decrease the strength of the impingement shock wave.
The process is complicated by the fact that the stagnation pressure
is increasing simultaneously. Since the "overshoot" precedes the
high negative ejector pressures during the shutdown process, the pro-
cess appears to be a complex interplay between the rapidly changing
stagnation pressure and the viscous interaction of the impingement
process.

Consider now the effect of the stagnation pressure on the wall
pressure just downstream of the nozzle exit-plane, i.e., the data of
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Fig. 6. The steady-state value of
the static wall-pressure for Xq =
0.04 rpe decreases with stagnagion
pressure for pg) < 1089 psia. These
relatively low pressures indicate
that the entrainment process at the

plume boundary appears ta. bea. _.__._.. _...

dominant factor in the wall pres-
sures in this region. Thus, for
pt1 < 1089 psia, the wall static
pressure is greatest for the Towest
value of the stagnation pressure
(i.e., pg = 393 psia). For pey >
1089 psia, the rapid increase ?n
the pressure in this region begins
to reflect tha impingement of the
plume's shear layer. Since ppe is
proportional to pti, the exhaust
expands through a larger angle as
the stagnation pressure increases.

[¢] 8

time,30C3

{u) Relativaly low stagnmtion prassures.

Thus, the “location" of the ex-
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fore, this orifice) as pey is in-
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ment shock wave should be stronger
as the stagnation pressure increases.

, Pyepele The wall-pressures should also in- - )
393 crease ']
j 49! ) 4
] o 583 Wall-pressure measurements from )
T T T the annular gap are presented in Fig.

; io- 4 7. The steady-state pressures that
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! 6k | essentially independent of position. B
i al ] The 'jsteady-state" values of the ?
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the atmospheric value.

Similar results were observed in the data obtained during a flight
test program in which an anti-tank rocket was launched from a tube. At
the time of ignition, large negative gage pressures were recorded for
orifices located on the wall. Thus, the system acted as an ejector.
Hence, because the base pressure was relatively low, the exhaust ex-
panded through a relatively large angle, creating a strong shack wave
as it impinged on the wall. As the rocket motor came up to pressure
(i.e., as the stagnation pressure increased to its steady-state value),
massive blow=by occurred initially, producing choked flow and extremely
high pressures in the annular gap. In response to this transient peak
in the base pressure, the expanding exhaust turned through a smaller
angle and the strength of the impingement shock wave was reduced
dramatically. Thus, the resultant "steady-state" pressures in the
launch tube were lower than the transient peak values.

For the prototype configurations considered in the present study,
the time from ignition until the rocket cleared the launch tube was
less than one second. The flow-field simulations made using the Rocket
Exhaust Effects Facility were of the order of 20 seconds. Thus,
questions may exist as to the validity of the cold-gas simulations of
the prototype flows. Batson 8 found that the static wall-pressure
distributions in a constant-area tube obtained during a cold-gas test
program were gqualitatively similar to those obtained when a statiopary
rocket was exhausted into a constant-area tube. Batson and Bertin
examined the tube-wall static-pressure distributions which were ob-
tained when a rocket accelerated through an instrumented tube. The
static wall pressures from these dynamic rocket firings were gualita-
tively similar to the corresponding data from the static rocket firings
of ref. 18, Thus, a quasi-steady flow analysis should provide a
reasonable model of the actual flew field produced by a tube-launched
rocket,

Relatively-Low (Secondary) Flow Rates in the Annular Gap

For a wide range of flow conditions, the impingement shock-wave
is refatively weak and the downstream flow remains supersonic, For
such cases, there is relatively little secondary flow and the pres-
sure in the annular region giffers only slightly from the atmospheric
value. As a result, unbalanced forces ¢n the missile are relatively
smail. The Chapman-Korst mode140 can be used to delineate the in-
viscid and the viscid flow-mechanisms encountered in the plume=im-
oingement flow-field. Once the geometry of the corresponding inviscid
clume-boundary is established by an apprupriate potential flow analy-
sis, a viscous mixing component is superimposed on the boundary. Wake
<losure conditions are specified in the form of a modified concept of
‘incomplete turning of the plume near the pcint of shear-layer re-
attachmenz2l,

A number of conceptual simplifications for the plume-impingement
flow field, which will be introduced, are justifiable for the
conditions of interest. Since the launching of rockets from straight
tubes will usually impose geometric restrictions to blow-by, the
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present analysis can be simplified by the assumption that the mass
flow-rates which will be rejected from or entrained into the viscous
jet-mixing region should be small. This, in turn, allows the adoption
of a linear velocity profile in the mixing region22. It is also
assumed that the entire system will be operating under essentially
isoenergetic conditions, that is, with the stagnation temperature
equal to that of the exhaust gas. This assumption is realistic for
most flows under consideration; the exception being ejector-type

flow generated by an actual rocket firing,

Since the ratio of the launch-tube diameter to rockei nozzle-
exit diameter is limited to values < 1.5, the cantour of the corre-
sponding inviscid plume boundary can be determined with sufficient
accuracy by the second-order potential-flow approximation Tgr gxially
symmetric, supersonic flow near the center of an expansion »13,  The
resulting circular-arc configuration is convenient for establishing a
simpie inviscid-flow-component geometry. On the other hand, it is
necessary to treat the nozzle flow in detail in order to define
accurately the conditions at, and near, the 1ip of the exit cross-sec-

Launch-tube wall

Annular
region

See
detailed
sketch

in Fig.2b

(a) Overali flow-field

Figure 8. - Sketch of the impingement flow model.
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tion. This requires the analysis of the nozzle flow by the method-of-
characteristics (including the effects of characteristics coalescence%

as it develops from the transonic flow region near the nozzle thropatés,

The exit-plane conditions near the nozzle 1ip will be determined
by the local wall-slope, 9y, the local wall-curvature, the local Mach
number, M_, and the local flow acceleration. With these initial con-
ditions specified, selection of the jet surface Mach number, Mg, will
yield a unique solution for the circular-arc approximation of the
contour of the inviscid plume boundary in terms of the initial stream-
line angle, 5, and the radius of curvature, Ry8.

Thus, for a given nozzle configuration and for any jet surface
Mach number, Mg, the inviscid flow field will be uniquely determined,
see Fig. 8, with 84 denoting the inviscid impingement angle at the
¢ylindrical layncher wall, i.e., at radius r+. The jet mixing
characteristics of the free shear layer at the plume boundary and the
recompression of the plume as it impinges on the cylindrical wall
were discussed in ref, 24, The spreading pqgaggter o is related to
the change in slope of the velocity profije«vs<Pb,

The recompression of the plume as it impinges on the cylindrical
wall leads to a flow configuration as shown in Fig. 8b. If the
stagnating (discriminating) streamline has a velocity level, ¢4, dif-
ferent from that of the zero streamline, ¢j» secondary flow will

Xy
Xy |
Lounch-tube e ‘ibd-j ai
wall

{b) Details of impinging shear-laysr for sjactor - type flow
(dL>¢y4, W secondary flow)

Figure 8. - Concluded.
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be established as required for satisfying the conservation of mass
in the near wake region, The secondary flow rate will be positive,
i.e., ejector-type flow, if 9y > ¢4 and negative, i.e., blow-oy, if
Pi Dy
J d

As the discriminating streamline, whose velocity ratio is ¢4,
stagnates at the wall, the process of recompression will be practi-
cally isentropic20,21, After plume impingement and alignment of the
Jet surface with the wall by reversible compression, the pressure
distribution for the inviscid flow configuration can again be treated
with reascnable approximation by the formal application of the con-
cept of centered expansions. With the new origin of the centered
expansion at the impingement point for the inviscid plume, an ordi-
nary differential equation is obtained for M* along the wall down-
stream of the impingement and the resulting pressure distribution
can be determined. The mathematical approximations inherent in the
method-of-centered-expansions restricts the useful range of the
calculated wall-pressure distribution to approximately 1.0 rpe down-
stream of the impingement.

[t is of interest to explore the influence of Reynolds number
together with an assessment of the nozzle-wall boundary-layer
development. The boundary layer in axisymmetric, convergent/diver-
gent nozzles can be calculated27,28,29 at the nozzle lip. Then, for
a given Mach number, Mj, one can calculate the development of the
dissipative shear layer following the expansion from the nozzle exit-
plane. After the transition of the thin laminar sublayer30, the
turbulent mixing-layer grows until its inner edge reaches and then
crosses into the "“free-stream" within the rotational shear layer
produced by the expanded nozzle boundary layer. The developing
mixing layer proceeds toward, but usually does not reach, self-
similar mixing profiles, Calculations for the present test condi-
tions indicate that the velocity along the dividing streamline is
within five percent of the similarity value. Thus, the test simu-
lations of the current program provide a reasonable simulation for
the prototype reattachment pressure rise.

Of greater concern is the behavior of the reattaching flow due
to the strong interaction with its boundary layer., Implied with the
concept of incomplete turning of the adjacent inviscid stream is the
continuation of the pressure rise beyond the stagnation point within
the dissipative layer. This will lead to a thickening of the
attached boundary layer and may, by itself, cause a pressure over-
shoot above the level consistent with the full turning of the ex-
ternal flow.

On the other hand, there will also be a communication within the
Soundary layer of the rapid expansion following the plume impinge-
ment. These mechanisms are expected to modify the pressure dis-
tribution across the reattachment region, but in opposing fashion,

As a result, pressure peaks determined for the corresponding inviscid
jet boundary will generally show reasonable agreement with experimen-
tal data even though there may be noticeable, albeit explainable,
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differences between theoretically determined and measured pressure
distributions.

: Pressure distributions for the launch-tube flow-fields with the annular
i gap_sealed by an obturator ring. - Over a wide range of stagnation
i pressure, the ratic pp/pyy is essentially independent of the stagnation

pressure when the annular gap is sealed. That the pressure ratio
Pb/P¢y should be constant for a given configuration for a fully devel-
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Figure 9. - A comparison of the theoretical and the experimental b§se
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oped supersonic tiow is well documented, e.g., refs. 10, 31, and 32,
Korst et al33 have shown that the equilibrium (or steady-state) value
of the base pressure is governed by the viscous shear-layer at tte
boundary of the nozzle exhaust plume that bounds the "dead-air" base~
flow region and by the physical geometric constraints. The thecretical
values of the base pressure are presented for the C3 and the C5 nozzles
in Fig. 9 for _all tnree la%nch ubes for stagnation pressures from

2.5 x 106 N/me to 8.8 x 100 N/m<,

The experimental values of the static wall-pressure vary only
slightly with X in the region between the obturator ring (small
negative x-coordinate) and the intersection of the exhaust plume with
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Figure 10. - The effect of launch-tube radius on the static wall-
pressure distributions for the C3 nozzle with an
obturator ring, p,y = 8.715 x 106 N/m2.




the launcher wall, reaching & minimum just before the impingement-in-
duced pressure rise. This is illustrated by the data presented in
Figs. 10 and 11, Recall that relatively low pressures upstream of the
impinging jet were also observed in the transient pressure data pre-
sented in Fig. 6. For the purposes of the present paper, the static
wall-pressure sensed by the orifice located at X = 0.0 rpe (i.e., in
the plane of the nozzle exit) is designated as the base pressure. The
experimental values of py are presented in Fig. 9. Since they are a
1inear function of pyy, the ratio pp/py) is constant for a given con-
figuration, Furthermore, they compare very well with the theoretical
values for both nozzles,

The static-pressure distributions in the vicinity of the plume
impingement have been computed for flows with the annular gap sealed
Dy an obturator ring. The pressure distributions for unheated air
accelerating from a reservoir where pyyis 8.715 x 168 N/mZ through
the C3 nozzle into the constant-area ¥aunch-tubes are presented in
Fig. 10. Similar solutions for the C5 nozzle are presented in Fig.
11. The theoretical solutions are compared with experimental data
for these nozzle/launch-tube configurations. Note, that as the tube
radius is increased from 1.20 rpe (the L1 tube) to 1.50 rpe (the L3
tube), the base pressure decreases and the location of the peak pres-
sure moves further downstream of the nozzle exit-plane. However,
as the base pressure decreases, the angle through which the plume
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boundary expands at the nozzle exit-plane increases. As a result the
pressure ratio across the impingement shock wave (i.e., the peak static-
pressure divided by the base value) increases as ry increases.

For both nozzles, the theoretical value of the peak pressure in
the impingement region is significantly greater than the corresponding
experimental value for the L1 launch-tube. Because of the small dif-
ference between rt and rpe, the free-shear layer at the plume boundary

3 is relatively short and the flow deceleration associated with the

R impingement process significantly modifies the viscous/shock-wave
interaction. This modification is not reflected in the theoretical flow
model, and thus, the peak pressure is overestimated by the theory. The
agreement between the theoretical and the experimental values is much
better for the L3 launch-tube. The improvement in the correlation for
the larger-radius launch-tube is attributed to compensating effects of
appbroximations in the theoratical flow model.
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Pressure distributions for the launch-tube flow-fields with a vented

annular gap. -~ As noted earlier, if the mass flow-rate of the sec-

ondary flow in the annular gap is relatively low, the pressure will
vary only slightly along the annular gap. Since the static pressure
in the nozzle exit-plane (ppe) is directly proportional to the
stagnation pressure, while the base pressure (pp) remains roughly
constant, the jet pressure ratio (pne/pb) varies with pt]. Thus,

the viscous/shock-wave interaction depends on the stagnation pressures
as well as the nozzle/launch-tube configuration.

The effect of the launch-tube radius is indicated by the
pressure distributions presented in Figs. 12 and 13 for the largest
value of py) tested. Since the base pressure is approximately
constant, the shape of the plume boundary would be independent of the
launch-tube radius, if the flow were inviscid. If the shape of the
plume boundary were indeed independent of the launch-tube radius, the
intersection of the plume boundary and the wall would be nearer the
nozzle exit as ri decreased. Thus, the impingement shock-wave would
move upstream and increase in strength as r decreases.

These trends are substantiated by both the theoretical and the

-experimental pressure distributions for the nozzle, launch-tube

configurations using the C5 nozzle, which are presented in Fig. 13.
As was the case for the flow fields with the obturator ring, the
correlation between theory and experiment is better for the larger
radius launch-tub~ the L3. As before, the theoretical model of the
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shear layer does not reflect the interaction between the approaching
free shear-layer and the pressure rise of the impingement shock-wave.
However, as was shown in Fig. 4, the method-of-centered-expansions,
. which is used to provide the approximate inviscid plume boundary,

JE yields plumes for which the local flow angle at the plume boundary

is slightly less than the actual flow angle. Because these two

flow-model approximations tend to compensate each other, the theo-

- retical values of the peak prescure are in very good agreement with

T the data for these flow/geometry conditions.

o Although experimental pressure distributions are presented for
. all three C3/launch-tube configurations, only for the C3/L3 is the 1
- theoretical distribution presented in Fig. 12. Theoretical solutions

o were not possibie for the C3/L1 or for the C3/L2 configurations with
T the present flow model, since the local flow inclination at the plume
boundary intersection with the launcher wall exceeds the value which
A can be turned through a weak shock-wave. This contrasts the flow
A fields for the sealed annular gap. Recall that theoretical pressure
distributions were presented in Fig. 10 for all three launch tubes
. when the annular gap was sealed by an obturator ring. As shown in
. Fig. 9a, the base pressure is considerably greater than the %
) atmospheric value, when the annular gap is sealed, and the expanding
flow turns through a smaller angle as it leaves the nozzle. Tnere- i
{
!
i
i
i
!
i
{

fore, with an obturator ring in place, the local flow inclinat:
of the impinging plume is sucn that the impingement shock-wave
weak,

Although the theoretical solutions indicate the weak impingemenc
shock-waves are not possible for the C3/L1 or the C3/L2 configurations,
the maximum measured values of the pressure are not large ernough to

) indicate the presence of a strong shock-wave. Thus, these pressure
distributions indicate a relatively strong interaction between the
impingement shock-wave and the shear layer at the plume boundary. For
the twe smaller radii tubes, the stream-wise pressure-gradient along
the launcher wall is not constant in the impingement region. As was
discussed in ref. 10, the relatively strong viscous/shock-wave inter-
aclion which occurs for this nozzle/launch-tube configuration at high
stagnation pressures produces significant blow-by flow.

i
[

Secondary flows. - As the rocket exhaust entrains base-region air,

a free-shear layer develops along the plume boundary, accelerating

air from the base-region and decelerating exhaust gas. When this

o free-shear layer encounters the adverse pressure gradient associated

B with the impingement shock-wave, some of the flow passes through

.oAk the shock wave, some of it is turned back. As discussed in Fig. T,

c o if the stagnation pressure is relatively low, the system acts as an .

ejector with some of the entrained air passing through the impinge-

y ment shock-wave. As the stagnation pressure is increased, the ratic
Pne/Pp increases and the flow expands through a larger angle as it
increases. Once the impingement shock is sufficiently strong, the
resultant adverse pressure gradient causes a fraction of the exhaust
flow to be turned upstream (blow-by flow).

s

Theoretical and experimental values of the secondary flow rates
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are presented as a function of the stagnation pressure in Figs. 14
and 15. For all three configurations, theory provides a good pre-
diction of the stagnation pressure for which there is no flow in the
annular gap. However, the theory provides reasonable estimates of
the secondary flow-rates oniy for relatively low flow rates. This

is evidenced by the comparison between data and theory for the C3/L3
configuration, which deteriorates as Pt increases above 6 x 106 N/m2.

This result should not be surprising. Furthermore, as has been
often noted, the theoretical model of the shear-layer does not reflect
the interaction between the approaching free-shear layer and the
pressure rise of the impingement shock-wave. Both of these approxi-
mations contribute to the limitation of the flow model to the
prediction of the lower secondary flow rates. As the model is pre-
sently formulated, the secondary flows are only carried between
streamlines within the linear mixing profile. Thus, the model is not
applicable to high secondary flow-rates.

For the C5/L1 configuration, the theory provides a reasonable
approximation of the crossover value of the stagnation pressure but
does not come close to the blow-by flow-rates, as shown in Fig. 15.
Part of the difference may be experimental. Since the diameter of
the pitot probe was approximately 50% of the width of the annular
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Figure 15. - The mass flow-rate in the annular gap as a function of
the stagnation pressure for the C5 nozzie.

gap for the L1 tube configuration, inaccuracies in the total pressure
measured by the pitot probes may contribute to significant experi-
mental erronrs. Nevertheless, the theoretical flow model provides a
reasonable estimate of the stagnaticon pressure required for zero
secondary flow.

The effects of nozzle stagnation ressure on the impingement
shock strength can be seen in the datadt presented in "ig. 16. HNote
that the impingement shock strength is detined as the pressure ratio
across the impingement shock-wave (p k/pb), Ppk is the peak static
wall-pressure and pp is the base pressure which is the static pres-
sure measurement for the Xg = 0.0 rpe orifice. (The divergent portion
. of the €4 nozzie is con1ca? with a 10° half-angle.) The experimental
e values in these figqures are compared with corresponding theoretical

™ values computed using the rotational method-of-characteristics (RMOC)
Te code to describe the impinging exhaust, neglecting the shear layer that
a develops at the plume boundary. In Fig. 16a the curves representing

; the theoret1ca1 solutions for the C3/L1 and the L3/L2 configurations
O terminat 3tagnat1on pressures of 5.5 x 106 N/m2 (800 psia) and
' 6.3 x 10 N/m (920 psia) respectively, since the computed solutions
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indicate that the impinging exhaust flow could not be turned through

a weak shock wave if the stagnation pressure were higher. Therefore,
neglecting the viscous effects of the shear layer at the plume
boundary, the cutoffs in the theoretical curves indicate the lowest
value of the stagnation pressure where one would expect the impinge-
ment process to generate a strong shock wave. The experimental values
for these two nozzle/launch-tube configurations indicate higher
impingement shock strengths for a pyy of approximately 8.85 x 108 N/m”
(1269 psia) than would be expected ﬁrom an extrapolation of the theo-
retical scolutions. Note also that, at these conditions, the static
wall-pressure distributions (refer to Fig. 12) indicate significant
viscous interactions at the plume boundary in the impingement region.
Nevertheless, although these impingement shock strengths are com-
paratively strong, they do not indicate the presence of strong,
"normal" shock waves. Thus, for the stagnation pressures where the
weak-shock solution is no Tonger possible, the experimental values do
indicate a transition region where the impingement shock-wave becomes
significantly stronger, but not truly "strong". For all the other
nozzle/launch-tube configurations, the theoretical solutions pre-
dicted the existence of weak shock waves throughout the range of
nozzle stagnation pressures that were tested. In general, the experi-
mental data show reascnable agreement with the theory and, as expected,
the theory overpredicts the impingement shock strengths due to
neglecting interaction of the viscous shear layer.

As evident in the data presented in Fig. 16, for a given nozzle,
the impingement shock strength increases with decreasing tube radius.
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The following lagic is offered to explain this trend. For the present ;

test conditions, where the mass flow-rates in the annular gap are !

relatively small, the base pressure is essentially constant. Therefore,

unless the impingement process produces significant viscous interactions ,

(which did occur for some test conditions), the plume boundary for a i

given nozzle/stagnation-pressure condition is independent of the launch-

tube radius. Thus, when the nozzie exhausts into a smaller tube, the

radial coordinate where the plume intersects the wall decreases and the ;

impingement angle, {.e., the angle at which the nozzle flow intersects

the wall, increases. This requires that the impingement shock wave i

become stronger since the flow must be turned through a greater angle. i

Also, for a given tube configuration, the impingement shock-wave was 4

significantly stronger for the C3 nozzle than for either the C4 or C5

nozzle. This occurs because the nozzle exit-angle (8 ) is greater for _ 1

C3 (20°) than for C4 or C5 (10°) and, therefore, so 1s the impingement

angle. !
i
{
]

For the launch-tube g1ow~field without an obturator ring, a data

correlation was obtained9? that relates the mass flow-rate ratio
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Tigure 17. - The mass flow-rate in the annular gap as a function of
the impingement shock strength.
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(my /mex) in the annular gap to the measured value for the impingement
shogk-wave strength (p I//phg, as shown in Fig, 17. Note that the mass
flow-rate in the annulgﬁ gap is essentially a function of the impinge-
ment shock strength over the range of nozzle/launch-tube configurations
studied in the present program. Although there is some variation, a
single curve can be faired through all of the data to provide the
designer of a straight-tube-launched rocket system with a reasonable
estimate of the mass flow-rate that will occur in the annular gap if
the approximate value of the impingement shock strength is known.

Theoretical values for the pressure ratio across the weak shock
wave which is generated when an inviscid, underexpanded jet impinges
on the wall of a straight tube (r, = 1.549 rn ) are presented in Fig.
18. The theoretical solutions, wﬁich were geﬁerated using the method-
of-characteristics relations (neglecting the shear layer at the plume
boundary) to calculate the isentropic flow upstream of the shock wave,
were obtained for

y =1.18 v = 1.40
Pe/Py 15.07 7.5 5.13 15,07  7.54  5.13
py/Py; 0-00482 0.00963 0.01416  0.005 0.010  0.0147

where M . was 2.338 for both gases, i.e., both values of y. The
righthand Timit of the curves indicates (approximately) the largest
divergence angle of the nozzle at which the impingement shock is still
weak for that pressure ratio. If the divergence angle of the nozzle
were larger than this value, the impingement shock-wave would be
strong. As the jet pressure ratio decreases, larger divergence angles

are possible before the shock wave becomes strong. This is true because

as the jet pressure ratio decreases, the jet expands Tess (i.e., the
initial inclination of the jet boundary is less) and, therefore, the
angle through which the flow is turned at the wall is less.

Massive Blow-By Flow in the Annular Gap

As has been noted , if the impingement shock-wave is strong, the
resultant, large adverse pressure-gradient can turn a significant
fraction of the exhaust flow upstream into the annular gap. A strong
impingement shock-wave is produced when the inclination of the imping-
ing jet exceeds a criticai angle or when the exhaust flow encounters
a constrictive change in cross section, i.e., the forward end of the
launch tube has a larger cross section than the att end (or ignition
end). Note also that not every constrictive change in cross section
causes massive blow-by. As will be discussed, the reduction in cross
section must be large enough to choke the flow. Although massive
hiow-by has been observed 1n straight tubes, the subseqguent dis-
cussion will focus on launch tubes with a constrictive change in
cross section, since this is a feature of "nontipoff" launch tubes.

[n a nontipoff launch tube, the missile is constrained while it builds
up speed and angular momentum. The front and the rear supports of the
missile are released simultaneously in an attempt to minimize wal-
launch effects. The presence of rails, frangible bore riders, and
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launch-tube configuration.

smaller-diameter cylindrical aft-tubes serve to constrict the flow of
the exhaust gas. Measurements of the 8ressure differentials acting

on the aft end of simulated rockets ! clearly show that these blow-
by tlows can be a significant error source.

The subsequent discussion will focus on flows where the nozzle
exit-plane is at least 4r,, into the forward tube, i.e., xpa < -4r
Furthermore, d,r4/dsqy is sufticiently small that flow is choked by the
constriction. %he geometry nomenclature is illustrated in Fig. 19.

When the parameters of the rocket exhaust flow field and the
launch-tube geometry are such that the impingemen{ shock-wave is
strong and the flow is choked by the constriction, the flow field in
the launch tube is similar to that depicted in Fig. 20. The relative
dimensions of nozzle-exit radius (rpa): att-tube radius (ryey):
forward-tube radius (rggp) are to scale. The axial dimensions are not
to scale. Thus, whereas the impingement shcck-wave is sketched as a
normal shock wave extending almost from wall to wall, oblique shock
waves associated with the initial turning of the flow probably extend
over a longer distance than indicated in the sketch. The extent over
which the pressure rise occuvs would be a measure of the interaction
between the viscous shear layer and the complex shock-wave structure.
The essential features of the flow model include: {1) the underexnanded
flow in the nozzle exit-plane (designated by the subscript ne), (2) the
supersonic flow just upstream of the impingement shock-wave (designated
by the subscript us), (3) the subsonic flow just downstream of the
strong impingerent shock-wave (de ignated by the subscript ds), (4) the
reverse, or blow-by, flow (i.e., that fluid in the viscous shear layer
which cannot overcome the adverse pressure gradient generated by the
interaction between the impingement shock and the viscous flow), (5) the
region at the base of the constrictive change in cross section (i.e.,
the step) where some of the fluid which has passed through the shock
system stagnates, (6) the subsonic flow at the entrance of the small-
diameter, aft tube (designated by the subscript ati), and (7) the sonic
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Figure 20. - Sketch of the flcw model for the choked exhaust flow in a
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flow at the exic plane of the smali-diameter, aft tube (designated
by the subscript ate).

To substantiate the validity of the flow model for the choked flow
in a constrictive tube, consider the experimental pressures of Fig. 21.
These data were obtained with the nozzle exit-plane 10.41 r,, from the
constriction for which Ajgp = 0.595A¢,.. In the subsequent Siscussion,
the experimental pressures will be compared to approximate, theoretical
values based on a one-dimensional flow incorporating the phenomena of
Fig. 20. The one-dimensional exhaust flow is assumed to accelerata
isentropically from the sonic conditions at the throat to the conditions
Just upstream of the shock. Since Ag,. was 5.302A*, M;g would be 3.237
(Ref. 11). Downstream of the normal shock-wave, the theoretical Mach
number (Mgg) is 0.4626 and the theoretical static pressure (pgs) is
0.2147 p 1- The theoretical value for the static pressure is in
reasonab?e agreement with the experimental values of Fig. 21, since the
corresponding experimental values are approximately 0.22 py7. The theo-
retical stagnation-pressure downstream of a normal shock-wave
(0.2676 Pt ) is in reasonable agreement with the pressures measured at
the base o} the rectangular step. Thus, there is reasonable agreement
between the experimental data and the theovetical values for tg}s
relatively simple flow model. Furthermore, it was observed 3, that
the Tocation of the normal shock-wave is fixed with respect to the
nozzle exit-plane and that the choked blow-by flow rate is independent
of nozzle-exit location. These three observations support the conclu-
<ion (as illustrated in Fig. 20) that the fluid which constituted the
blow-by flow did not pass through the shock system.

The pressure data indicate that the flow accelerates through the
constriction and is, therefore, subsonic., The subsonic flow inmediately
downstream of the shock wave in the forward tube (Myg = 0.4626) would
accelerate to sonic conditions (for a one-dimensional, isentropic flow)
if A% were 0.6933 Agype.  But Ajgg s only 0.595 Aggyp.  Thus, the aft
tube is approximatefy 14% sma]?ef in cross section than the sonic
throat-area for the upstream flow. It was noted37 that the fraction
of the exhaust flow which is turned upstream (inj,/may) 15 approximately
155, Thus, once the critical value of reservoir pressure {or mass flow-
rate) has been exceeded, the large reductior in area (from Aggy to
A ) causes the fiow to choke at the constriction, (The reader is
reminded that the other parameters, such as the characteristics of the
shock impingement, are of extreme importance. In analyzing the Rip-Zap
flight test data 38 the apparently anomalous bhehavior of the Flight-12
data was attributed to probable "differences in the plume character-
istics".) Adjustments took place in the internal flow field, so that
the flow in the exit plane of the aft tube is sonic, i.e., Mzte = 1.
The model for the reigltant flow in the aft tube appears to be that
described by Shapiro®? as choking due to friction. That the flow in
the exit plane of the aft tube is indeed sonic was indicated by the
static pressure measurements, presented in Fig. 21. Assuming that the
fluid near the center of the launcher accelerates isentropically from
"ds", the static pressure at the sonic location would have been
0.5283 pyo or 0.1414 pyy. This value for the theoretical static pres-
sure at %ﬁe sonic Tocation is essentially equal to the static-pressure
measurements from near the exit plane cf the aft tube.
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Using a one-dimensional flow model to represent the choked flow
in a constrictive launch-tube provides a reasonable correlation with
the exparimentally-determined static pressure distributicn along the
launcher wall. Thus, this veasoning will be used to calculate the

onset of blow-by. The following assumptions were made regarding the
flow model.

(1) The exhaust fiow expands isentropically from the nczzle
exit-plane until it encounters the wall. For a given v,
the Mach number of the flow just upstream of the impinge-
ment shock-wave can be determined using the area ratio of
the cross section of the forward tube to the throat area,
or equivalently, dfor/d*',

(2) A normal shock wave occurs at the impingement location..
Therefore, given the upstream Mach number and vy, the down-
stream Mach number can be calculated.

(3) The small-diameter aft tube acts as a second throat. Given
the Mach number downstream of the riormal impingement shock-
wave, v, and the area of the forward tube, one can calculate
the minimum area through which the subsonic flow can be
accelerated, which is a sonic throat for the shocked flow.
Thus, the constrictive area ratio for the launcher,

Unfitled symbois: unchoked fiow Fillad symbole: choked flow
Haif-filled aymbnl: choked at some conditions, but not af others
== One-dimensional flow model
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Figure 22. - The minimum constrictive area ratio through which the
rocket exhaust gas can pass without choking the flow.
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Aaf¥/Af0 , can be calculated., 1If the area of the aft tube
is Tess than this area for a second throat, then a substantial
fraction of the exhaust flow must be turned upstream.

The minimum constrictive area ratia, Agfi/Agy., through which the
exhaust flow can pass without significant bfow-by flow occurring is
presented in Fig., 22 as a function of dfor/d*‘

The correlations based on this simple flow model are compared
with data from the_cold-gas test programs conducted at_ the University
of Texas at Austin3/540 and from flight-test programs?1,42, The
correlation predicts choking in Launcher 1 (Aje¢/Afy, = 0.595, see
Ref. 37) and in Launcher 2, which was verified by {Re experiments.

The correlation predicts that the constrictive area ratio for

Launcher 3 (A.¢+/Arqe = 0.735) is just above that for choking. As

was noted in ﬂe%. 28, in some cases the flow did choke; in athers,

it did not. It is assumed that the differences were due to the '
presence of the boundary layer and viscid/inviscid interacticns that
reduced the effective cross section. Flow in Launcher 4 did not Shoke,
which is as expected. Data from the Rip-Zap flight test programs »38
indicated that the flow choked, as would be expected from the correla-
tion. The correlaticon indicates that the flow should not choke in the
Arrow launcher. Again, the flight-test data3»41 were consistent with
the correlation,

The reader {s cautioned against using the correlation casually.
To be valid, the flow in the nozzle exit-plane must be considerably
underexpanded, The growth of the viscous boundary-layer would change
the effective cross-sectional area of the tube and, therefore, influence
the minimum values of Ajft/Aggye. Other parameters which cause losses
in the total pressure of the ?Yow, e.9., the presence of spin vanes,
would also produce significant changes in the correlation. Furthermore,
changing the base-region boundary conditions, such as by sealing the
annular gap to prevent secondary flow, would affect the actual correla-
tion. Fer the second-throat ejector-diffuser systems, the constriction-
induced shock wave causes the cell pressure to increase, which in turn
causes the jet to expand through a lesser angle reducing the strength
of the shock. This compensating interrelation (which allows second-
throat diffuser ejectors to "start" for very low constrictive area
ratios) does not cccur for the launch-tube flows. Instead, the con-
striction-induced shock wave prggotes blow-by flow. Empirical cgrrela-
tions developed by Jones et al.®*® and verified by German et al.3<
indicate that second-throat ejector-diffuser systems would start for
constrictive area ratios at which massive blow-by occurs for the
launch-tube flow fields.

A quantitative model incorporating the flow mechanisms described
in Figs. 20-22 has been deve]oped4 . The nomenclature for this model
is presented in Fig. 23. It is also assumed:

(1} that the flow is quasi-steady,
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(2) that the interaction mechanism in the forward tube becomes
established within a few nozzle-exit diameters as the
afterbody alights from the aft tube37, and

(3) that the very compiex viscid/inviscid interaction mechanism
upstream of Bhe constrictive diameter can be treated as one-
dimensional3<,

Recall that the detailed pressure data of Fig. 21 indicates highly
curved streamlines at the constriction. Furthermore, a variety of
constrictive geRTeﬁries have been represented in different phases of

the research38,41,42 Depending upon the shoulder geometry and the
effect of the shock pattern and/or the adverse pressure gradient along
the upstream wall, the flow entering the aft tube may be subject to a
contraction, decreasing the effective one-dimensional entrance cross
section (vena contracta). The presence of a vena contracta is

indicated by experimental data showing a localized pressure drop just
downstream of the entrance cross section in the constriction. While
exact solutions for such contractions can bte derived for potential flow
by means of hodograph methods, it is evident that the actual approach
and downstream conditions preclude the usefulness of such concepts.

A parametric study of contracting flows by cne-dimensional compressible
flow modeling suggests that even the lower limit (producing initial
conditions in a "free sonic throat") will not result in a substantial
modification of both Mach number and stagnation pressure as the entrance
condition for the Fanno flcw component so that an isentropic relation
may be assumed to relate the flow conditions in cross sections 2' and 3.

Based on the same reasoning as above, entrance into the front tube
can then also be considered to be isentropic, generated by a stagnation
condition Py Tt prevailing near the nozzle base.

Patm
ﬁ h‘ .1_14
M

My L8

P p4
H
Fanno ——»

Flow .

: EEEE—— t

C (vena Contracta)

Figure 23. - Nomenclature and one-dimensional flow-field model for
choked flow in & constrictive, nontipoff launch-tube.
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Flows through the aft tube as well as in the (generally eccentric)
annular region between missile_body and launcher fore-tube shall be
treated as Fanno line prob1ems39. This is certainly an approach
suggested by convenience which can, however, be justified by close
scrutiny of experimental data obtained with flows individually dis-
charged through either one of the conduits. Use of the functional
relationship between entrance and exit Mach numbers is txpressed with
the help of the auxiliary function [f Lmax/deq] where deq is the
equivalent passage d1§meter (deg = d3 for the aft tube and deq = d2 - dy
for the forward tube) The friction factor, f = f(Redeq, e/deq), can

be calculated from Colebrook's equation45 (small changes in Reynolds
number along the passages not being significant):
1/(/2) = -0.86 wnle/(3.7 dg) + 2.51/[Rey  (F/7)]
eq

Use of this equat1on (orwg1na11y derived for circular pipes and
incompressible flow) is Jus&éf1ed in view of the limited annular eccen-
tricity of the forward tube™ and the fact that the flow is sub-

sonic in “.th passages. More questionablc is the assumption of fully-
developed turbulent flow in the aft tube. Nevertheless, experimental
evidence seems to support such a treatment. Pressure distributions
along Fanno lines can be evaluated with the help of the auxiliary
functions (f L/deq)(k,M) determ1n1ng Tocation and (p/p*)(k,M) deter-
mining the Tocal pressure Tevelsd

The individual flow-model components are linked together and a
unique solution for the entire system can be found by an iterative
computational procedure following this brief outiine. Assuming first
critical outflow from both forward and aft tubes, a base pressure ratio
corresponding to a normal shock in the nozzleeexit cross section, and
choosing a reasonable value for the friction coefficients, one finds,
for a given geometry, first values for Myy and M3. This, in turn,
allows one to find Ms: and in the absence’of, or ignoring initially, the
flow through the ven% ports, Mo. Consequent]y, pp/pty can be found.

The calculations are carried downstream (along both aft and forward
tubes) having established first approximations for pressure levels

and temperature levels, so that Reynolds numbers and friction factors
can be found. Thus, flow rates through aft and forward tubes and vent
ports can be determined. Exit conditions both for aft and forward
tubes are then examined and the entire procedure repeated until sub-
sequent iterations for pb/pt] agree within a prescribed 1imit.

A comparison between the pressure distributions computed based
on this flow model and the corresponding experimental pressuras from
Ref. 37 is presented in Fig. 24. As can be seen, the quantitative
agreement is quite good for this case with a rocket nozzle-exit
position -8.41 nozzle radii upstream of the cross-sectional con-
striction. The relative insensitivity of pressure ratios to absolute
nozzle stagnation pressure Tevels is also borne out by the computer
solution., The existence of a vena contracta downstream of the con-
striction is evident from the experimental data but quick recovery to
Fanno~line type flow is also observed,

37

D ot 2ois




- T =ity Y Y T T T T
0.30 ¢ Data, Ref. 37
—Theory

o020k ¢ ————

as e 7
° ® o 4

® ° o
% p - -
5= . ® Xng ~84irne -

\ " ook Py *6440KR

i Tt =298°K )
| —/ 7
- 7600 4,4 4

) ' I I iaw] H { i 1 } 1
L - 000 56 -84 0 g6 24 =

X/The

Figure 24. - Comparison of experimental and theoretical static wall-
S pressure distributions for the 0.2-scale Rip-Zap launch-

tube, xne = -8.41 rne‘

| A comparison between calculated and experimentally determined37

K blow-by mass flow-rates is presented in Fig. 25. Both the level and
the dependence upon nozzle stagnation pressure show good agreement. B8y
using the computer option for vent-port effectiveness, the predicted
blow-by rates for different "equivalent diameter" vent ports are alsc
shown.

As an alternative to vent ports, an increase in aft-tube diameter
can also be considered as a means for controlling blow-by%/. The re-
sult of theoretical calculations indicates the elimination of signifi-
cant blow-by for aft-tube diameters such that the area ratio A3/Az
W (i.e., Agft/Afqr) is in excess of 0.79. This agrees well with the
: nredictions ang the experimental evidence presented in Fig. 22.

[t has been suggested42’47’48 and is supported by the limited data
obtained in free-flight testing®? that the simulation of hot propellants
oy cold-air-flow experiments naot only offers qualitative information
out also shows reasonable quantitative correlation of pressure ratios.
Implied in this statement is Ege retention of all geometrical para-
meters, except a scale factor™® and, in addition, the practical
insensitivity with respect to the specific heat ratio. Obviously, the
quasi-steady analysis dnes not account for the acceleration of the
oropellant gas. However, it can be shown that the effects of non-
steady gas motion are relatively unimportant, at least for the initial
stages of the launch process. By contrast, one expects that differences

whe,
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caused by the use of dissimilar gases and scale effects have to be care-
fully examined. This regquires the study of the influence of specific
heat ratio and Reynolds number dependency. The isolated parametric
influence of the specific heat ratio (retaining gas constant and
viscasity coefficients for ajr) was explgred using the computer program
available at the University of I1linois A sweeping appraisal of this
factor, extending to y values near unity, showed no appreciable effects;
neither for pressure distributions nor for blow-by mass rate ratios.

The availability of the Argon blowdown facilityso made it
attractive to conduct experiments to clarify the influence of the
specific heat ratio while practically eliminating scale (Reynolds
number) effects. Comparison between experimental and theoretical
pressure levels showed excellent agreement, as shown in Fig. 26. Even
though the nozzle-exit Mach numbers for air and for Argon were different
and all gas-dynamic functions appearing in the analysis are affected by
the specific heat ratios, the dimensionless pressure ~avels for the two
gases are in good agreement.

ANALYSIS QF FLIGHT TEST DATA

The basic nomenclature and exhaust flow-field phenomena for tube-
launched rockets have been presented in the previous sections using
primarily theoretical flow-field models and experimental data obtained
through cold-gas simulations. These basic precepts will now be
incorporated into the analysis ?f w31% ?sigre measurements obtained
during two flight-test programs 8,4 that used nontipoff
launch tubes.

In a nontipoff launcher, the cross section is varied so that the
rocket is constrained immediately after ignition but, once it has
sufficient velocity, it flies free of any tube support for a short
distance as it emerges from the tube. The use of the term "constric-
tive change in cross section" indicates that the radius of the aft tube
is smaller than the radius of the forward tube. Thus, in addition to
the parameters which characterize the underexpanded supersonic exhaust
flow, the resultant flow field depends on the gecmetry of the launch
tube. The geometric variables for the launch-tube configuration in-
clude the aft-tube radius, the forward-tube radius, the geometry of
the constriction, the Tength of the forward tube, and the length of the
aft tube,

A sketch of the launch sequence is presented in Fig. 27. The flow
of the rocket's high temperature and high pressure exhaust gas in
these nontinoff launch tubes is particularly complex because of the
aresence of the constriction. Initially, the rocker is constrained
wnile the linear and the angular momentum of the rocket increase. Once
tne exit plane of the nozzle reaches the change in cross section, the
mechanisms that constrain the rocket (such as sabots) are released.
Thus, the sabots located at the forward end of the rocket are thrown
fres as the nose emerges from the tube. The constraints Tocated at
the aft end are released simultaneously, so that although a significant
portion of the missile is still in the launcher, it flies free of
constraints.
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(b} Simultaneous release of sabots
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(c) Free flight

Figure 27. - Sketch of the launch sequence in a constrictive,
nontipoff launch-tube.

During the time interval iimediately after ianition when the
rocket exhausts directly into the aft tube, the flow fields correspond
to those alrcady described for a straight-tube launcher. Significant
blow-by flow rates would occur only if the nozzle divergence anqle,
the Mach number in the exit plane, the ratio of specific heats, and
the jet pressure ratio were such that the impingement shock-wave would
be strong. However, as will be discussed, the pressure measurements
for both programs indicate that the impingement shock-wave was weak
as long as the nozzle exhausted into the aft tuve.
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Figure 28. - Sketches of flight-test launch-tubes and their instrumen-
tation. Dimensions in inches (centimeters).

As the nozzle exit-plane enters the forward tube, i.e., as
Xne < 0, shock waves can occur not only as the exhaust from the under-
expanded jet encounters the wall but also as the flow encounters the
constriction. As indicated by the data presented in Fig. 22, the
axhaust flow was choked by the constriction in one program, 1.e., the
Rip-Zap configurations, but not in the other program, i.e., the Arrow
configuration. Sketches of the launch-tubes and their instrumentation
are presented in Fig. 28. Note that Asgt is 0.717 Ag,. for the Arrow
raunch-tube but is 0.595 Ag,.. for the Rip-Zap conf1gurat1ons As
discussed in Refs. 3 and 3§, two different gecmetries were used to
accomplish the constrictive change in cross section for the Rip-Zap
configurations. However, the constrictive geometry had only a second-
order effect on the exhaust flow-field, once the nozzle exit-plane had
moved a few diameters from the constriction into the forward tube.

dhen the nozzle exit-plane first enters the forward tube, i.e.,
-1.5 rpe < Xpe < 0, the exhaust from the underexpanded jet impinges
_.reut?y on the constriction. The pressure rise which results depends
an whether the reduction in the cross-section area is accomplished
abruptly by a rectangular step or gradually by a ramp configuration
(or examples of constrictive geometries, refer to Ref. 42). If the
impinging exhaust flow encounters a relatively high rectangular step,

a curved shock wave which is essentially normal near the wall develops.
At this instant, a large pressure gradient from the constriction

‘x = 0) to the forward end of the launcher causes a significant portion
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of the exhaust flow to be turned upstream, i.e., reversed. The reverse
flow generated when the exhaust splashes onto the constriction will be
termed "splashback". Significant splashback can produce significant
(transient) increases in the pressure in the annular gap, as will be
evident in the Rip-Zap measurements. However, negligible splashback

was observedd during the Arrow flight-test program in which a rocket was
launched from a tube for which Aj¢t was 0.717 Agy. and the change in
cross section was accomplished by a 4° ramp. Thus, the geometry of the
constriction as well as constrictive area ratio has a marked effect on
the magnitude of the splashback flow rate.

Pressure Measurements from the Arrow Program

It has heen noted that, when the nozzle exhausted directly into
the aft tube, the impingement shock-wave and the reflected shock waves
were weak. This is true for both flight-test programs. Thus, under
the quasi-steady~-flow assumption, the shock-wave structure and the
static wall-pressure distribution at any instant in time would be
similar to that presented in Fig. 29. These data w?re poblained during
static firings into a constant-diameter launch tube!Y.

In the flight-test programs, the missile gradually accelerates
through the launch-tube. Thus, one can view the flow as corresponding
to the situation where a point on the wall moves away from the nozzle
exit=-plane. To interpret the flight-test data in termns of the pressure
distribution presented in Fig. 29, imagine that a pressure gage moves
axially, experiencing temporarily high pressures as it passed through
the impingement shock-wave and its reflections.
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Figure 29. - Sketch of typical pressure distribution and shock struc-
ture for supersonic flow in a constant-area launch-tube.
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The static wall-pressure measurements for PS1, which was located
in the small-diameter, aft tube and which was the first gage to be
exposed to the rocket exhaust (see Fig. 28a), are presented as a function
of time in Fig. 30a. This pressure history which was measured during
Flight 110 is typical. The pressure data are presented in dimensionless
form as the ratio, p/pgy, i.e., the static pressure divided by the stag-
nation pressure ot the rocket motor. Since the reservoir stagnation

. pressure was not measured, it was
. the Arrow motor, 8.97 x 106 N/m¢ (1300 psia). While the

assumed to be the nominal value for

rocket exhausted

directly into the aft tube, the gressure pericdically rose suddenly (due

to a shock impinging on the wall

then decreased gradually. The period

became shorter as the rocket accelerated away from the gage. These data
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Figure 30. - The pressure history for PS1 (x_ = +21.985 rne) in the

Arrow flight-test program. 9
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were qualitatively similar to the histories obtained during other pro-
arams while the rocket exhausted into a constant-area tube!8.19,38, for
the present tests, the peak pressure was greatest for the initial rise
(i.e., the shock-induced pressure rise associated with the ijmpingement
of the exhaust flow on the launcher wall}. For comparison with the
data, the theoretical value of the static wall-pressure downstream of
the impingement shock is included in Fig. 30a. The numerical code
generates the solution for an underexpanded supersonic flow exhausting
from a staticnary nozzle into a constant-area tube. The base pressure
was assumed to be equal to the atmospheric value. The theoretical value
for the static pressure downstream of the impingement shock-wave was
0.0317 pty. The theoretical value was within 158% of the initial peak
value for the measured pressure.

As the exit plane of the rocket nozzle passed the change in cross
section (at approximately 0.167 seconds), the pressure recorded by PSI
increased. However, the increase was relatively small, especially when
compared with the corresponding pressure increase measured during the
Rip-Zap program when the rocket passed the constriction of that launch
tubed8, as will be discussed in the next section. The relatively low
values for the static pressures from the Arrow launching are not, of
themselves, definitive. However, as the discussion of the additional
data will substantiate, the flow downstream of the impingement shuck
remained supersonic, even when the rocket exhausted into the forward
tube. That is, the constrictive area ratio of the Arrow launch tube
was such that the exhaust flow was not choked when it encountered the
constriction,

To compare the data from ditferent flights, the pressure measure-
ments for PS1 are presented in Fig. 30b as a function of the nozzle
exit location instead of time. The curve fits of the observed position
histories were used to determine the time which corresponded to a par-
ticular location of the nozzle exit-plane. The nondimensionalized pres-
sure data are presented as a function of the nozzle position relative
to the departure edge (Xpe/rne). This position parameter was positive
when the exit plane of the rocket was in the small-diameter, aft tube
and negative for the large-diameter, forward tube. The periocdic varia-
tions of the pressure which occurred during the interval when the nozzle
exit-plane was located between the orifice and the departure edge were
due to reflections of the impingement shock-wave in the fully supersonic
flow. With the rocket exhausting into the large-diameter, forward tube,
the static pressure increased slightly. The increase is attributed to
the fact that the supersonic flow in the forward tube decelerated at
the constriction. The magnitude and the apparently periodic variations
of the pressure for xpe < C suggest that even, after the deceleration
srocess through the constriction had taken place, the flow was super-
sonic,

The static pressure measurements for PS5 are presented in Fig. 31.
As long as the nozzle exit-plane is located in the aft tube, i.e., as
Tang as the exhaust gases flow directly into the aft tube, the static
pressure recorded by PS5 is essentially constant and equal to the
atmospheric value. When the rocket exhaust impinged on the constric-
tion, there was a stight increase in the pressure recorded by PS5 {which
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Figure 31. - The pressure history for the PS5 (xg a2 .14.799 rne) in
the Arrow flight-test program.

was upstream of the nozzle exit-plane in the annular region). The
impingement-produced pressure rise on the constrictive surface of the
launcher produced a favorable pressure gradient from the internal end

of the forward tube (i.e., at the change in cross section) to the up-
stream end of the forward tube which is open to the atmospher This
pressure drop produced a reverse, or b1ow-by, flow which, in turn.
caused the pressure in the annular region (at PS4 and at PS5) 41 to

rise slightly then decrease. The slight pressure variation recorded by
PS5 was most clearly evident in the data of flight 114. However, the
magnitude of the pressure variation measured during this pulse was much
less than that measured during the Rip-Zap program. Thus, the splash-
back mass flow-rate apparently was relatively small for the Arrow test
oragram. The fact that 3 measurable pressure variation due to the blow-
oy flow was not recorded® by PS6 (see Fig. 28a four the location of this
gage) indicates that the splashback was so weak that it may have been
dissipated in the annular region prior to reaching the forward end of
the launcher.

As the exit plane of the rocket passed the station of PS5, the
pressure rose sudden]y Again, there was good agreement between the

oressure measured downstream of the iwpingement shock-wave aid tie
theoretical value. The experimental value was within 9% of the theo-
retical value. As the rocket continued to accelerate away from the }

qage, the static pressure decreased then increased suddenly due to the
~aflected shock wave. The periodic character and the relatively low
ragnitude of the static pressures indicated that the downstream flow
rerained supersonic. These data were in marked contrast to the Rip-Zap
cata~® where the flow choked and the pressure in the subsonic flow down-
stream of the impingement shock was approximately constant at 13 atmos-
oneres.
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A Review of the Pressure Histories for the Arrow (onfiguration - The
pressure measurements presented in Figs. 30 and 31 provide several
insights into the exhaust flow-field in the constrictive, Arrow Yaunch

tube.

(1) When the exit plane of the rocket nozzle was 1n the small-
diameter aft tube, the flow was tully supersonic. There was
not significant reverse, or blow-by, flow.

(2) When the exit plane of the rocket nozzle passed the con-
striction, the increase in the pressures measured at the
orifices in the aft tube (downstream) was measurable but
was much less than the corggsponding inCrease measured
during the Rip-Zap program’®. The impingement oroduced a
pressure rise at the constriction producing a favorable
pressure gradient from the internal end of the forward tube
to the upstream end of the forward tube {which exhausted to
the atmosphere). This pressure gradient produced the reverse,
or blow-by, flow which, in turn, caused the pressure in the
annular region to rise sligntly then decrease. The "splash-
back" mass flow-rate apparently was very small (one might say
“negligible") for the Arrow test program.

(3) when the exit plane of the rocket nozzle had moved well into
the forward tube, the static pressure indicates that reflect-
ing, weak shock waves were present both in the forward and in
the aft tube. The constrictive area ratio is such that the
flow was not choked at the constriction. Instead, the
exhaust flow apparently remained fully supersonic downstreain
of the nozzle. There was not evidence of significant blow-by

flow.

Static-Wall Pressure Distributions - If the static-pressure measured
by the various gages when the nozzle exit-plane was at a specific
location are presented as a function of the uxial coordinate of the
gage, one ohbtains the static-wall-pressure distribution for that nozzie-
exit Tocation. The nondimensionalized pressure measurements obtained
for xpe = -16.419 rpe have been used to generate the pressure dis-
tribution of Fig. 32. Although there are too few gages to construct
a meaningful flow model, the pressures can be interpreted in terms of
the model that is based on the total knowledge of the flow. As the
exhaust flow impinged on the tube wall, a weak oblique shock wave was
generated. The theoretical value of the static pressure downstreau
of the impingement shock was 0.0235 pty, which compares reasonably
well with the data. The streamwise variation in the static pressure
measurements for those gages in the forward tube is attributed to the
reflected shock waves. As the exhaust fluw entered the aft tube, the
pressure increased. Recall that, if the stream tube area decreases,
a subsonic flow accelerates (i.e., the pressure decreases), whereas

a supersonic flow decelerates (i.e., the pressure increases). Based
op the date of Fig. 22, the flow in the forward tube is evidently

supersonic.
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Figure 32. - The static wall-pressure distribution for the Arrow flight-
test program for Xne * -16.419 L

Pressureg Measurements from the Rip-Zap Program

Launch-tube flow-fieid measurements were made during twelve flight
tests in which Rip-Zap configurations were launched from a nontipoff
launcher. For the first eight tlights, tg? launch tube was sparsely
instrumented4. For the last four flights9!, the launch tube was in-
strumented as shown in Fig, 28. The data and their analysis, which were
presented in Refs. 3, 38, and 42, will be reviewed here. It has been
noted often in this paper that the large reduction in launch-tube crouss-
section for these tests caused the exhaust flow to be choked and a
significant fraction of the exhaust gas to be turned upstream into the
annular gap. The massive blow-by flow that results is graphically
illuscrated in Fig. 33. MNote that even when the aft forty inches of the
rocket are still in the tube, i.e., Xpe = ~10.1 rp., exhaust gdses
iriven forward by the blow-by process can be seen surrpunding the
axoosed rocket at the forward end of the launch tube.

The static-wall pressure measurements for PS1 are presented as a
“ynction of time for Flight 10 in Fig. 34a and as a function of the
1ondimensionalized nozzle-exit position, xpe/rpe, for Flights 9, 10,
and 17 in Fig. 34b. The character of the launcher flow-field which
ax*sted when the rocket exhausted intn the small-diameter section, or
aft cube, can be best seen in Fig. 34a. The pressure recorded by PSI
~ariecdically rose suddenly (due to a shock impinging on the wall), then
iacreased gradually. The period became shorter as the rocket accel-
2rated away from the gage. Thus, these data are qualitatively similar
“0 -he fully supersonic flows for statically fired rockets as reported
by 3atson!3 and for dynamically fired rockets as reported by Batson and
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with departure plane
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» Figqure 33. - Photoygraphs of the launch sequence for Rip-Zap
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Bertin!d. The similarity between the pressure distribution for a f
statically fired rocket and that for a dynamically fired rocket results
because the velocity of the exhaust gas is more than 20 times the
velocity of the rocket as it leaves the launcher. Thus, the exhaust
flow for the dynamic rocket launching can be assumed to be quasi-steady.

As the exit plane of the rocket nozzle entered the large-diameter
forward tube (at approximately 85 msec for Flight 10), the static pres-
sure increased suddeniy. Although the increase is evident in Fig. 34a,
the character of the pressure data is better illustrated by the para-
meter Xne/rpe Used in Fig. 34b. The nozzle-exit position is a unique
function of time, such that, as time increases (in Fig. 34a), the
nozzle-exit parameter Xxpe/r,e decreases from large positive values
through zero and then to larde negative values. Since the pressure
parameter is the ratio of the experimentally determined static pressure
to the assumed stagnation pressure, the flight-to-flight variations in
the ratio p/pt] may be due in part to differences between the actual
stagnation pressure and the assumed value. When the rocket was 5 radii,
or more, into the large-diameter forward tube (i.e., Xpe < 5.0 rpa), the
static pressure at PS1 (which was located far into the aft tube), was
approximately constant. The magnitude of this constant pressure was the
same whether the exhaust flow encountered the modified rectangular step
(Flights 9 and 10) or the 15° ramp (Flight 11) before entering the aft
tube. Thus, the variation in the geometry of the constriction did not
significantly affect the downstream static pressure. Once the rocket
had left the launcher, the static pressures recorded by PS1 decreased
rapidly. The forward end of the launcher, for which - o = -24.2 e’

is indicated by the atmospheric-pressure symboil. n
0.08 1 1 L] ) i 1 1 1 1 1 1 i T 1
] g®Cf ag
Q.06 a .
p -
5 ~ a Q
Y as o g °_9duns
0.04r a g g a i
- c d )
% o J
002
i " a J
OOO 1 1 I 1 1 i 1 L 1 1 1 i

0 20 40 60 80 100 {20 140
time,milliseconds

fa) As a Function of time for Flight 10 (the constriction is the
modified rectanguiar-step)

Figure 34. - The pressure history for PST (x_ = + 26.302 rqe) in the
Rip-Zap flight-test program.
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When the rocket exhausted into the large-diamter forward tube,

K the pressure measurements in the vicinity of the constriction were
L more than 10 times the atmospheric pressure. Thus, there is a large
v pressure drop from the internal end of the forward tube (at the change
. in cross section) to the upstream end of the forward tube which ex-

hausted to the atmosphere. As a result, there was a reverse, or blow-
T by , flow in the annular region between the rocket and the wall of the
forward tube. Using photographs similar to those presented in Fig. 33,
the velocity of gas in the annular region was caiculated to be approx-
imately 500 fps.

The existence of a blow-by flow wes also evident in the static
wall-pressure histories recorded by gages PS15, PS16, PS17, and PS18,
all of which were located in the forward tube at x; = -6.649 rpe. With
the exit plane of the nozzle near the constriction”(i.e., Xpe = 0),
these gages provide measurements of the static pressure in the annular
region between the rocket and the tube wail. The pressure histories for
these gages are presented in Fig. 35. The measurements for Flight 11
represent the flow in the launcher with the 15° ramp. Pressure
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measurements for gages PS15 and PS16 do not appear while the nozzle exit
was in the region: - 10 rpa > Xpe > - 25 rpe. The gages for PS15 and
PS16 saturated at apprOX1mate1y ?00 psi and did not provide meaningful
data while the rocket was in this region.

S As the exit plane of the rocket nozzle passed the constriction and
v entered the forward tube ( ne > - 2.5 rpe), the pressure re-
corded by these gages rose note that since the orifices are located at
= - 6.649 rpe (i.e., in the annular gap between the missile and the
lgunch tube wall upstream of the nozzle exit-plane),

O PS5 {p=180°) <O PSI7 (h=0°)
. O PS 16 (p=270°) A PS8 (=90°)
0.2f < 8 2 _
& 4
o.10r O .
o
.08+ .
- - _
Pt
o -
-
0.06 o
S F @ O T
A
. 0.04}
N o 7
"y |
" A A
D oozt 1
s o
- L o Awmewheic @R B sy
o pressura
| Q00735 20 Jio 0 i0 20
: Xne
Tne
2 Figure 35. - Static pressure histories for the 4 orifices located at

xg = - 6.649 "ne for Flight 11.
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‘ the increased pressure indicates the occyrrence of significant blow-by
flow. The pressure increase was greater4J for the launcher with the
modified rectangular step, i.e., Flights 9 and 10. When the exit plane
of the cold-gas nozzle ggs within 2.5 rpe of the step, the blow-by flow
from the cold-gas testsYé was greater for a rectangular-step configura-
tion than for a 15° ramp. As the rocket moved further from the step
(- 2.5 rpe > Xpe > - 6.0 rne), the pressure recorded by these four
gages decreaseg. Based on the previous discussion, the observed pres-
sure decrease indicated that the blow-by flow rate decreased. Thus, as
the rocket nozzle was moving away from the step, but had not yet reached
the gage, the magnitude of the reverse flow increased and then
diminished. The varying strength of the blow-by flow with the rocket
nozzle in this region might be described as a "puff”. For the cold-gas
tests, the maximum blow-by flow rate for the rectangular-step occurred
when xpe = - 0.75 rpa. The blow-by flow rate decreased as the nozzle
moved farther from the step. For the 15° ramp configuration, the blow-
by flow rate for the cold-gas tests had not begun to decrease with
distance, but data were available only for Qr , > X 2 - 2.55 v
' When the rocket passed the plane of these gages such that the ex-
haust flow impinged directly on them, the pressure rose dramatically.
The pressure downstream of the jmpingement shock was approximately
0.12 pt1, which is approximately 13 atm. Recall that, when the rocket
exhausted into the small-diameter aft tube, the pressure downstream
of the impingement shock was approximately 0.04 p¢y. Numerical solu-
tions of the underexpanded exhaust (from a stationary rocket) impinging
on the tube wall show that the pressure downstream of an oblique im-
pingement shock would be less for the larger-diameter tube. The static-
wall pressure immediately downstream of the impingement shock-wave was
calculated to be 0.0529 pyy for the forward tube ?r = 1.54 rpa) and
0.0667 pt7 for the aft tube (ry = 1.79 r,o). The numerical calculations
assume that the rocket exhaust expands from the theoretical value of the
exit-plane pressure to the base pressure, which is roughly atmospheric
for these flows. Thus, in the theoretical solution the flow which im-
pinges on the wall is turned approximately 30-35° by a weak, obligue
shock wave. The fact that the experimentally recorded pressures were so
much greater when the rocket exhausted into the larger-diameter forward
tube suggests that the flow contained a strong, normal shock wave and
was, therefore, not fully supersonic. This conclusion is supported by
the coid-gas data of Ref. 37. Furthermore, this strong shock wave moves
with the nozzle exit-plane.

A Review of the Pressure Histories for the Rip-Zap Configuration. -
These pressure histories provide several insights into the mechanisms
which govern the flow field which results when a rocket exhausts into
the nontipoff launch-tube with a relatively large change in cross
section.

(1) When the exit plane of the rocket nozzle was in the small-diameter,
aft tube, the flow was fully supersonic. There was not significant
reverse, or blow-by, flow.

(2) wWhen the exit plane of the rocket nozzle passed the constriction,
the pressures measured at the orifices downstream of the nozzle
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Figure 36. - A comparison of the Rip-Zap flight-test data with the
cold-gas-simulation data when the nozzle exit-plane was
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increased significantly. The pressures measured at the 1
orifices upstream of the nozzle increased then decreased,

indicating the occurrence of a blow-by flow, i.e., a !
splashback, of varying strength. The differences between
the two constrictive geometries did ngt significantly
arffect the pressure measurements.

13) When the exit plane of the rocket nozzle moved away from the
constriction, the pressure for a particular orifice downstream
of the nozzle rose reaching a relatively high, "constant"
value. With the rocket in the large-diameter, forward tube,
the static-wall pressure downstream of the impingement shock
was much higher than when the rocket was in the small-diameter,
aft tube. The upstream static-pressure data {from orifices
located in the annular region) indicated the occurrence of the
reverse flow.

Static-Wall Pressure Distributions - The cold-gas simulations not only
provided a realistic flow model that could be used to interpret the
flight-test data, but the cold-gas pressure measurements correlated
reasonably well with the flight measurements. The static wall-pressure
distributions for x,. = - 2.4 r , are presented in Fig. 36. Since the
stagnat1og pr;;sure ?or the R1p-?ap conf1gurat1on was approximately

9.66 x 10° N/me (1400 psia), only tge %d gas pressures for the highest
reservoir pressure, j.e., 6.61 x 10° N/m¢ (958 psia), are presented.

In order to minimize the effect of vy on the data, the experimentally-
determined static-wall pressures have been divided by ppg, the theo-
retical value of the static pressure Just downstream of a weak, oblique
shock wave for the exhaust flow impinging on the forward-tube wall. The
data from the dynamic rocket launchings were in good agreement with the
data from the cold-gas tests in which the nozzle was stationary. As
noted earlier, the assumption that the exhaust flow was quasi-steady has
been verified previously. However, the correlation between the hot-gas
data and the cold-gas data was surprisingly close in view of the dif-
ferences between the environments.

The data obtained during the cold-yas test program clearly in-
dicate that, when the exit plane of the rozzle was well into the forward
tube, the exhaust flow was choked by the constriction, and the impinge-
ment shock-wave was strong, i.e., normal to the axis of the Tlauncher.
Therefore, for the pressure distributions obtained with the nozzle exit-
plane well inte the forward tube, the experimentally-determined static-
wall pressures have been divided by p¢p, the theoretical value of the
stagnation pressure behind a normal shock wave. As discussed previously,
the pressures measured during the cold-gas tests were in good agreement
with the theoretical values. This can be seen in Fig. 37, where the
static-wall pressure 1s approximately pgo at the base of the forward-
facing step and is approximately 0.5 pto (the value for sonic flow) near
the exit plane of the aft tube. The flight-test measurements at the
base of the constrictive step and near the exit plane of the aft tube
did not agree as well with the theoretical values. The differences may
be the result of the difficulty in obtaining flight-test measurements
of the rapidly varying static-wall pressure in the launcher and of
nossible differences between the actual value of y for the flow in the
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launcher and that used in the theoretical solution. The differences

between the theoretical and the flight-test values for the pressures

downstream of the normal shock wave are similar to those observed

downstream of the weak shock-wave system which occurred when the nozxle

exhausted directly into the aft tube. Nevertheless, the pressure dis- 1
tributions from the rocket launchings were repeatable and are considered

to be in reasonable agreement with the flow model developed from the
cold-gas tests.
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gas-simulation data for choked flows.
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A study was conducted in order to examine the static pressure character-
istics of an axisymmetric jet reattaching onto a cylinder wall. The research
effort was conducted by graduate research assistant Martin J. Morris and
Appendix 0 contains some of the significant results presented in graphical
form. Soﬁic and supersunic underexpanded jets were exhausted from a nozzle
into a sudden enlargement and the wall static pressure distributions were mea-
sured. The research effort produced experimental data concerning the recom-
pression/r attachment process for a large range of variables. Further infor-

mation on these experiments and/or more extensive data results can be obtained

from Professor A. L. Addy or graduate research assistant M, J. Morris.
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