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AERODYNAMIC INTERFERENCE INDUCED BY REACTION CONTROLS

by

F. W, Spaid
L. A. Cassnl

}McDonnull Douglas Corporation
SUMMARY

The literature pertaining to the interaction of a gonic or supersonic gascous jet with a transverse
external flow has been reviewed. Thoe flowfields associated with thege interactions are complex, and
knowledge of them is based largely on results of experimeants. Numercus examplws of data from flat-
plate experiments are prescnted. These include static pressare distribution. induc:d forces, flowfield sur-
vey, and flow visualization results. Analyses and correlatiov techniques for jet interaction flows are dis-
cussed. The region upstream of a jet in two-dimensional flow is similar to the flow apstream of a forward-
facing step, and the flow associated with a jet {rom a circular nozzle .n a {lat plate : esembles the flow past
a blunt-nosed slender body. The single most important variable in determining the scaie of these inter-
actions is the rztio of jet momentum flux to the external-flew dynamic pressure. When the external flow is
subsonic, the interaction is sensitive to external-‘low Mach number in the high subssnic Mach number
range and to the ratio between jet and externai flow velocity in the low Mach number range. The character-
istic dimension of the flowfield in subsonic flow is approximately proportional to the square root of the
pressure ratio. A few examples of data for jets exhausting from hodies of revolution show that interference
forces can be sensitive to the geometry of the body.

P TR L S . TS

SYMBOLS
a Speed of sound; also 1 4\[(Yl - l)/Z] M%/ [(Yl - l)M?] in Equations (15) (17) and (18)
. Ay Vehicle or wind tunnel model reference area
‘ A, Jet nozzle throat area
f b Nozzle span, also plate span, Figure 55
3 c Nozzle discharge coefficient
v Cp Pressure coefficient, (P - F‘”/ql or (P - F’m)/quo
Cpm Perturbation pressure ratio, aP/F, = (P - P,}/F,
C; Stagnation point pressure coefficient
d Slot width or circular nozzle diameter
dj Equivalent jet exit diameter, dj = jot exit area/(2. Onrj), Equations (5-3)
Fi Interacticn force induced by the presence of the jet
. g ["1“1 - xmf]'l. Equatior. !'8)
‘ h Calculated jet penetration height
he pistance meazured normal to the wall from the wall to the strong shock in the
jet
K Amplification factor, (I-‘i + T)/Tuv' or maas fraction of injectant epecies
K3 Amplification factor for jet from a finite span slot with F; avaluated as the

total interaction force upstream of the alot

K, Amplification factor for a finite-span slot in which F; is evaluated by inte-
grating the pressure distribution over unit span upstream along the x-axis
: and values of T and T“ per unit span are used

k4 Empirical conatant defined by Equation (4)
L Distance along the x-axis irom the plate leading edge or crigin of the boundary
g layer to the nozzle centerline, L = Ls + X‘
La Distance along the x-axis from the plate loading edge or origin of the boundary
o {ayer to the separation line
‘ M Mach number
:;%‘;’ . T4 Molecular weight
‘:?::;j m, Jot maas flow rata
g g P Progsuie

I3, FTERT T T L

B



i < AASTY TP IO XN L TR T RN
Pt -.\—L-AF_

i

Pz Second peak stztic pressuze, immediately upstream of the jet, see Figure Z
P‘b Effective back presgure, two thirds of the stagnation pressure downstream of
a normai shock in the extarnz] flow, see Equation (22)
Ef Avorage value of pressure at the upstream interface bo*ween a jet and the
external flow, Equation (12}
p°dz Stngm?ion pressure of the dividing streamline of the shear layer upstream
of the jet
%
Q Dynamic pressure ratio, g /qm
Dynamic prsssure, 1/2 sz
R Distance from cone axis normalized by T also radius of ogive-cylinder,
Figure 642
Re Reynolds number
: r Bow shock radius, see Figure 54, also radial distance from jet nozzle
centerline, see Figure 59 .
T Normalized r, T = r/(dv‘ Poj/P,,)
x'j Radius of cone surface at the jet upstream edge, Equations (5-8)
L Sphere-cylinder radius, see Figure 54
S Arc length on ogive-cylinder, see Figure 64a, S = Ry
T Temperature; thrust
T” Vacuum thrust of a scric jet
v Velocity
X Dist. .nce along the cone surface from the upstream edge of the jet, normalized,
by dj' Equations (5-8)
% Coo.dinate in streamwise direction in plane of jet nozzle exit, also distance
from vertex, sea Figure 54
. Distance along x-axis from nozzle centerline to upstream separavion lire
s Distance aloang x-axis from nozzle centerline to initial pressure rise due to
separation
Ye Distance from the cone surface to the edge of the mixing layer
Yy Distance from the cone surface to the dividing streamline, measured
normal to the cone axis, normalized by dJ
y Lateral coordinate, normal to sti eamwise direction, in plane of jet nozzle exit
Yo Distance between two circular noz:les, see Figure 49
r Ccordinate normal to x-y plane
a Polar coordinate angle, see Figure 59
g Function defined ty Equation (12), also (M‘,‘,2 - 1)1/2, Figure 54
r Jet vortex strength, see Equation 26
Y Specific heat ratio, cp/cv
) Boundary layer thickress
A Distance along x-axis from circular nozzle centerline to plate trailing edge,
sce Figure 55
AP Difference between jet-on and jet-off static pressure
AXS Xe-coordinate measurzad {from the point where P - Pl - 0.6 (P? - Pl), ace

Figure 9

Angle batwaeen jot direction and local surface, 0 * i3 a ret aligned with the
external flow direction, alao lecal shock augle, Figure 54
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¢ Angle bstween jet direction and normal to local surfece, positive for upstream
injection, ¢=9 - 90°
Xj Mol fraction of injsctant spacies
T Stagnation temperaturo-molecular woight ratio (Toj.ll)/ (TOluj;
Subscripts
0 Stagnation conditiono
1 Region just upstream of separatiou outside of boundary layer
2 Region downstream of separation shock
3 Conditions in the separation region immediately downstream of the nozzle or
pertaining to a jet from a finite-span slot
4 Coxditions in region corresponding to the peak dewnstream pressure after
¢he reattachment shock
» UrJdisturbed freestream ccnditions
j Jet flow property
8 Pertaining to separation
e Nozzle exit conditions
Superscripts
* Sonic c~nditions

1 INTRONDUCTION

Engineering interest in the flowfields created by sonic or supersonic gaseous jets exhausting
approximately normal to an external flow dates from the late 1950's. At about that time secondary fluid
injection was proposed as a technique for thrust vector contro! of rocket motors, and it became apparent
that reaction control systems employed on spacecraft would be used within the atmosphere during reentry,
The objective of this report is to review the literature pertaining to these flowfields. The report is
intended to provide information in sufficient quantity and detail so that jt can be used as a reference as
well as a guide to those who wish to reter to the original sources.

The complexity of flowfields created by jets interacting with external crossflows is such that the
present understanding of them relies heavily on experimental data. In recognition of this situation, a
considerable portion of this review has been devuted to presentation and discussion of experimental
results. The data which have been included are believed to he representative of the ccmplete body of
data contained in the cited sources. Most examples have been chosen to illustrate gpecific features of
the interactions. Efforts have been made to include data which cover a wide range of flow conditiors. In
instances where roughly equivalent sets of data were available, the data most readily available 2nd famii-
far to the authors have been used. Types of data include flowfield surveys, flow visualization data, static
pressure measurements, and force measurements.

The two-dimensional problem concerning the interaction between a jet from an effectively
infinite-span slot and an external flow which is supersonic or hypersonic is reviewed in detail in Sec-
tion 2.0. Interactions produced by jets from finite-span slots are discussed in Section 3.0. Section 4.0
treatn the interference hetween a circular, underexpanded jet and a supersonic external flow. Both
laminar and turbulent boundary layers are considered, Section 5.0 is devcted to the interaction of cir-
cular, underexpanded ;ets from flat plates and ogive-cylinders with subsonic external flows., Some
results for jets from linite-span slots are also presented. Conclusions concerning the state of the art are
included in Section 6, G,

2 TWO-DIMENSIONAL INTERACTION IN SUPEREONIC FLOW
2.1 Description of the Flowfield

Data obtainad from & large number of experimental investigations have made it possibie to provide
a qualitative des. ription of the two-dimensional jet interaction flowfield when the external flow {8 super-
sonic, Mitchell (1) has presented one example of a detailed description of such a flowfield, based upon
dats obtained by Romeo and Sterrett (2). Some of the important features of the {lowfield are shown in Fig-
ure I, a shadowgraph photograph obtained from the investigation of Reference 3. Figure 2 provides a
schematic diagram of the flowfi2ld shown in the shadowgraph with the acsoclated static pressure distri-
bution. In this evairple, the jet i1s sonic, underexpanded, and normal to the wall. The boundary layer is
turbulent upstream o the interaction region, and the 2ffective obstruction to the external flow formed by
the jet is larger than the undisturbed houndary-layer thickness. End plates, with glazs inserts, mounted
at cach end of the slot are visible in the photograph,
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Figure 1. Shadowgraph Phorograph of » Typicsl Jet interaction Fiowfield, Turbulent Soundssy Layer, My = 2.81
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Figure 2, Sketrhas of Flontisid mnd Seatlc Preseury Distribution

In the flowfield shown in Figure 1, the houndary layer iz separated upsiream of the jet location
and a shock wav2, labeled ""separation shock, ” originates nser the separation Mne. Tho static pressure
rises in the vicinity of aeparation, reachss a plateau (data from gsome expor.ments show a first peak),
and risce again in the immediata vicinity of the jet. Static prossure and flow visuvalization data obtained
from many sourcee including jet .nteraction experiments imply that the behavior of the flow 1n the vicinsty

' nf geparation depends only apon the upstream conditivns and ie almost Ladependent of the mechanism by
. which separation is producad. However, in order to catisfy the boundary .onditions when separation ie
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b3 caused by a jet, at ‘east two countsrrotating vortices are required wathia the upstream separatod region.
= 3}
TE""-*% ! The shock structure within an underexpanded jet which interacte with an axternal flow 15 quite
b3 v simnil’ar to the shock etructure within an underexpanded jet exhausting rnvo 3 quiepcent medawumn for at
% : least a few exit diamcters {rom the exit plane. When the jet ic high!, underexpanded, most of the jet flow
g : pasaes through a normal shock before it is turnea to the exteraal-flow direction. A shear layer currounds
X ; the jet ot the exit,
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The separated external-flow boundary layer meoets the shear layer at the upstream boundary of
the jet to form the mixing layer between the jet and the external flow, A shock wave, labeled “blow shock'
i Figure 2, originates in this region. The multiple images which can be scen for the scparstion shock,
the bow shock, and the recompression shock in Figure ) indicate that the flow is somewhat unsteady, and
that the distance through which the shock waves move is much smaller thon the aeparation distance.
Studies of supergonic snd hypersonic turbulent boundary-layer {low over solid spuilers and ramps, includ
ing measurements vi stafic nressure fluctuations (4, 5), have shown a significant degree f flow unsteadiness
in the separated region.

A sccond separated region exists downstream of the jet. Thia region has some of the character-
istics of the separated region fr.und in flow over a rearward-facing step. Whan the external flow is super-
sonic, the static pressure immediately downstream of the jet is less than the static pressure of the
undisturbed flow, P), as illustrated in Figure 2. In hypersonic fiow, downstream pressure distributions in
which the ratio P/P] 10 always grester than unity are often observed (6). The geometry of the downstream
separated region sketched in Figure 2 implies a component of velocity normai to the wull upstream of
reattachment, at least ncar the divading strzamline. The recompression shock is required to turn the flow
parallel to the wall,

Alchough the example shown 1n Figures | and 2 is believed to exhibit most of the important
characteristics of flowfields created by jets from slot-type nozzles, some variations from this pattern
arc observed. If the je« is not highly underexpanded, or if the exit Mach number is supersonic, the sys-
tem of shock waves in the et will be aitered. Studies of two-dimensional, supersonic jets exhausting into
a quiescent medium reported by Driftmyer (7) did not show normal shock waves in the jet. For a con-
verging )at nozzle, as the jet-to-froe-stream pressure ratio i9 reduced, the normal shock will occur at
a lower upstream Mach number unt:l, at a sufficiently low pressure ratio, a system of oblique shocks will
take the place of a normal shock. If the pressure ratio is reduced still further, the jet may be entirely
subsonic as it is turned.

If the boundary layer of the undisturbed flow :s laminar, the seaparation angle is much smaller
than that shown in Figure |. The laminar boundary layer separation angle io of the order of a few deg-
reecs and the associated pressure rise is aleo rnuch smaller. A shadowgraph photograph of such a flow
obtained from the investigation of Reference 6 is presented in Figure 3. Separation tends to promote
transition in the shear layer, so that a flow which was entirely laminar in the absence of the jet may
become transiticnal when the jet 18 introduced. If traneition occurs between the separation line and the
jet, the atatic pressure usually rises to a plateau just downatream of separation, and then rises again
near the jet locauon to a final pressure which is comparable to the plateau pressure characteriatic of
turbulent separaacon. The location of transition is sensitive to small changes in the external flow and tne
jet flow, so that a change in the static pressure distribution can be observed for & small variation in
nominal flow conditions. Little is known about the details of the region dividing the jet and the external
flow. However, because of the inhereat instability of free shaar layers, it is unlikely that many experi-
mental flowfields : emeain Jaminar through reattachment.
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Figan 3. Shecoweraoh Photegreph of 8 Typecal Jat Inmtevection Fiowdisld, Laminar Goundary Lover, Mg = 7.8

2.2 Simulation of the Jet Interaction Flowfield

Thare are several sxamples 1n the Iiterature of diffsrent perspectives cuncerning the formulation
ot similarity parameters for the jet interaction flowfield. Thesge include anplicaticn of dimensional anal-
ysis. the formulation of eimplified analytical mudels, and the choice of a set of paramaeters baved apon
enginsering judgment. Iu any approach, sume simplifying asaumptions are neceasary *f the number and
complexity of samularity parameters 18 to be kept within reasounable limite. Cunscguently, the validity of
a g0 of exmilarity parameters 18 lirnited by the assamptivne made in its formulation and by tha range of
experimenta) data smployed to versfy 1t Innos: of the Litarature cited 1n the references, the assumptions
made 1 the selection of mimilarity parameters are 2ssentially the same, but are not always expl citly
stuted. The requirements for jet :nieraction flowfield sunuiation are discussed in Jetail in the foll.wing
section in an ateempt to identify the assumnptions which are implied by 2 particular set of similarity
varameters  Asrodynamic simulsation requiremeonts o the absence of jet flow are reviewed oriefly, amd
then sxtendsd to anciude two iaterscting flaid etreams,

Mrailarity betweann twu tlowlialas ta:plies that propary normal.zad sepeadent sxrisblee ths
velnaity veoror and the thermodyaunic siate Are the anme at coraspanding atatiung, 1,0 , at the ssme
vaw 3 ot the notipabced trdegandent tasiablon Stmna oty wdl Be achies md doabe 2quadons and boondny

.




conditions govarning the fluid motion are identical, when they are nondimensionalized in a consistent
manncr, If the fluid in quection bshaves as a perfect gas, the requirements for dynamic and thermal
similarity between two fiowfielda about colid bodics can be stated as follows (8):

1. Tte bodies must pe geometrically similar. p:

2. Values of Mach number, Reynolds number, Prandtl number, and specific heat ratio must
be the same.

3. The dimensionlcss wall temperature distribution must be the same. ’

These well-known results are oftcn derived by dimensional analysis, in which a list is raade of
relevant physical variables such as density, temparature, viscosity, etc., that are then used to form the
minimum number 2{ dimensionless groups. This method is simple and is useful when the physical situa-
tion is already rather wufl understvod. The difficuity with this approach is that it gives no information
about th= inidfal choice of physical variables. A similarity analysis based on the equations of motion
eliminates this difficulty and gives additional information. For example, if the preceding simulation
requirements are fulfilled for flows about two bodievs, then it can be shown that any two consistently
defined Reynolds numbers will be matched. There is therefors no need for concern about the proper
choice of reference length, refarence velocity, etc. Parameters derived from a similarity anal-
ysis are coefficients of terms in the equations of motion, and thus have specific physical significance. On
the other hand, considerable judgment and intuition is usually required in the process of giving correct
physical interpretations to dimensionless groups which are the result of dimensional analysis.

Using either method of analysis, It is possible to define a number of similarity parameters which
must be matched to scale the flowfield consisting of a jet exhausting from a body in a uniform flow, The
undisturbed uniform flow is selected as a2 freestream reference state and the overall length of the body,

i, is selected az the reference length. The partial list of parameter s required for similarity is then
written,

v pQV L Ko °p
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1f the jet flow is considered to be independent of the external flow, the additional set of
parameters

v, PV M p.
Mj: ’Re-=_Lu.'prj=T-!'yj
Y.R.T. d, j j j
137}
Te . Ty (x y 5_)
'Tj' - ‘T; *d° d

must be added to asuure similarity.

In these parameter definitions, d is a characteristic nozzle dimension and the subscript ) refers
to a specific location within the jet flow (for instance, at the nozzle exit). The governing equations for the
combined flowfield now contain diffusion terms that generate an additional independent dimensionless
group, one formof which is the Schmidt number, ¢/pD, where D is the diffusion coefficient. Similarity
of the entire flowfield raquires that the same reference quantities be uaed throughout, This can be
achieved if it is required that ratios of corresponding reference quantities for the two streams be matched.
If this {0 done, the previous set of requirements pertaining to the jei alone will be satisfied automatically
when those pertsining to ths frecstream are satisfied. Specifically, it is possible to replace the previous
group of jet-related variables by

c
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This set of simulatica requirementa is highly restrictive, but considerable simplification is
usually permissible in scaling wind tunnel tests, If the external flow is alwaye air, Pr, and Y, will be
- early matched automatically. The requirement for simulating the wall temyperature distribution is only
importaint when higher-order viscous interaction effects areiniportant or when 1t ia necessary to simulate
skin friction precisely. Wall temperature effects are sometim-s significant in determining the exact
extent' of tha separated regions. Another problemn encountered in the design of precise expariments is that
simulation of the Mach &and Reynolds aumber~ and dimensi. aleas temperature distribution will not nec-
egsarily lead to simulation of the location of boundary layer transition. This is partly because surface
roughnees effects will not be simulated, but primarily becauge of wind tunnel boundary laver noise. As
a result, the problem of simuiating transition location must usually be considered aeparately trom other
scaling requirements,

Since free shear layers are nesarly always turbulent at Reyaolda numberas of pracrcal intareast,
teanaport by molscvlar diffagion and conduction at the shear layer may be neglected, and the wnly mole-
cular transport properties that must be included 2re thogre that influance the vehicle beundary layer
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These approximations Icad to 2 simplified cet -f eimuli.;on requirsments, one form of which is,

1. Geometric similarit- of botl the vody and 1>e nozzle

2. Duplication of MQ and ReL‘m

3. Duplication of Yj' (Toj/.,l(j)/(T%/JIw), p°j/p°eo

where A is the molecular weight and the subscript o refers to stagnation conditions. It is clear that the
group in Item1 3 is not unique, Other discussaiont of this subject may be found in the literature (9, 10, 11).

Various idealizations of the interaction region have bsen proposed, from which even eimpler sets
of scaling requirements can be derived. The range of applicability of each simplified method must be
determined by testing it against experimental results. One key idea, variations of which are conained in
geveral progosed analyses, is that the jet can be characterizad by its momentum flux vector at the nozzle
exit, This assumption leads to the normalization of jet interaction force data by a reference value of jet
thrust, rather than by a reference geometric area and the dynamic pressure of the external flow. The
following data presentation will illustrate some of the advantages and limitations of this procedure.

2.3 Results of Experiments

Representative examples o. jet interaction data will be presented in the following sectio.a.
Initially, results from experiments which simulate two disrensional flow as nearly as possible will
be presented. The criteria for selection of two-dimensional flow exclude those experiments in
which end plates large enough to enclose the separated regions were not used and those in which the dis-
tance from the jet to the semaration line did not greatly exceed the sl.t span (see Werle 12 for a discus-
sion of these criteria). End plates are mounted at each end of the slot, aligned with the external flow, and
normal to the plane containing the slot,

Experiments conducted {or the purpose of creating a flowfield which is very nearly two-
dimensional include jets from high aspect ratio slot nozzles in a flat plate, similar experiments ir wlich
end plates are used, and axisymmetric experiments. In priaciple, axisymmetric experimen.s are pref-
erable. They are seldom condu.ted, however, probably because the requirement for a model with a
very large radius of curvature relative to the jet penetration height causes this type of expe ciment to be
relatively costly, Results from flat plate experiments without end plates are influenced by transverse
outflaw from the subsonic recirculation regions. End plater do not eliminate end effects, Lut their use
shouid prevent this outflow, This phenomenon will be discussed in more detail in Sectira 3,0,

2, 3.1 Static Pressure Data

An example of wall rtatic pressure data obtained in supersonic flow with a turbulent boundary
layer is pregented in Figure 4. Pressures normalized by ) are plotted versus X, the distance from the
slot. The upstream plateau in the pressure distribution Legins to appear at separati<a distaicas of
roughly 2 inches or more; the pressure immediately upstream of the slot did not reach a limiting vaiue.
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Some similar eets of data ubtained from experiments with forward-facing steps show that & well- defined
plateau is exhibited by the upstream static pressurs distribution only when the step height is at loast
equal to the undisturbed boundary layer thickness (h/6 2 1). A notable exception is the data of Driftmyer
{13). obtxined ot M, = 4.9, in which & platcau was present when h/6} 5 0.3, In the results shown in
Figure 4, the minimum pressure downstream of the slot was nearly constant, independent of jet strength
Following the menimum, each of the prassure distributions in the downstream region shows an overshoot
of P}, followed by a decay to Py.

A similar set of data obtained from experiments on a wind tunnel nozzls wall at a much higher
Reynolds number is shown in Figure 5. Tho test setup for thezo experiments included a 21-inch slot
enclosed between end plates which were 10,0 inches high. The end plates e.‘ended 4V inches upstream of
the slot and 13. 0 inches downstream. The test section was approximately 4 by 4 feet Bouundary layer
data were obtained on the test section wall opposite the jet. The boundary layer thickneas for the test
conditions shown here was approximately 2. 6 inches. Reynolds numbers based upon an effective flat plate
length were computed from Reynolds numbers based on buundary layer momentum thicknesses. A com-
plete description of th2se experiments can be found in Reference 14. A comparison of Figures 4 and 5
shows that the static -ressure distributions have the same general characteristics.
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Figura 5. Static Pressurs Distributions, My = 3.49, High Reynolds Number, Referencs 14

Figure 6 gives an example of similar data reported by Barnes, et al (6) obtained from a flat plate
experiment at My, = b, The plate measured 27. 6 inches by 15 inches and had a 9-inch span alot noszle
locate 1 19, 9 inches down-stream of the leading edge. End plates 4 in.hes high ware mounted at eithsr end
of the slot, and extended nearly the entire length of the piate. The data labeled "turbulent” in Figure 6
were obtained with a boundary layer trip consisting uf a row of 0, 078-inch-diameter steel balls located
2. 24 inches from the plate leading edge. Viscous interaction awd a slight misalignment of the model
with the tunnel flow are responsibls for differences between Py, and the static pressure distritution on
the plate in the wbsence of jet flow. The value of M) for these esperimants was approximately 7 8.

When a boundary-layer trip was used, both static pressure distributions and Schlieren photographs indi-
cated that transition occurroed well upstream of the interaction region. The general features of the
upstream pressure distributiuns obtained with a turbulent boundary layer are the same as in the preced
ing two figures, except that the pressure rative are higher. Downstream of the slot, the pressure ratios
are alwaya greater than unliy, la contrast tu the lowesr Mack number results whars downstream minimums
ware less than unity The maximum prassurs ratis in the Juwaolisam i@giun i# soen v depend apon the
Jet stagnation pressure or mass flow rate Data vbtained without the trip show foatures which ara typical
of transitional separation, a much longsr separation distance, and a lower initial plateau, followed by a
region of moderate pressure gradient. These general features have been observed in numerous other
experimants in transitional flows at lov,e. vach numbcrs, for example, see Strika, et al (15). Note that
the preegsure distribution in the region downstream of the jet is altered unly slightly by the presence of the
boundary-layer trip.

Data repcrted by Barnes, et al, obtained st a lower Reynolds number and without a boundary-layer
trip are presented in Fagure 7. The character of the static pressure distributions and Schlieren photographs
indicate the flow was laminar upstream of the jet. In thas case, as in all other nomunally lami.ar jet inter.
action experiments, no atiempt was made to measure fluctuations in {low prop-rties, so that transitiona)
effects cannot be ruled out. Thesc data shuw muck lower plateau pressuie 1atios than are observed in
turbulent interactainns at the same Mach nuarber, except when the {luw was sepavated tu the leading edge of
the plate The average pressure ratios in the downstream regiun are aiso lower than cousparable tusbulent
boundary layes valuer illusirated in the previous figure

B TS S

A e




T Zi,gwxrm T g T e £ T R R T P T Y B T T D R AT T Y3 e T T R T A S i A T Tt L TS KR ey T
R 3

t

9
10 °r [ 1
SYMBOL p_ {PSiA)
"oj
a 39.9
i e 3 -
& : 12",‘} TURBULENT i
:.8 v 0 J 5
= o 40,0 TRANSITIONAL g
o 6 = o m—
- Moo = 8
= M = 7.8
w P = 0.081 PSIA
S 1 1 Reg, - 3,47 x 106/F1
4 d = 0.028 IN. /
& c =094
2
1
-20 -16 -12 -8 -4 0 4 8
DISTANCE FROM NOZZLE (IN.)
Figura 8.  Static Pressure Distributions, Mee = 8, Turbulent and Transitionst Boundacy Laysrs, Reference 8
10 L ]
8 ﬂm SYMBOL po, (PSINY]
D B I A ) 4.1
-3 v 16.0 ﬂ
E 6 Ml = 1.8 a 2.0
o 1 poo = 0.0215 PSIA 0 0
= Re o = 0.993 x 100/FT
o d = 6,028 [N, .
o c =094 |
> 4 r
o
a.
By - ST

o £
<

1N r"\r
4
,qﬂ»%fi
U
]
ot
<~
¢
P
[ ]
o0
e
[ ]
F N
[+ ]

*
N

DISTANCE FROM NOZZLE (iN.)

Y XY
05 pal -‘%

s, e
an 4?
M

Figure 7. Suatic Premure Diviobutions, M, = 8, Leminar and Tramitions! Rovndery Lavers, Redyrence

Sy T CAABa N L Y
B0 DA R o2




PN L OIS WO N e .

LT

LT

A summary of plataau pressure data for turbh
4 in Figure 8. The data are reatricte

formed. The empirical equation pr

ulent interaction with both jets and steps is presented
d to thosc p~essurse distributions in which a

well-defined pluteau wes g
oposed for plateau presaure by Zukoski (23)

M
Py/Py = 1 4~ (1

ic aleo shown, The results obtained with jets are self-consistent and agres well with the data ir which
separation was induced by steps, ramps, and impinging shocks. The supereonic mainstream data

(M, < 6) show considerably less scatter and systematic variation in theee coordinaies than the hypersonic
data (M] S 6). For supersonic turbulent boundary-layer separation, the variation in P,/P) with Rej, is
smail, except posaibly near the minim

um Reynolds numbers at which turbulent boundary layers are
obgerved (10, 23, 24), A significant exception to this

et al (25) with M; = 4, which show decreasing P/P; with increasing Reynolds number (2 x 105 <Reyp,
<7 x 196, where Ly is the running length from the ef i
separation line).
siderable scatter and systematic variation is present in the hypersonic mainstream data. Some of the
‘ scatter is probably a result of the inherently poorer accuracy and repeatability of shock tunnels and gun
tunnels, relztive to continuous and blowdown tunnels. In a review of the hypersonic data by Reever (26}, it
was concluded that P2/%| becomes increasingly sensitive to the length of the separated shear layer with
increasing M|, ‘This is illustrated by the data of Elfstrom (21), in which separation was induced by a
ramp, ard P/P; was observed to depend upon

the ramp angle, Only crude entimates of plateau pres-
sures in hypersonic, turbulent flow can be made at the present tire.

Con-

BT ED AT N TN S T PRy

Werle, et al (25) has suggested that the second peak pressure, Pz. which occurs immediately
upstream of the jet, may be approximated hy

P,-p

2° P
l.2s <1.3
Py- P

(2)

The examples of data

Presented here and other two-dimensional flow data indicate that this is a
reasonable estimate,

Only a rather small body of two-dimensional
A limited number of comparisons indicate that the pl
step- or ramp-induced separated flows,

» laminar jet interaction data have been obtained.
ateau pressure levels agree with data obtained from

(T PO IR TS 4 T VST I | L T I Rt A WY PITIPPEL IR ST | V)
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An empirical equation which agrzes well with data from laminar
flows is (27)
- 1.6
Cp. = 7 3 7% (3)
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Results of studies rzported by Zukoski (23), Werie, et al (25), and Driftmyer (13) agree

concerning the length scaies for pressure distributions resulting from two-dimensional turbulent

separation caused by jets or solid obstructiona,

They indicate that &) is the appropriate length scale for

the static pressure distribution in the region beginning with the initial pressure rise and extending some-

what downstream of the location i maximumn pressure gradient.

Farther downstream, the dominant

length scale changes to the separation distance, step height, or effective jet penetration height. Jet
interaction data obtained at high Mach numbers and Reynclds numbers are in agreement with these
results, at least in the region scaled by 8,, as shown in Figure 9. [ata in that figure cover widg rangee
in flow conditions including 2.5 < M| 512.4, 0.71 in, < 6] £ 4.0 in., and 3 x 104 « Reg s 5x 10°% In

this case, the origin has been located at the peint P-P} = 0,6 (P2 - P1).

The aeparatioi: line would have

been a more physically meaningful choice for the origin of coordinatze; however, experimental separation

locations were available in only a few instances.

superposition of the regions of maximum dP/dX would show the same result.

1.2
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Figurs 8. Corrulation of Static Pressure Distribution for Turbulant Boundwry Layer Seperation

Much less information is available about the region downstream of the jet than about the upstream
region. The studies presented by Barnes, et al, (6) and by Kaufman and Koch (28) are the most compre-
hensive. An analysis and limited comparison with data is presented by Tang, etal, {29). A correlation
of data obtained at M| = 4.0 is presented by Werle, et al, (25).

A compilation of data pertaining to the minimum pressure, P3» downstream of the jet is plotted

vergus M; in Figure 10,

Included are turbulent flow data covering a wide Reynolds number range, data

where the boundary layer was laminar in the absence of the jet, a wide range of values of Po;/P], and

experiments with air, nitrogen, and helium )cts.

Some of these data were obtained either with rather smull

end plates (31} or without end plates (32). Some evidence (3, 6) indicates that the value of P3/P; may not

be sensitive to the presence or abzence of end plates.

The range of values obtained from a single set of

experiments at a single Mach number and Reynolds number are shown as a vertics! line with a single
symboi. Lattie variation with Py /P
helium az injectant were higher t}lan those obtained from experiments with air or nitrogen jets. The large
variation shown by the hypersonic data is partly a result of the large prescure gradients in this region
{pee Figure 6} which depend on jct flow rate or Py, /Pj. As the steeper gradients change location with
fixed pressure tap locations, resolution of the pressure distribution changes for a given experiment, Other
sources of variation include scatter resulting from low absolute preasure levels in thia ragion or from a

variety of sources in the shock tunnel data,

present also.

nominally laminar data agree with the turbulent data for My <7,
stream of the jets were actually turbulent in these experiments.

| Was observed in the supersonic

range,

Pressure ratiov obtained with

Systematic variation with jet flow conditions is probably

In spite of these difficulticz, a reasonably clear trend of increasing P3/P) ia present. The

1t is possible that the shear layers downe-
The data of Kaufman (33) for M} > 9 have

not beer. 1nciuded because of the large variation in pressure ratio measured at the first downstream
pressure tap location,

Also included in Figure 10 is a curve for laminar flow obtained from a jet-mixing analysis
presented in Reference 6, The theory predicte the observed trend with Mach number. Since the theory
depands upon Rep, and (P d)/{P; L} where L is the distance {rom the plate leading edge to the slot and d
is the slot width. the theofetical prediction is actually a two-parameter fumily of curves in these

coordinates,
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Figure 11 includes data and semi-empirical pradictions for the peak pressure P4/P), in the
downstream region, for turbulent interactions. In the analysis of Barnes, et al (6), it is assumed that
P4 is proportional tc the static pressure in the jet, just after it has passed through the normal shock.
The resuiting expression for both laminar and turbulent interactions is

P P IP]

o,
4 .
P k4—#7-—d (4)

where: k4 = 0.2 forY, = 1.4; kg = 0.22 for Yy= 1L 67; and h is the predicted penetration height of the jet,
which depends upon (P’o /Py)/(d/L), Y|, M) and Rej, for normal sonic injection. The method of Kaufrnan
and Koch (28)isderived’from the method of Barnes, et al. Both the data and analyses show a trend of
increasing P4/Pl with increasing Poijl or jet mass flow rate.
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The range of measured values of P4/P| for nominally laminar flows f¢ shown in Figure 12. The
range of valuas obtrined from a single set o? experiments at a single Mzach aumbor §s shown as a vertical
Hno with a single symbol. The data of Barnes, et al. and Strike (32) show increasing P4/P with increaa-
ing jet prossurs ratio or mass flow rate. Comparizons betwaon data and the analyses of Barnes, atal,
and Kaufman and Koch (28) show fafr agreement. However, the data are not sufficient in either quantity
or quality to permit definite conclusions to be reached.

Barnes, ot al, Kaufman and Koch, and Werle, et al, (25) have suggastad that the length scale of
the downstream fiow Jeld is proportional to the effective penetration haight of the jot Werle, ot al, pre-
nent a good correlation of data for a single value of M) by utilizing this idea. A review of data which
cover a wide range of flow conditions (28) indicates that this assumption is reasonable.
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2.3.2 Flow Surveys and Concentration Measuremants

A small numtber of flow survey and concentration measurement experiments have been made for
two-dimensional jet interaction flows. Pitot pressure and concentration data for argon and helium injec-
tion have been reported by Spaid (34). FEind plates were not used and significant threc-dimensional effects

were probably present  Buffum, et al, (35) present concentration data for helium injection into an expand-
ing two-dimensional nozzle.

Detailed flowfield surveys downstream of a two-dimensional normal, sonic air jet have been
conducted by Werle, et al. 130) 2t M : 5, with a turbulent boundary layer upstream of the interaction
region. Data included shadowgraph photographs, pitot pressures, stagnation temperatures, and static
pressures measured using a 10-degree hali-angle conical probe Streamlines were mapped by computing
integrals of mass f{low rate in the direction normal to the plate at various X-locations. An example of
data obtained from this investigation is presented in Figure 13 The Z-coordinate is measured from the
plate surface., normal to the plate. Similar flow survey data obtained from experiments without end
plates have been reported by Strike (32).

Shreeve (11) has conducted an experimental study of the flow produced by a circumierential jet
{rom the zurface of a 5-dugree half-angle cone model at M, = 6 A sketch of Shreeves's model installed
in the tunnel is shown in Figure 14 The boundary layer upstream of the intaraction region was turbulent,
and the angle. €, between the jet direction and the cone surface was varied from 5 to 120 degrees The
jet exit Mach number was 1. 4. Data included shadowgraph and Schlieren photographs, atatic pressure
distributions dovr.atream of the jet, pitot pressure surveys. and stagnation temperature surveys This
experimental arrangement was chosen in order to eliminate end affects, but significant transverae curva.
ture effects were present Transformed coordinates were used in an attempt to remove thate eifects

Values of the downstream paak pressure, P./P; ware shown by Shreeve to depend upon @ &
Po:/P) In his experimenta, 1 5 S P4/Py < 2 3, which i‘s consistent with the results shown in Figure
The flow survey measurements w.re uscd to determine the locatien of the dividing sireamline betwean
the jet and the external flow. It was shown that profiles of mass flux could be obtained with sufficient
accuracy from the pitct pressure and stagnation temperature measurements The displacemant of the
dividing streamline was found to be insensitive to jet inclination angle for 5 =0 < 20 degroes  Within
this range, the following ~orralation equation represents the data

0. 361 x 0141

. {006 °
0. 565 (6 .._J.) )
¢ pl
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= distance from cone axis normalized by T the radius of the cone surface at the jet
upstream edge

distance from the cone surfice to the dividing streamline, measured normal to the
cone axis, normalized by dj

= equivalent jet exit diameter, dj = jet exit area/(Zarj)

= distance along ths cone surface from the ups®ream odge of the jet, normalized by dj.

For © = 45 degrees, the dividing streamline was correlsted by,
0. 650
RY, = 0.231 (x"' 215 Poj“’1> (6)
and for near-normal jets, the following approximate correlation equations were nbtained:

0,818
0. 197 (x“’ 125 po.lpl) . 8

RYy f

]
"

90 degraet (7N

RY

0.818
0. 226 <x°' i po;/pl) . @ = 120 degrees (8)

J

The edge of the mixing layer, Y., was also located, A plot of Yy/Ye versus Py,./P; for various
angles shows that 0.4 < Yy /Y, =0.7, The total displacement effect of the jet on the outet flow was
evaluated, including the contribution from turbulent shear in the mixing layer. Analysis of the data
showed that for P,./P| ~ 20 ar * © = 45 degrees, the total displacement of the outer flow by the jet is not
more than 18 percl!nt greater th. an the dividing streamline displacement. The influence of turbulent shear
was to increase the total displacement effect, relative to Yy with increasing €. In general, the rate of
mass entrainment into the mixing region was found to increase with increasing ©,

Results of a series of two-dimensional experiments conducted at Mach 2. 5 with variations in T,
To: and injectant composition have been reported by Thayer (10) and by Thayer and Corlett (36). The
bodndary layer upstream of the interaction region was turbulent, Data included injectant concentration
measurements in the upstream separated region. An example of these data is given in Figure 15, in
which X, the injectant mol fraction, is plotted versus X/X,,, where X,, is the distance from the slot to
the location of the initial pressure rise upstream of separation. These data show that a major fraction of
the gas in the upstream recirculation region comes from the jet, Ths concentration distributions show
some of the characteristics of the static pressure distribution, including a concentration plateau, Plateau
mass fractions were correlated by the parameter (TOj/Mj)/(Tl/Ml) as shown in Figure 16,

Concentration data such as those shown in Figures 15 and 16 were used to estimate the rates of
mass transfer across the shear layers. The total mass within the recirculation region is constant, so
that as injectant material and air are transported across the shear layers, an equal mass flux of mixture
is transported across the shear layers in the opposite direction, The presence of a large region where
the injeciant concentration is nearly constant implies that the air and injectant mix within this region in a
time which is short compared with the average time which a massa of fluid remains within this region, It
follows that the ratio of injectant mass to air in the recirculation region is directly proportional to the
ratio of mase transfer rates. This result can be written

m;
Kip = —— 9)
m, +ma
Jr r
or
ﬁ‘a
—r 1 1
m, = K,
Jl‘ )l‘

where Kj is the plateau mass fraction of injectant gas, ﬁ\j is the maes flux of injectant gas :into the
recirculation region, and th,_1is the corresponding air mass flux, This principle was applied to results
of experiments in which a kndwn maes flux of a tracer gas was blcd into the recirculation region upstream
of a forward-facing step, and measurements cf tracer gas concentration were made upstream of the sicp.
Equation (%) waa then used to determine ma, with the known tracer gas mass flow rate replacing m; ., It
was further asoumed that the average mass flux of air transported 325088 the shear layer upstream’oi &
Jet is equal to the corresponding mass flux when the flow is separated by a forward-facing step, if the
zeparation distances and external llow conditions are the same, Values ofth, determined from the
furward-{acing step experimentz were used with values of Kj,. determined from the jet interaction experi-
ments to determine v'n,'r. It was found that the normalized alr mass flux was

™
‘a

W2 e - 0,023 (10}
2, KU XD
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for the entive range of flow conditions covered by this investization, Roughly 5 percent of .tho total jet

mass flow, m;, rate paszed through the upstrawm recirculation reglon. Figure 17 shows mjr/mj asa
function of Tgy/ Toj .ur various injectant gases.
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Figure 17. Estimswd Injoctant Mass Fiow Rstes Through the Upstream Recirculation Region, Referenco 10
2,3.3 Force Daia
The interaction force developed upstream of a two-dimensional, normal, sonic jet in turoulent
flow has been the subject of many inveetigations, Figure 18 summarizec the data known to the present

authors in the form of amplification factor, K, versus M for air or nitrogen jets. Amplification factor
is dofined as

F.+T
1 -

{11
Tsy

where

|
1]

interaction force, in thia case including only the region upsiream of the jet, force/unit
jet span

T = jet thrust

gy © vacuum thrust of a sonic jet having the same stagnation couditions and mass flow rate as
the actual jet

To calculate the amplification factors in all but one case shown in Figure 18, interaction forces
were determined by integrating otatic pressure distributions upstream of the slot along the X-axis. The
exxceptional case is the data of Hawk and Amick (37) which were obtained by direct measurement of fc-zes,

Many of the sets of datz were abtained from flat plate cxperiments at constant extzrnal flow
conditions, [ixed slot width, and varying Poi/P]. As a reoult, .ariations in pressure ratio also correspond
to variations in jet mass fiow rate, size of the effective obstruction produced by the jet, Reynolds number
at separation, distance between transition and separation, aspect ratio ot the separated region, etc. Data
taken in this manner always show a decreasein amplificationfactor with increasing Py /PI. Series of data
of thiz type are indicated in Figure 18 by symbols connected by a vertical line, Althmi‘gh subgtantial varia-
tion in tha data ic present at a fixed Mach number, the data indicate that the influence of My on K is quite
small. The dats of References 3, 14, and 16 ars the only sate of data ohizsined wirh large snd platea which
include measurements made at several values of M) in the aame facility and with the same model and
inatrumentation. Examination of thesc data scparnlely aleo supports the conclusion that the influence of
My on K {s small.

The data pregonted in Tigure 13 covar 2 vory wide range of effective flat plate Reyncids numbers,
ranging from 2 0 x 169 to 5.5 x 168, The ontremes in thic Reytiolds number rangs are represented by
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data from different facilities, Data from a given test series in which P,. are varied corresponds to vari-
ation in Rey, ; however, corresponding variations in K cannot definitely de attributed to a Reynolds num-
ber effect for reasons which have already been discusged, Although some differences exist between sets

of data obtained from different facilities at the same Mach number and at different Reynolds numbers, no
consistent performance trend with Reynolds number has been found. A change of more than 5:1 in Reynolds
numbe:x at 2 nominal Mach number of B in data obtained from a shock tunnel experiment (16) did not produce
a significant effect on the normalized interaction force, In this case, X5/L was always very small, so

that the distinction betgeen 1, and Ly was unimportant. Data presented by Thayer (10) in the form of K
versus Rey, (0.4 x 10 < Rel, < 2.5x 106) show the effect of Reynolds number to be very small with
nitrogen or hellem as injectan?, but data obtained with hydrogen 28 injectant show an 1] percent increase
with increasing Rep,, within the same range. A similar set of data obtained at M| - 4 by Werle, et al,

(25) in which the frecstream unit Reynolds number was changed by a factur of 3:1 did not show a significant
effect of Reynolds number,

The decrease in K with increasing Py, /P for a fixed slot width and a fixed external flow has
often been interpreted as an effect of pressure’ratio, but the independent effect of pressure ratio can only
be determined with confidence from experiments in which effects of other variables can be evaluated, i.e.,
experiments in which the slot width is changed. A plot of F;/Tsy versus (Py.dc/P)8,) is shown in Fig-
ure 19, using data from Reference 14. The quantity ¢ is the discharge coeffitient lgor the slot and b; is
the boundary-layer thickness of the undisturbed flow, essentially cunstant in this case. The boundary-
layer thickness was chosen for purposcs of normalization because it is a characteristic length corre-
sponding to the external flow, The usefulness of this method of normalization for situations in which o,
varics has not been demonstrated conclusively, These data have been used for the purpose of this
comparison, because they include » lzrge variation in slot width and accurate measurements of jet mass
flow rate. Jet mass flow rate messurements independent of those computed from the slot area and jet
stagnation conditions are highly desirable, First, the slot area is seldom known to the required accuracy
even in the absence of jet flow effects. Second, slot geometrics and Reynolds numbers are usually in a
range such that the discharge coefficicnts are significantly different {from unity and dependent upon
Reynolds number, Third, slots have been known to deform enough at high values of jel stagnation pressure
to cause large changes in nozzle area (39). The data of Figure 19 are almost completely independent of
pressure ratio or slot width for 3.26 = P, /P; < 254, These data span the range of subsonic to highly
underexpanded jet flow at the nozzle exit. ° Data reported by Werle, et al, (25) show similar results,
These experirnents were conducted in turbulent boundary layer flow at M = 4 and with slot widths of 0. 005
to 0.030 inch, Jet mass flow rate was determinecd by a metering system built to ASME specifications,
The upstream interaction force was shown to be indeperdent of slot width or pressure ratio at constant
jet mass flow rate,

The effect of jet exit Mach number. Mg, is probably beat illustrated by results reported by
Sterett, et al, (40), ir which experinients wers conducted 2t M = & with a {lat plate having aeveral
interchiangeable jet nozzles, Interaction forces werc determined by integrating static preasure distri-
butione along the X-zxis. Figure Z0 prescnts data from that irvestigation, No end plates were used, but
relative performance of jets with various exit Mach numbers may not be significantly ailected by the
presence ur absence of end plates, The ordinate of Figure 20 is the interaction force plus the jet thrust
{per unit span) converted te conventional aeraodynamic cuefficient form, with the plate length  sed as the
reference length, The solid lines are calculated jet thrust, normalized in the same manner. The data
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show that the total force, interaction plus jet thrust, is eosentially independent of jor exit Mach numbor;
ar increase in jet thrust produced by increasing the nozzle expansion ratio is almost precisely compsan-
erted by 2 reduction in intsraciivn fuice. Static pressuce dats showed that this reduction in interaction
force was associated with a redaction in the separation distance, rather than a change in the preagure
levels,

Some of **¢ most Jdirect evidence concerning the insfuence of ¥) and Y; on the jet interaction
flowfield comes f{rom the inve tigation by Thaye. (10). The fracstreasn apectfic heat rotic was changad
from | 4to 1.32 by changing T,,;, Other parameters were sdjustad to duplicate the Reynolds number
and pressure ratin. The decrease in V| was associatad with & 2 pcrcant ancrease in F/P) znd an
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unchanging separation distance. A chenge in injectant specific heat ratio from 1.4 to 1. 67, corresponding
to a change in injectant gas from hydrogen to helium, resuited in essentially no change in the upstream
static pressure distribution, when all other similarsity parameters were held constant,

The influence of the state of the boundary layer on force amplitication is il.ustrateu in Figure 21
by data from Refercnce 6, taken at My : 8, These results show that all of the laminar sud most of the
transitional test condftions exhibit substantially larger ampification factors than these obtaied from
experiments in turbulent fiow, The results of experiments by Hawh and Amuck (37) at M} =~ 4 show the same
trend as the data of Figure Z1. References 6 ard 37 contain the only data pe~taining to interaction forces
produced in the region upstream of a jet in two-dimensional, laminar flow known to the authors.
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Little attention has been given to the contribution to the inte:action force of the region downstream
of the je. in two-dimensional flow. Data obtained at moderately low supersonic Mach numbers (such as
that oresented in Figure 4) show that the contribution of the downstream region 18 1n the direction oppo-
s-.e to the thrust. Data reported in Reference 3 which were obtained in turbulent flow at Mach 4. 54
showed essentially zero net interaction force contribution from the downstream region. The summaries
of downstream static pressure data preseated in Figures 10, 11, and 12 tend to imply that the contribu-
tion to the total interactinn force increases with increasing M}, Two-~dimensional turbulent flow data
from the investigation of Barnes, et al. (6) for Mm = 8 are shown in Figure 22, These data thow rather
large positive contributions from the downstream region, which decrease relative to the upstream con-
tribution with increasing jet mass flow rate., Comparable data for laminar flow, on tae other hand, show
a relatively small negative contribution from thz downstream region at low flow rates, changing to a
small positive. contribution with increasing flow rate. Results obtained by Kaufman (33) from shock
tunnel exgeriments in laminar flow at high Mach numbers (7.2 < M} < 14, 8) and low Reynolds numbers
{4 5x 10% £Rep < 5 x 105) showed rather large amplification factors at low values of Po:/P). The larger
portion of the interaction force was a'ways associated with the downstream regioa. Mana of the pressure
distributions showed significant overpressures at the pressure tap location nearest the zft end of the plate,
thus raising the posoibility that the measured interaction force would have been larger had the tests beer
conducted with a longer plate, or that the interaction 1nay have been influenced by the sting or by a high
pressure region underneath the plate. End plates were used during a few of these experiments,

Jet gazes other than air or nitrogen have been used in several sets of experiments, Data
ohtained by Barnes, et al, (6) allow a compariaon of nitrogen, argon, and heirum jets with M, : 8 and a
laminar boundary layer. The variation in total amplification factor, including both the upstream and
downstream regions, was within the data scatter, when comparisons were made between data obzained
with the same nozzle at the same value of Py /P, . Data with helium and nitrogen j2ts in turbulent flow
at M) - 2,6} and 3. 50 were reported by Spax& and Zukoski 13). The amplification factors for the upstream
region were 6 to 7 percent higher with helium as injectant than with nitrogen, Pressure levels down-
stream were higher for helium jets than for nitrogen jets, but the uownstream forces were not determined.
Strike (3Z) has presented data obtained in laminar flow without end plates at M| - 6.8, with jets of nitro-
gen, helium, argon, and carbon dioxide., Data were taken by direct measvrement of forces, No effect
of jet gas properties upon the amplification factor was found,

Thayer and Corlett (10, 36) presenteu resalta of experumente vith My 2.5 in wrbulent fiow. In
thess experimentsa both {reestream and jet stagnation temperatures were varied. Nitrogen, helinm, and
hydrcgen were uzed as the jot gas. Amplhification factoes were determined in the apstream region by
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integration of static pressure distributions. These data have been correlated by the parameter (To /.l( D)
{Ty/ #y) as shown in Figure 23. The amplification factor increases with increasing values of this 7
parameter, for (Toj/#;)/(T L #1) 57. These results do not contradict those of References 3, 6, and 32,

if 1t is assumed thaf‘ the relevant reference temperature for the exterial flow is the stagnation temperature,
rather than Ty. Data obtained at other values of M| which are directly comparable to those of Figure 23
will be needed in order to evaluate such an assumption. Shadowgraph photographs were obtained for some
of the test conditions, which indicated that the shock structure in the jet was essentially independent of
temperature and molecular weight.

2.4 Analysces and Correlation Techniques

Approaches to analysis of the jet interaction flowfield can be separated into two categories. Onc
ca’ :gory includes those which are intended to provide direct numerical or analytical solutions to equations
ol .notion. In the gecond category are flowfield models #'iich are primarily intended to provide parametcrs
for correlation of experimental data. The latier catel .y c2.u be further separated into analyses which
allow mixing between the jet and mainstream a1 d thos. which assume that a slip line divides the two flows.

2.4.1 Applications of Numerical Methods

Because of the complexity of the jet interaction flowfield, solutions of the equations of motion
incorporating vealistic assumptions have not beer obtained. Most ‘heoretical studies have used either
a high degree of empiricism or gross simplificationg, or both, in crder to obtain solutions. Two
attempts to achieve solutions to equations which closely approximate the governing equations are known.

Zakkay (41) applied the method of nunv:rical solution of the inviscid, time-dependent equations
of motion to the probtems of flow over a forwa 'd-facing etep and flow of an underexpanded jet intc still
air, apparently with ths ultimate vbjective of combining the two flowfields into a jet interaction solution.
Such a combination would involve an analogy by which the forward-facing step would replace the biockage
or diaplacement effect which the jet imposes on the mainstream, The separation point was specified
a priori in the forward-facing step flowfield computations. Although the results obiained for the two

separate flowfields were promising, computations for the m~re difficult jet interaction case have not
been publiehed.

lee and Barfiold (42) have carrisd out comr vutations for a two-dimensional inviscid model of the
flowfield, in which a biunt-body calculation is matched to a mathod-of-characteristics calculation for a
normal, slightly supersonic jet. The method of characteristics provides the shape of the jet boundary,
which is modeled ae a solid obsiacle in the inviscid external flow, Since separation is excluded, the
model is not realistic, but it ir possible that trende wit™ variations in jet flow parsmeters may be cor-
rectly predicted by such a model,

Several investigators, including Broadwell (43) and Dahm (44), have used blast wave theory to
reprusent the external flow. This theory is inviscid, and is limited to strong bow shocks (large My).
The solutions are functions of the energy addition which created the blast wave When the blast wave
analogy ir applied to hyperconic flow past blunt-nosed solid bodies, the ¢nergy addition is adentified with
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the drag of the bely. Such solutions are not valid near the nose.
action analysis requires that the jet be represented as an equivalent energy addition. Discussions of

jet interaction theories employing blast wave theory are provided by Cassel, et al (45). Strike (32) has
proposed a jet interaction analysis employing blast wave theory in which an estimate of the effect of
boundary-layer separation is added. All of these investigators applied blast wave theory almost exclu-
sively to three-dimensional flows. It is probably not useful as a representation of the observed two-
dimensional flowfield illustrated in Figures 1 and 2 because: {a) it is inviscid; (b) it fails near the nose of
a blunt body, so that it cannot give a good representation of the flow upstream of the jet near the wall;
and (c) the analogy between the jet and an equivalent energy addition is not a good representation cf the
physical phenomena in that portion of the actual flow which is doniinated by the jet, i.e., the flow near
the wall downstream of the nozzle exit, since explicit description of the jet flow is not included,

Most other analyses of the two-dimensional flowfield (3, 6, 25, 28, 31, 32, 45 to 51) are based
on a more detailed representation of the physical phenomena including the separated boundary layer
upstream of the jet. However, most of these models ignore mixing between the two streams during
the jet turning proceed, or rely upon an assumption comparable to ignoring mixing, such as the assump-
tion that the height of a shock in the jet is proportional to the jet penetration height. Since mixing is not

accoanted for in these analyses, it is possible to discuss separately the models which are assumed to
represent the external flow and the jet flow,

2,4.2 Analyses of the External Flow

For many purposes, the flow upstream of a jet can be regarded as being idertical to the flow
upstream of an equivalent forward-facing step, i.e,, a step at the jet nozzle location which would pro-
duce the same value of Xz, Data from many investigations indicate that this analogy can be used to
predict details of the flowfield if the region immediately upstream of the jet or step is excluded, when-
ever sufficient data frers experiments with steps are available, 1f the height of an equivalent step can
be found, correlations such as those given in Figuree 8 and 9 can be used to represent the upstream

static pressure distribution. Additional information pertaining to step-induced separation cun be found
in References 13, 23, and 52,

The early model due to Vingon, et al, {48) assumed 1sentropic compression of the external fiow
by a ramp formed by the separated region, This approach is probably quite realistic for laminar sepa-
ration, where the separation angles are small, but it is known to be significantly in error for the more
abrupt separation angles chavacteristic of turbulent flow, Vinson (48) correlated data from jet-induced
and step-induced turbulent boundary-layer separation, His correlations depend upon the ratio h/8).

The predicted dependence of various flowfield parameters upon h/8] is particularly strong when

h/6) < 1. Werle(i12)compared predictions of Vinson's model w.th data fror several investigations and
found that the predicted effects of h/§; tend to be too strong.

Strike, et al, (15) proposed a munel for the external flow in which the interaction torce was
computed in two parte, One part resulted from the pressure rise computed from an empirical equation
fo. geparation plateau pressure aud the other resulted from the pressure rise associated with a normal
shock in the external flow. The size of each region was agaumed to be propertional to the calculated et

The use of blast wave theory in a jet inter-
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peunetration height. The pressure levels measured on a wail upstream of & jet in either two- or thres-
dimonsicnal flow are always substantially lower than those which are predicted by the normal shock
equations, so that this model is not believed to be realistic. It hac been superseded by the more recent
work of Strike {32).

Young and Barfield (50) have presented an analysia of the external flow in which PMager's fres,
shock-separated turbulent boundary layer model (53) and the method of Reshotko and Tucker were used
to determine property changes across the soparation region. The mixing theory of Korst (54) was then
used to follow the development of the shear luyer up to the region in the immediate vicinity of the jet,

An important aspect of the externa. flow model concerns the manner in which the external flow
is matched to the jet flow, since this matcling process is important in determining the influence of M} on
the analytical predictions. In most models of the flow, a control volume representing jet flow and mixing
region is employed,

Spaid and Zukoski (3) analyzed a controal volume in the region immediately upstream of the jet,
for the purpose of obtaining an estimate of Py, which is an average value of pressure at the upstream
interface between the jet and the external flow. The result is

Py YxM?z
po= 140124 ———=—— = 1+ (12)
2 Y-,

l+—Z"MZ

where Mp is the Mach number at the edge of the shear layer in Region 2, which was eatimated from the
empirical expression (23) M, = 3/4 My, and PZ/Pl was obtained from Equation (1), The quantity f is
proportional to the momentum of the recirculating flow. The estimate of P¢/P;, given by Equation (12)
decreases slowly from 1,19 to 1.07 as M increases from 2 to 12 for Y) = 1.4, Werle (12) has shown
that this estimate is in reasonable agreement with data from the drag of forward-facing steps.

In the model proposed by Barnes, et al, {6) for turbulent flow, the drag coefficient of the
effective obstruction presented by the jet to the external flow, Cx, was assumed to be of the form

(13)

where p°d is the stagnation presaure of the dividing streamline of the shear layer upstream of the jet.
The value of podz was computed from the jet-imixing theory of Korst (54), as extended by Tang, et al,

(29). It depends primarily on M, and on the properties of the boundary layer upstream of separation,
Parametric calculations from this analysis show that the predicted trends of upstream amplification
factor with (Pojd)/PlL) actually arise from the influence of h/6; on Poq,+ Calculated values of K are

independent of both Reg, and Poj/Pl, but decrease slightly with (Pojd)/( (L) at fixed Rey,, These cal-
culations are therefore in agreement with observations that the upastream amplification factor is inde-
pendent of Poj/Pl when Pojd and L are constant, and that it decreases slightly with increasing Poj/Pl

when d and L are constant.

Many other investigators have either assumed that the average pressure acting on the upstream
boundary of the jet is proportioaal to P2, or have rnade approximnately equivalent assumptions. In most
of the latter, the effecti.e back pressure which determines the jet shock location 158 related to P2, This
class of assumptions givis resuits which are in reasonable agreement with experiment, and is consistent
with the flow geometry as determined from Schlieren or shadowgraph photographs.

2.4.3 Analyses of the Jet Flow

In most analytical models of jet interaction, it has been assumed that mixing between the two
streams does not play an important role during the jet turning process, These analyses tend to group
into three categories in terms of how the jet flow is modeled:

1. Isentropic expansion inodeis
2. Nonisentropic models, utilizing a control volume near the jet nozzle e:xit.
3, Jet-shock models,

The simplest version of Category | is the assumption that the jet expands .sentropically from Pg,
to P) and is attached to the wall downstrean, to that h/d is determined by the governing equation for one
dimensional 1sentropic flow with area change (12, 38), This assurnption leads to the predictions that,

(aj h/d is independent of the external flow dynatnic pressure for fixed Py /Py, and, (b) that the influence
of Y;ic very strung at large Po /P;. Both of th:se predictions are at odcﬂa with experimental vbservation.
A more suphistiLated model emipluying the 1sentropic flow agsumption has been proposed by Maurer (31).
In this mode), the pressaure to which the flow expando is determined as part of the solution. Maurer's
analysis is aimed primarily at the flowfield aesociated with a ;et from a finite-span slot, Good agreement
is showi between predictivns of this analysis and resualts of experiuments at low supersovmc Mach

numbersa (31),
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Analyses of the second category do not use the assumption of isentropic jet flow, Instead,
conservation equations are appiied to a control volume in the vicinity of the jet nozzle exit, and a suffi-
ciant number of additional assumptions are made to enable a solution to be obtained, Since the nature
of these aszuraptions is limited only hy the imaginstion of the investigator, a coneiderable variety may

f bz found in ths literature.

The third category of jet models characterize the jet by its shock structure., Shadowgraph or
Schlieren photographs obtained from experiments with underexpanded sonic jets usually show a shock
structure in the jet which is similar to that exhibited by an underexpanded jet sxhausting into a quiescent
medium, One of these shccks has been observed to be roughly parallel to the jet nozzle exit, and similar
in appearance to the Mach disk of an axisymmotric underexpandsd jet. These observations have prompted
several investigators to use information obtained from studies of jete exhausting into still air in the
developmant of models for the jet intersction flowlisld (17, 25, 28, 48). In thesc models, the jet is char-
acterizeqd by the position and strength of the strong shock analogous to the Mach disk.

Amick (49) has proposed a novel approach involving isentsopic expansion in which a circle-
arc jet trajectory is computed by the method of characteristics. Amick's circle-arc jet analysis
assumes that the nozzle is constructed to produce 2 jet having a radius of curvature at the nozzle exit
which provides it dynamic equilibrium with the pressure difference imposed upon it by the eaternal flow.
Experiments were condusted with an appropristely designed nozzle to test the validity of this theory.
These experiments were two-dimensional and were conductad at relatively low Reynolds number,
10°< Rej, < 7.5 x 105 in hypersonic flow, 7.6< Mj« 7.9. A nozzle desgigned o produce a supersonic
X circle-arc jot under the range of conditions of the test was installed near the trailing edge of a flat plate
model. The nozzle was inclined 45 degrees upstream of the normal to the plate surface. Wedge end
plates were used, with the angle chosen sc that the upper surface cf the wedge approximately matched
the surface of the shear layer when the jet was operating, Tests were conducted in which X4 < L, referred
to as the weak jet regime, and also in which the flow was separated to the leading edge of the plate,
described as the strong jet regime. Interaction force data were obtained directly from force measure-
ments. A comparison between theory and experiment is shown in Figure 24. The quantity A is the angle
of intersection betweea the shear layer and the jot, which is -used in computing results from the theory.
It is treated here as a free parameter, Pradictions of the theory are seen to be rather insensitive to
variation in A, at leasi in the strong jet regime, The amplification factor is defined as the total normal
forse increment due to the jet, normalized by the vacuum thrust of a sonic jet having the same reservoir
conditions aa the actual jet, (In the original reference, a slightly different definition of amplification
factor was used,) Good agreement is shown between theory and experiment. Very large amplification
factors are achieved in the weak jet regime, which decrease with increasing jet thrust when the flow is
separated to the plate leading edge. These results are in marked contrast to those obtained in turbulent
flow with normal, sonic jets shown in Figure 18,

Vinszon (48) performed two-dimensional calculations for a jet exhausting into a low-pressure
environment, using the method of characteristics, The terminal shock was assumed to occur when the
pressure downstream of a normal shock at the jet centerline would cause the downstream pressure to
match the ambient pressure., The compuied terminal shock locations were independent of Y; when pre-
sented in the coordinates, hy/de versus Pe/Pp, where d, and Pe are evaluated at the jet exit, and Py, is
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tho back pressure or pressure of the surroundings. Sterreit and Barber (17) have also performed caleu-
tations for two-dimensiona! vndsrazpanded jste by the mothod of charactsristics. They inciuded cazes in
which the pressures were not the same on both sides of the jet. Both sets of calculations have been com-
pared with experimental data for two-dimencionsal sonic jets by Worle, et al (39). Resuits of both sets of
calcnlations were shown to be essentially identical and predicted values of h,/d, waich were slightly
larger than the messnrad valuss, This result iinplies that an sdditicnal adjustment in the static pressurs
takes place downetream of the normal shock., Data for two-dimensional gonic jets and axisymmetric conic
and supersonic jetz wore correlated by the empirical equation

h M _P T\{T
=07 (—j-a—: “) (14)
]

&

whare j is 0 in two-dimensional flow and 1 in axisymmetric fiow,

Werle, et al, used Equation (14} as part of a t'vo-dimensional jet interaction analysis {¢5j. It was
shown that this equation could bz used to predict the esfective forward facing step height, h, produced by
jet if Pz were chosen as the eifective back pressure, Pp, and ifh = 1.36 hs. In the investigation by
Werle, et al (39), this method of estimating effective step height was then combined with the correlation of
Equation (1), and the separation angles implied by that relationship to give a simple expression for upstream
amplification factor, K.

2

1.4TM Y.M
1 j_e h (15)

T+0.65 M, HQ{jMﬁz b,

K=14%

Eguation {15) predicts a trend of increasing K with increasing Me which is not in agreement with experiment.
This comparison is dercribed below in Section 2. 4. 4.

Driftmmyer (7) conducted flow-visualization studies of two-dimensional jete exhausting into still
air for Mg = 1.0, 2.89, and 2,99, The shock heighis associated with the sonic jets agreed with previous
resuits, Shock patterns obtained with the supersonic jets were gualitat.vely different from those pro-
duced by sonic jets as illustrated in Figure 25, Calculations by the method of characisristice were
carried out for supersonic exit Mach numbers and the results showed the same behavior. The value of
h, was defined for the supersonic jets as shown in Figure 25, Data and calculations for axisymmetric
and two-dimensional, sonic and supersonic jets were shown to correlate withi; £20 percent with the
expression

I' 2 j+1

h Y M P\ .

. I i ] e e j=1

T [(’ ' ')( P ) (e el

If Equation {(16) is used in place of Equation (14} to derive an expreseion for upstream amplification factor
analogous to Equation (15), a trend of decreasing K with increasing M, 13 predicted. This result is not
in agreement with the experimental results shown in Figure 20.

Dircct observations by Hefner and Sterrett (55) of jet-shock locations for M; = 6 show
hg/d ~ (Pp./P)0- 75, implying a variation in effective back pressure with P,./Pj. This behavior is
consiatent )witL the commonly obgerved trend of decreasing amplification faclor with increasing jet
mass flow rate mentioned earlier, It 1s possible that an analysis utilizing a jet-shock model for the jet
flow could show such a trend if it were coupled with a relatively sophisticated model of the external flow,
such as that produced by Barnes, et al (6).
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H%« ¢ SHOCK
SONIC JET SUPERSONIC JET

Fioure 26 Plume Structuran of Two Dimentuonal, Sonic and Sugervonic Jats Exhausting ity Stit Aw,
Refereren 7



Although the jet chock models are about as succossful as the botter madel:z of ths othor twe
catogorias In predicting trends exhibited by & range of jet interaction data, they suffer from some
deficiencies. First, they are limited to underexpanded jsto. Socond, ths data of Reference 10 indicates
that the obisorved offacts of temperature and molocular weight, chownin Figure 23, do not correlate with jet
shock haight for large vaiues of (Tojﬁu"i'o‘u&‘ﬁ. This offect will be discussed in the following section.

Nong of the proposed theories of the proceding thres categories give an oxplicit dependence of h/d
upon temperature or molecular weight. Therefore, they are unable to account for Thayer's results (10),
which show an explicit dependence upon 7. Except for an empirical correlation of Kaufman and Koch (28),
which gives h/d ~ (Pp;/P)0- 85 and the models which utilize the one-dimensional issntropic ares-ratio
relation, all of the théories predict h/d ~ (Po-/Pl)o- 99 (48), at least when ReL, is constant. The predicted
influence of Yj is generally weak, except for the isentropic flow model.

2.4.4 Influence of Mixing Between thc Two Streams

Some major elements of the early direct analysis methods (43, 44) which employed blast wave
analogies are useful beyond the limitations of blast wave theory. The blazt wavs analogy was oniy
employed to provide numerical solutions for the effect of the jet on the mainstream. The central aspects
of the analyses by Broadwell (43) and Dahm (44) involved the determination of the velume addition to the
mainstream (or displacement of the mainstream) due to energy release from the jet. These analyses
provided methods for computing a characteristic dimension of the flowfield. Equations derived to calcu-
late this dimension provide similarity parameters for correlating the effects of variations in jet and
mainstream properties on the interaction flowfield.

Broadwell computed the drag of an equivalent obstruction by assuring that the injected flow is
accelerated to the velocity of the undisturbed external flow. He also assumed that the effect of the
volume added by the jet can be accounted for by adding sufficient heat to a part of the external flow to
produce the same volume change which would be produced by the mass addition. Dahm's analysic differs
in detail from that of Broadwell, but the final result is nearly the samne. If h is the height of the equiva-
lent obstacle, then values of h computed by either method are proportional to the jet mass flow rate,
Broadwell's analysis leads to equivalent obstacle height scaling in the form

1+ar
hh : lLfZ(l\t ) (17)
=} T a
where
T
o.
z e ,r_.l
T “.
Y
'I‘o = jet stagnation temperature
j
To = external flow stagnation temperature
1
.A’J. = jet gas molecular weight
My = external flow molecular weight

Y-l)
L) ml
() e

)

and the corresponding expression from Dahm's analysis iz

h 1 (l/Z+arLg) (18)
ho A2 \1/Z+a+tg
where
1
8 =TT "7
YI(YI" )Mi

In each case, the factor 1/ 1/2 arises from the assumption that the jet flow is accelerated to the
external flow velocity, and the term in brackets comes from the influence of volume or mass addition vy
the jet. In Figure 26, predictions from Equations (17) and (18] are compared with tiie data reported by
Thayer and Corlett (36) and by Strike (32),

In Figure 26, values of h/h _, were computed from the experimental data using the assumption
that the interactioa force produced by the iet is pruportional to h, for a fixed external flow. Some scatter
wae -resent in the data, which is not indicated on the figure, The data of Strike wers taken at M = 6. 8
with a flat plate mcdel having a finite span transverse slot. The boundary layer upstream of the inter.
action regiun wvas laminar, and variations in v were obtained by using difierent injectant gases, thue
changing #) only. Interaction forces were abtained from force measuremnents. The data of Thayer and
Corlett are in qualitative agreement with the theories, although the eaperimental magmitude of variation
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in h/h,_} ie much smaller than the theoretical prediction. On the other hand, the data of Strike at

1 =6, é are independent of r, in contrast to substantial variation predicted by the theories at this Mach
number, Most analyses predict no explicit influence of ¢ on jet interaction performance for all values of
M}, and are thus in good agreement with Strike's data (32) concerning the influence of stagnation temper-
ature and molecular weight. On the oflter hand, the f{lowfield models proposed by Broadwell and Dahm
are the only ones which show the qualitative behavior of the data of Thayer and Corlett which cover a wider
range of v than is included in any ocher set of data. It is possible that some combination of the assump-
ticns used by Broadwsll or Dahm with flowfield models proposed by others would predict the observed
dependence of jet interaction performance on Mj and T,

In summary, a fairly wide range of jet flow turning models gives easentially the same predic-
tions, within a constant factor, of the influences of temperature, molecular weight, and pressure ratio
on the jet interaction flowfield. The discussion presented in Reference 56 illustrates this point in more
detail (ece Figure 3 of that paper). Reference 56 is concerned with jets from circular holes. The jet
turiing models examined in that paper are based upon one-dirnensional gasdynamics, so that the results
can be applied to two-dimensional flow after relatively minor and obvious modifications.

¥
; 2.4.5 Influence of Mach Number on Amplificaiion Factor
Iy

The predicted and measured influence of M| on jet interaction performance in two-dimensional
flow is summarized in Figure 27. The ordinate is the amplification factor, K, defined here as the jet
4 thrust plus the interaction force generated upstream of the jet, normalized by the vacuum thrust of a
v sonic jet, Figure 27 is restricted to turbulent boundary layers upstream of the interaction, and raormal,
sonic jets with Yj = 1.4, Not all of the theories predict a single curve in these coordinates. Computations
werc made using values of other variables such as Poj/P,, (POid)/(PlL), h/d, and Re, which are repre-

seniative of the available experimental data. The trends with M| predicted by the theories are, for the

most part, not sensitive to variations ir these other variables, One exception is the analyais of Lee and
. Barfield (42) which is sensitive to the quantity

. ) _Pod
‘ M, 2 /Hv-xMz)v-x i
; vt M F,L

when this term {s leas than approximately 0.06. A limited Mach number range it shown in Figure 27 for
some of the analyees. This is a result of Jimited information available in the criginal references, or
H statements by the respective authors concerning the applicabie Mach number range.

The data on amulification factor appear to irdicate a trend of decreasing K with increasing My.
This s at least partially mieleading, sincs more deta?'.d compariac: . tend to show significant shifts }n
K betwaen data obfained from diffsrent test setups and facilitics at the same Mach number. It is not posat.

bie to identify a "best" anaiysis, purely on the basis of this type of comparizor. A rather wide range of
% Mach number trende are shown by the analysis, in contrast to the greater degres of unanimity corcerning
7} the influsnce of let finid properties. The differences in Mach number predictions arise from the da'arls of
§sE the diffesences between the thearica, A very lengthy diacussion would be necrseary to explarwn thene
Voms
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variations satisfactorily, More detailed evaluations of some of the analyses represented on Fignre 27

may be found in t' 2 review by Werle (12}, Those theories which predict the most strongly increasing or

decreasing trend of K and Mlh“e not in good agreement with the data. In contrast, because of the strongly
t

empirical nature of most of the theories, liltle importance should be attached to the differences in pre-
dictions of abaclute levels,

3 JETS FROM FiNITE-SPAN SLOTS IN SUPERSONIC FLOW

Numierous dats obtained from transverse-slot experiments conducted with and without end
plates tend to indicate that the use of end plates is a necessary requirement for obtaining even a
fair approxamation to two-dimensicnal flow when the separation distance ahead of the olot is more
than 10 or 20 percent of the slot length. Although end plates will introduce gpurious effects them-
selves, the work of Lewis, Kubota, and Lees (57) shows that end plates can be used to achieve an

excellent approximation to a two-dimensicnal flow, for the case of laminar separation induced by
a wedge.

Sketches of static pressure distributions obtained in nearly two-dimensionsl flow and with
a {'nite~-span slot are presented in Figure 28. When end plates are removed, the length of the sep-
arated region decreases, and the interaction region extends outboard from ends of the slot. If the
height of the effective obstruction produced by the jet is sufficiently small relative to the slot span,
b, the plateau preasure measured along the X-axis will remain almost unchanged and the static
pressure distribution upstream of the slot will be nearly independent of y for y<b/2. Strong lateral
flows 1n the upstiream separaied region were indicated by the oil flow visualization studies of Heyuser
and Maurar (18), when end platea were not uged. Such indications of lateral flew were negligible
when end plates were installed, Similar evidence of traneverse outflow from the separated region

has been reporied by Whitehead, et al, (59) who studied separated regions produced by forward-
facing oteps of Hnite span,

The influence of lateral flows, which apparently always deveiop in experiments with finite
gpan tranaversé j2tR, is not understood in detsil, However, the following qualitative explanation has
teen propesed by Spaid and Zukoski (3 In a true two-dimensional flow over 3 atep, tne dividing
stosamline separating the primary tlow from the redirculating flow is ronghty a straight line extend-
ing from the separation puint to the top of the wtep, 78 shoun in the skewh of Figure 29, Howevsr,
i flmd excapes from the recirculation cegron in the transverge dixrsction, then the nevw rextiaching
#treamline, which Arvides the flna pepsming over the sfep from that entering the rouicuizting /ous,
st new ine b ade a pavi of the houadasry tay v florm upetream o7 the neparaltes ooy (Fignrae 29
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The reattachrrient pressure will increane as the reattaching streamline moves farther out mto the
bigh.velucity region of the shesy layer. Thia sifect 1o shown by the data of Whitchead, ot al (49).
If the separation distarcs ie not too great relative to slot span b, the turning angle made by the flow
at separation remauing constant despite the Iateral fiow. Thus, as the normal voordinste of the
reatta. hing stresmline moves away [rom the wall (ncar geparation} in response to an increasing
latersl flow, the meparation p.’ .t must move toward the slep ao thai the reattaching streamling esn
mtarsect the top of the step,
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If thic picture i corvect, and if it is applicable to the jet interaction problem, a latoral
fiow ghould cause a reducticn in the induced furca produced in the region directly upstream of the
Jet by = given jot flow psr unit span, This reduction will be caused by two mochaniame. Sincs the
turning angis of the flow iz cunctant, the pleteas pressure will also be constant and the cnly cause
for a force reducticn is the reduced lenygth of the separoted region. First, for the jet interaction
case, the length of this separated raglon is reduced dirsctly by the lateral flow for the same
reason that it was in the case of a step. Second, ths incraase in the drag of the sffective obstruc-
tion produced by the jet, This increase in drag causes a reduction in the height of the obstacle,
producing a further rsduction in the length of the separated zone (Figure 29b). Data reported in
Reference 59, for flow over steps both with and without end plates, and similar jst interaction dats
(55) tend to indicate that the reduction in jet penetration may be the dominant mechanism in hyper-
sonic flow. In summary, a lateral flow from the aeparated region can cause an appreciable
reduction in the geparation distance, even though the platesu pressusre yemains unchanged srom
the two-dimensional case, At the same time, other axial static pressure dictributions measured
at locationa off the axial centerline, but outside of the irmmicdiate snds of the slot. agree quite
well with the centerline pressure distribution.

Maurer (31) has proposed an analysis of the flowfield associated with jets frora finite-
span sloi, in which lateral flow from the separated region is taken into account explicitly. Good
agreement ia shown hetween results from Maurer’s theory and his experimental data obtained at
1,57 = My s 2.80. Tae data consisted of forces obtained by integrating prezsures upstream
along the X-axis, Strike {32) proposed a modification of Maurer's analysis concerning the manner
of computing the stagnation preasure of the air which flows parallel to the slot within the separated
region. This modification resulted in slightly poorer agreement between the theory and Maurer's
data, but substantially improved the agreement between the theory and data reported by Strike
for 5,2 s M = 6,8, which were obtained by direct measurement of forces.

Spaid and Zukosk: (3) have proposed h/b as a correlation parameter for flows produced by
normal, sonic, finite-span slots. In their model, h io a value of jet penetration height, computed
{rom a two-dimensional, semiempirical analysies given by

n"zjaj*
h (19)
[a+prp,-P+(B-0. 2P ]

where

m.

j jet mass flow rate per unit

aj* = )et velocity where Mj -1

In Equation (19), p and PZ/P are obtained from Equations (12) and (1), respectively.
Data from several sources are presen{ed in Figure 30 in the form of K} versus h/b. The quantity

KE; 18 an amplification factor derived from the integral of the static pressure distribution per unit span
along the upgtream X-axis. Except at the low velues of h/b where the data of Maurer do not correlate
well, the data show a consistent variation of K3 with h/b, Of particular interest are the data of
Romae, since b, d, and Po;/ P} are varied independently. The dotted lina in Figure 30 is the mean
value of Romeo's data (58) (d = 0.1, 0.05, and 0.02 iach) for an amplification {actor K3 based upon the
totzal interaction force for the entire region upstream of the alot. These data are alsc correlated

(£10 percent) by h/b. The difference butween K3 and K3 shows a poor measure cf the interaction force
from centerline pressure integration when a plate large enough to contain the entire separated region
is considered.

Static pressure data obtzined from experiments with jets {rom circular holes, to be pre-
sented in the next section, show a large contribution to ineraction force coming (rom the region
downstream of the jet. The shock which originates near the jet nozzle exit has a shape that is simi-
lar to that produced by a blunt body., This shock intersects the plate and produces regions of
increased pressure on either side of the jet which extend downstream for a considerable distance.
This .nechanism produces regions of increased pressure downstream and to the aides of a jet from
a finite-span slot, A1 low Mach numbers, the large low-preasure region immediately downstream
of the zlot may cancel the effect of the downstream high-gressure regions. At hypersonic Mach
numbers, the net force generated downstream of a finite-gpan slot should always act in the direction
of the set thrust, Unpublished data obtained from the investigation of Reference 6 at M - 7.8 show
that this 1s 1ndeed true. Amplification factors gireater than 4 were produced un » large plate by a
finite-span normal, sonic slot with a turbulent boundsry layer upstream of the interaction.

Data obtained from various nozzles exhausting from a flzt plate into a Mach 7. 8 external
tlow with a lanunar upstream boundary layer are shown in Figure 31 (6). In this case, most of the
force was obtained from the region upstreast of the jet. These data show a relatively amall influence
of nozzle configuration un amplification, when the entirz inieraction force i3 measured, both
upstream and downstream of the nozzle, This lack of influence of nozzle configuration on the inter-
action force ts parttcularly winteresiing, since the nozzle configuration exerts a profounu influence on
the static pressure distribution,
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4.1 Description of the Flowlield

The interaction between an axisymmetyic snderocpanded jot and tiow over a snrfece from
whach the ja* rxhausts 12 Alustrated in Fagure Yo, The shodo wgranh photograph 2nd photograpn of
an ei'flow awypecanent are from data repocted by Street (60} The jot exhansts irom & gome orlice
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; 4 JETS FROM CIRCULAR NOZZLES IN SUPERSONIC FLOW
S
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lacated on the afterbody of an ogive-cylinder at zero angle of attack. The boundary layer spproaching
the jet ia turbulent. Various interpretations of this flow have been offered (45, 61 to 63).

As shown in Figure 32a, the jet plume presents an obstacle te the external flow, which
causes a strong shock and separates the boundary layer upstrecam of the jet. In contrast to the two-
dimensional situation in which the entize external flow must go over the jet-induced obstruction, the
flow can go arcund the three-dimensional jet. The extent of boundary-layer separation for a given
jet penetration height is ususlly much less for a jet from a circular hole than for a two-dimenaional
flows. As a result of high pressures downstream of the shock and mixing between the two streanis,
the jet is turncd in the direction of the external flow., A three-dirmensional shock structure forms
in the jet plume as it i3 turned, boanded by a three-dimensional mixing layer. Strong mixing is
evident on the icading edge of ihe jet plume, The mixing layer surrounds the nlume and rsattaches
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to the body downstream (approximately one body diameter downstream of the jet exit in Figure 32).
In the region where the mixing layer surrounding the jet reattaches to the body, a set of vortices
forms in the jet wake. The patterns in the oilflow ou the sides of the jet wake, shown in Figure 32b,
are believed to be related to these vortices. A wide range of flow visualization data for jet-induced
interference on bodies of revolution is provided by Street (60).

The shock structure in the jet near the nozzle exit has received attention from a group of
investigators whose objective has been to define the jet trajectory. One feature of interest 1s the
strong shock, often referred to as the Riemann wave or Mach dizk in studies of highly underexpanded
axisymmetric jets exhausting into still air. Under these conditions, the Mach dish is dish-shaped
and parallel to the exit plane (64). When the jet plume is transverse to a supersonic external flow,
there is evidence that the jet is partially turned before the Riemann wave is encountered. Sketches
of this shock structure derived from Schlieren photographs of underexpanded jets exhausting into still
air and a supersonic external flow are shown in Figure 33. Measurements of Jet shock locations are
reported by Orth and Funk {65), Schets, ot al (66, 67), and Billig, et al (56). Uaing the description of
Reference 56, the Mach disk in Figure 32a is found skewed approximately 45 degrees from the
horizontal and centered approximately one model radius ait of and above the jet exit,

4.2 Results of Circular Jet Experiments

Some of the paramefers uscd in presenting data in this section are based on the assumption
that the jet can be characterized by specifying its momentam flux vector at the Jet nozzle exit and the
jet exit Mach number. This assumption leads to various possible choices for psrameters in  idition
to those needed for simulating flow about the body alone, such as

po At
B! or T ’ YJD Me' ¢
94, 94y

where A, is the jet nozzle throat area, ¢ is the nozzle inclination angle, and Aj 18 an appropmnate
vehicle or model reference area. The length scale of the interaction flowfield will be proportional

to (POJA‘/ql)UZ. This simplified characterization of the jet iz inadequate when the region far down-
atream of the jet nozzle exit is important (68),

4.2.1 Concentration, Pitot P-egsure, and Velocity Surveys

Sevaral gources of data concerning the distribution of pressure, velocity, and injectant jot
fluid concentration are available (€1 tc £3, §5), Typical Jet fluid concentrationr profiles are shown
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in Figure 34 (62). The scale 1s normalized by a calculated value of penetration height, h, derived
from a simple momentum balance (64) as

1/4
/ \
A Y.-1
™ 1/2 -Y—J:T . —v,
I SRR B R L » (20)
4™ \Cap v Y1 (Y4 P,
FiN A | ) ]
| J

These data indicats that within a distance of twice the penetration height downstzream of the jet exit,
thc line of maximum jet fluid concentration is turned nearly parallei to the plate.
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Velocity, Mach number, aid total pressure profiles in the jet are shown in Figure 35 (62),
The data of Figure 35 correspond to threc values of the lateral distance of the profil: from the jet
trajectory meridisn pano, y (pormulized by h), These data indicate that total pressure and velceity
deficits in the jet wake follow the con:entration of jet {fluid. The larze total presaure deficit near the

line »f maximum jet [luid concentraticn indicates the presence of strong shocks ia the jet turning
process,
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Figure 35. Velocity, Mach Numbe:, snd Total Pressura Profiles Do stresm of Jet Exit, Reference 62

In Figure 36, cross sections of jet concentration contours are shown at locations which
are 2.08 and 12. 3 times the penetratior. height downstream of a point where the extrapolated bow
shock would intersect the plate, which is slightly forward of the jet exit (62). The kidney shape
of the concentration contours is similar to that of a subsonic jet exhausting transverse to a sub-

sonic mainstream. This shape is evidence of the precence of vortices that transport mainstream
fluid into the jet and accelerate the mixing process.

One of the most extensive investigations of the concentration field downstream of a jet has
been conducted by Torrence (69, 70). Gases were injected from a circular, sonic orifice 0, 123 centi-
meters in diameter located 24 centimeters downstream of the leading edge of a 23 by 75 centimeter
flat plate. Local external-flow properties were M; - 4.03 and Re = 7. 87 x 107 per meter. Injectant
gases included helwm, hydrogen, argon, helium-air, argon-air, and ethylene-air mixtures. The
ethylenc-air mixtures were 3 percent by volume ethylene, which acted as a tracer. Tests were con-
ducted at a jet-to-freestream dynamic pressure ratio of 1.0, except for some of the air-injection
tests. Freestream and injectant stagnation temperature were maintained at approximately 300 *K.
Concentration profiles similar to those of Figure 34 were obtained at several downstream stations for
each test condition. An example of data obtained by Torrence is shown in Figure 37. These data
show the axial decay of the maximum value of injectant mass fraction measured at each downstream
station for a range of injectant conditions. Extrapolation of straight lines faired through the data to
Kmax = 1.0 defines a reference length, X, for each test condition, which can be interpreted as the
locatior of the end of the inviscid core of an equivalent coaxial jet. Values of X, determined in this
manner are seen to lie upstream of the nearest survey station, X/d 6, These data are shown to lie
on a single line when plotted 1n the form K., versus X/X,.

Orth and Funk (65) have presented concentration profiles obtained downstrearn of hydrogen
Jets. The external flow Mach number was 2. 72 and the jet exit Mach numbers varied from 1.0 to
1. 67. Measurements were confined to the X-Z plane. Comparisons were made wich jet trajectories

predicted by the analysis of Schetz and Billing (71). Reasonable agreement was shown between the
data and trends predicted by the analysis,

Provinelli, et al {72) used concentration measurements to define the cuter jet boundaries n
the meridian plane of normal, civcular helium jets injected into a Mach 2 airstream. Jet exit Mach
numbers of ! to 4 were tested. The jet boundary was defined as the location of 1 percent heliurmn con-

centration. Jet boundary data (75, 72) have been correlated by Povinells, et al (72), by the empirical
expression
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where y, is the jet boundary (oordinate measurea .rom the plane of the nozzle exit. The fluence
of My 15"0becured somewha’ by this method of presentation. When M, 18 increased from 1 to 4, with
fixed external {low conditions and fis.ed jet miass flow rate, the penetration is increased by approxi-
mately 25 percent.
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Herech, 2t al {73) have shown that helium jet boundary data can be obtained by densitometer
analysis of Schlieren photographs, if the method is calibrated by comparison with concentration
measurements.

The magnitudes of 1steral velocity components in the jet vortices have been reported by
Dahlke (74). An example of measurements made by Dehlke is shown in Figure 38. The velocities
were measured with a calibrated multiorifice pressure probe in the cross section plane 8. 63 body
dis:meters downstream of a sonic jet exhs® ‘ing normal to the surface of an ogive cylinder st zero
angle of attack. The jet exit is three ca’. s:rs from the origin of a four caliber ogive nose. Some
correlations of these data have been used by Durando to model the variation of strength and position
of these vortices (75, 76, 77).
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4.2.2 Interference Pressures and Forces

In predicting aerodynamic forces inducec by the jet plume, the principal subject of analysis
is usually the pressure distribution near the et in the plane of the jet exit (or a contour inciuding the
jet exit). As illustrated in Figure 32, the primary interference shock airucture and flow disturbance
occur in this region, When jet thrust is high compared with the interference forces induced 1in this
region, forces induced by downstream interference become more important. In the latter case, the
jet wake can affect downstream surfaces that have either large lift efficiency, large moment arms, or
out-of -plane moment capability.

A typical representation of the disturbance-induced pressure distribution near the jet is shown
in Figure 39 (62). This figure shows constant-pressure contours in the vicinity of a circular sonic jet
exhausting from a flat plate into a Macl .5 external flow. The jet iz no~.nal to the plate surface, and
the boundary layer on the plate is turbulent upstream of separation induced by the jet plume. The
length scalc is normalized by the penetration height, h, given in Equation (20). The parameter P/P,
on the contours ia the ratio of the pressure induced by the jet to the pressure on the plate with the jet
off. The interference causes increases in pressurc both upstream and downstream of the jet except
in the region directly behind the jet nozzle exit, where the pressures are decreased. The pressure
contour map of Figure 40 is similar to that of the previous figure, except that in this case the boundary
layer is laminar upstream of the interaction region. The general features of the distributions are
qualitatively similar, except that in lami..ar flow the pressure ratios tend to be smaller and the
region of influence is larger.

Centerline static pressure data for souic and supersonic jets exhausting into a hypersomc
external flow, Mj = 7.8, with a laminar boundary layer, are presented in Figure 41, These data are
qualitatively similar to those of the previou: “igure. Note that the effect of increasing M, resalts in
a decreased extent of separation upstream of the jet.

A significant effect that is particularly difficult to correlate is the indcpendent effect of
mainstream Mach number in the supersonic range. Typical data fox the eftect of Mach number are
shown in Figure 42 for both laminar and turbuient boundary layers (62). The length scales are
normalized by the penetrati. height, L, computed froa Equation (20). As shown in this ligure, the
grose s.ale of the disturbance is fairly well currelated, aithough systemati. variation with M) 1s still
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present, The data shown are the most complete and self-consistent set known to the authors, however,
effects other than that of Mach number are believed present. Other data, to be presented later,
indicate that the pressure distributions such as these depend upon h/§;. Sources of similar data for
pressure distributions on flat plates include References 15, 32, 78, and 79,

PRESSURE RATIO, PIP,

PRESSURE RAT10, PIP:l

A series of tests has been conducted for the purpnse of determining the independent effects of
pressure ratio, h/d, or h/6y, on the details of the static preasure distribution (62). The results of

those experiments are summarized by Figures 43 and 44, Figure 43 compares dsta cbtained at nearly
the same pressure ratio with different size orifices.

Although a reasonable correlation has been
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achieved, the distributions are significantly different in the downatream region, particularly at
3<x/h<85, Simiiar data in Figure 44 were obtained for the same value of h bat different prassurs
ratioe and orifice diameters, Excellent correlstion is schieved. Similar results were obtained at
other external {iow test conditions. It ia concludcd that h/6; may be an important parameter in
determining the pressure distribution in the downstream region and that the pressure ratio or h/d may
be rela/tivey unimportant. Additional data indicate that h/d influences the static pressure distribution
when h/5; <1.

The obstruction produced by a jet from a supersonic nozzle appears to be a different shape
from that which results from an uaderexpanded sonic jet. Shadowgraph photographs of Figure 45 show
significant qualitstive influence of jet exit Mach number. These are unpublished results of the investi~
gation described in Reference 6 conducted with on external flow st Mach 8, The nozzles have the
same throat areas, and values of P,./P) are approximately the same. The underexpanded sonic jets

produce relatively large disturbances near the plate surface, but the supersonic jets, having been
expanded within the nozzle, appear to penetrate somewhat more deeply into the external flow at 2 given
axial location, This difference in the shape of the effective disturbance produced by the jet causes the
interaction force to decrease somewhat with increasing jet exit Mach number,

These photographs also illustrate the influence of the relative location of transition on the
flow field. For test section conditions corresponding to Figures 45a and 45c, the boundary layer on
the plate in the absence of the jet appeared to be laminar, and the character of the separated region
shown in these figures appears to bz primarily laminar., The boundary layer near the jet in Fig-
ures 45b and 45d is clearly transitional, resulting in shorter, steeper shear layer anglee and a sub-
stantially altered wall static pressure distribution.

The difference in jet penetration between sonic and supersonic jets is illustrated in Fig-
ure 46 (80), In that illustration, contours of constant injectant concentration are shown at x/h = 10
(h calculated by Equation 20 in each casej. This comparison shows that the supersonic jet trajectory
penctrates further into the mainstream than that of the sonic jet. Biilig, et al, (56), have proposed
correlations for the Mach disk location including data for sonic and supersonic jets, as part of a semi-
empirical method for computing jet trajectories. For 1.9 <sMj £4,5and 1.0 £ M, 2,2 the relation

. 1/4 1/2 (22)
hy/d = M_ (pj*/peb)

is proposed, where: hgis the distance, normal tc the plate, from the plate to the center of the Mach disk;
d is the nozzle throat diameter; P;j* is the pressure at the sonic point in the jet nozzle; and Py is two-
thirds of the stagnation pressure downstream of a normal shock in the external flow. The correlation
does not completely account for the influence of Mg, however. Systematic deviations from the correla-
tion, up to approximately 25 percent, are present for Mg > 1.

The supersonic jet presents a emaller obstruction to the external flow near the surface of the
plate than an underexpanded sonic jei having the same mass flow rate, Therafore, “igher exit Mach
number jets cause relativcly sinmiler interference {orces. This effect is illustrated in Figure 47 by
data which were obtained at M| = 8, In this case, data are prccented in the form of amplifi-
cation factor versus pressure ratio for constant external flow conditions and conctant nozzle
throat diameter, Note that the decrease in interaction force resulting from the increase in Me
is & much larger offect than the increase in jet thrust., Similar results have been presantad
by Koch and Collins (§1).

The effect of inclining the thrust axis of a circular jet relative to the external flow direction,
has been investigated in several exreriments (80, 81). In general, inclining the nozzle upstream will
increase the effective disturbance r1ze and the interaction force, The analysis of Reference 63 was
modified to include the effects of fo:ward inclination in Reference 80. The result is that the penetra-
tion height, h, given in Equation (20) must be multiplied by the ratio

= 1+ —a—%sin ¢ (23)

rnormal

where ¢ is the inclination of the jet thrust axis from normal to the external flow direction (measured
positive into the stream) and V. is the jet exit velocity.

The centerline pressure distributions for inclination forward and aft from normal to a uniform
supersonic stream are shown in Figure 48 (80). Also shown (by the solid line) are data for ¢ = 0, The
effect of forward inclination driving the upstream boundary layer separation further forward has been
observed in other experiments. The downstream inciination effect on downstream pressure distribu-
tions would not necessarily be expected to scale very well with the panetration heighy calzulated by
Equations (20) and (23), because of the simplified assumptions from which they were derived,

An aspect of jet nozzle geometry that provides significant control over the zeradynamic
interference is the cross-sectional shape of the nozzle or geometry of a cluster of nczzles,
There is evidence that multiple circular nozzles in a line transverse to the oncoming main-
stream produce an interaction which is similar to that associated with a jet from a finite-span slot
{62), This is illustrated in Figure 49. Aeg shown in the figure, the high pressures upstream span the
distance between the circular nuzzles separated by eight nozzle diameters, Comparing Figure 49 with
Figure 39 shows the difference between pressure distributions induced ny single and multiple .10zzles,
The effect of the mulviple nozzles is to broaden the region of the disturbance, when the multiple noz-
zles are spaced sufficiently close together.
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The effect of secondary jet thermodynamic properties on the aerodynamic interference gen-
crated Dy a three-dimensional jet has been the subject of aeveral investigationa. The correaponding
literature pertaining to jets from transverse slols hasg already been reviewed. Coilins et el (82, 83)
have reported work on jet gas property effects. Some data for circzalar hole Jets are anown in Fig-
ures 50 and 51 (32, 83} These results are typical of most data toncerning the independant effects of
jet temperature and molecular weight. Some of the existing data ave inconsistent. The data in Fig-
ure 50 indicate no discernible effect of Jet temperature or molecular weight on amplification factor,

41
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In the analysis of jet-induced aerodynamic interference, it is trequently of intercst to predict
the shape of the shock in the mainstream produced by the jet plume, This shock is the strong bow
shock illustrated 1n Figure 32, Measurements of this shock shape have bcen used to substantiate th~
validit of several correlation models (45, 62, 82, 83, 86). A set of shock shape predictions arc
shown in Figure 54 (45i. Heve. four dufferent methods of calculating shock shapes were ueed. Of the
four, the method baged on the blast wave analogy was found teast accurate 1n the Mach number range
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Figure 54. Various Computations of Shock Shapes Compered to Measured Shapes in Meridian Plene, Reference 45

Several sources of experimental data concerning forces induced by circular jets exhausting
from flat plates in supersonic flow are available in the literature, The most extensive set of force
data is the work of Strike, et al (15, 32, 78). Other data frequently cited are from References 6, 73,
and 81, A summary of these data are presented in Figure 55, in the form of amplification
factor versus a blockage parameter, (Po'At/ql)' Since this parameter is not dimensionless,

it is not entirely satisfactory. Data from a given test series show decreasing amplification
with increasing jet blowing rate. If the interaction flowficld for external flow conditions were
truly self-similar, depending only upon a single length scale proporticnal to reference value of
jet momentum flux, then K would he essentially independent of biowing rate, Data previously
cited supports the premise that the observed variations with blowing rate may be an effect of
h/5), but prnbably are not a function of pressure ratio. Although an attempt was made 1n
selecting the data for Figure 55 to include data in which at least most of the interaction region
was contained Jn the plate, effects of plate size cznnut be ruled out, Data vbtained from experiments
with a plate which is not large compared to the extent of the interaction flowfield will always show
dacreasing amplification with increasing blowing rate. Note that except for the experiments of Amick
and Hayes (79), the ».a22 of plates used to obtain the data of Figure 55 are not greatly different, Data
of Figure 55 represent a wide range oi catizrral flow conditions, in particular, 3 < M s 18, The inde-
pendent influence of M} on K seems to be less than the cata scatter or systematic variations resulting
from different wind tunnel models, facilities, and inatrumentation,

When 2 jet interaction flowfield occurs in the context of a practical application, the external
flow will usually be nununiform to some degree. If the body 1s large compared with a characteristic
dimension of the interaction region, and if the local radius of curvature of the surface near the nozzle
exit 18 also relatively large, then the degree of nununiforniity of the externa! flow may be small, Under
these cunditions, data obtained fronm experiments with flat plates niay provicde a guod approximation to
the actual situation. When the dimensiona of the body and of the interactiun region are comparable,
details of the body geometry can have important effects on the flowfield.

Figure 56 which was taken from a report by Amick, et al (87) shows pressure contours
obtained from a wiid tunnel test of a body of revolution in which a jet was exhausting from a location
near the nose, The model was a apheis-cone-cylinder having an overall length-to-diameter ratio of
7.0, based upon the cylinder diameter, Ambient tempeiature air was used as the jet gas, and the nom-
inal jet exit Mach number was 3, 4, other test conditions are indicated un the figure, A comparison of
Figure 56 with Figures 39 and 40 shows considerable qualitative sinularity despite the vbvivus large
differences between the two situations. Apparently, resulte from flat plate experiments can he used
to piuvade ail leasi a qualitarive estimate of the tlowiield structure 1n a more complex situation.

An exaple of force data ohbtained from the same series of experiments is shown in Figure 57
in the form of amplification factor based on nurmal force increments versus pressure rativ or jet
mass flow rate, for three nozzle locations, Under these conditione, the interaction force always acted
in opposition to the jet thrust, almost canceling it at the lowest blowing rates {or the jet lccated
n.arest the nose. Some insight into this behavior can be gained by re-examining Figure 56, The
region of reduced pressure directly downstream of the jet <3 acting un a portion of the body surface
which is roughly parallel to the nozzle exit plane, and provides a large contribution to the interaction
force. The high-pressure rcgions lying dewnstream and to etther side of the nozzle exit are wrapped
arvund the body, so that the cuntribution of ther: 1egi0ns to the intezaction furce :6 greatly duatnashed,
relative to a flat plate situation,
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Altaough this review has been restricted almust completely to consideratiun of jets exhausting
nurnial to the external flow, the introduct.on of body geometries other than {lat plates produces many
vther puscibilities. An extreme examiple of the influence of body geometiy and jet thrust directior un
tuteraction force behavior 18 1ll 'stratr by the data of Figure 88, ubtained by Jarvinen, et al (88), {rum
wind tunnel tests uf a conical mudel he .ing a jet exhausting from the nose tip. In this case, the net
axial force 1a the drag directivn reache v a value of seven times the jet thrust in the direction oppusing
Arag A large interaction tarce onpesing the drag or jot thraet was ocheerved over 2 wade range of

normalized thrust.,
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These examples have been chosen to show that there are both similaritiea and differences
between the interactions observed in flat plate experiments and those conducted with other model
shapee. A thorough discussion of body configuration effacts ia havand the ecope of this ragert, The
interested reader will find additional information on this topic in References 9, 45, 46, 55, 60, 74,
76, 79, and 89-94,
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4.3 Three-Dimensional Analysis Methods

The three-dimensional jet interaction flowfield may be even more intractable in terms of
analytical description than its two-dimensional counterpart, merely because of its three-dimensional
nature. On the other hand, because boundary layer separation phenomena seer to play a less prom-
inent role in the three-dimensional case, inviscid three-dimensional flowfield models might offer more
promise than inviscid two-dimensint.al models. At the present time, no attempts have been made to
solve the governing ~onservation ervations directly. In discussing the approximate analytical models
which have been derived, it is convenient to follow the pattern used in describing the two-dimensional
flow models in Section 2 above. Modzls represcenting the external flow, and these representing the
jet flow will be described separately,

4.3,1 External Flow Models

Broadwell (43) and Dahm (44) he sed blast-wave theory to represent the external flow. This
approach is subject to the restrictions inl . .nt in the blast-wave approximation mentioned above, ramely,
large M, is required and poor representatio. ic provided for the flow near the nose and near the axis of
vymmetry. In addition, the intersection of the ;ct-induced shock with the wall produces a complex three-
dimensional separated region which increases the extent of the interaction region and decreases the peak
pressures on the wall, Thus, any inviscid approach will be unable to give accurate predictions of static
pressure distributions, However, it appears from some comparisons of predictions with data that the
effect of separation is to change the static pressure distribution witnout appreciably altering the total
force, so that inviscid calculations may be useful for force predictions. Strike (32) has proposed an
analysis in which a contribution to the interaction force from the r:parated region is estimated and added
to the contribution obtained from blast-wave theory.

All other models of the external flow “nown to the authors replace the jet by an equivalent solid
obstacle, This approach can also be used witt he blast-wave representation of the external flow, if the
drag of the effective solid obstacle is equated to ‘e energy per unit length needed as an input to the blast-
wave theory (45), Ferrari (95) has proposed a - slex jet interaction analysis in which the jet is treated
as an equivatent solid body and the 7 xternal flow1 omputed by an approximate, inviscid, three-
dimensional blunt body analysis, Cassel, et al (4.) have proposed an analysis in which the external
flow i3 computed numerically, using a blunt body solution near the nose of the equivalent body,
followed by a method-of-characteristics solution for the supersonic region. At the expense of added
complexity, this approach should provide an accurate representation of the assumed physical model,

The static pressure distributions on the wall will not be predicted accurately, for the same reasons
mentioned earlier, but limited comparisons with experimental force data show reasonable agreement.
An analysis by Wu, et al (96) 1s based on the assumption that the separated boundary layer is tangent
to the top of the injectant flow, Flow visualization results indicate that this assumption is realistic
only when the scale of the jet penetration is less than the boundary layer thickness.

Other models of the jet interaction flowfield, for example, Zukoski and Spaid (63) and
Billig, et al (56) nse properties of the external flow only to provide boundary conditions for the jet,

4.3.2 Jet Flow Model-

The models of the jet flow p ‘oposed by Broadwell and Dakm have already been reviewed in the
discussion of the twc-dimenstional flows, The influence of jet molecular weight and temperature predicted
by these methods 18 not in agreement with most of the data for :ircular hole jets which indicate that the
interaction force is proportional to jet momentum flux, D-*= presented by Walker, et al (97) were analyzed
by Zukoski and Spaid (62, 63)., The data are side force measurements obtained from experiments in which
various gases were injected into a rocket nozzle, A parameter derived from Broadwell's analysis was
shown to provide a much better correlation of these data than a parameter which is proportional to jet
moementum flux, Tnis result indicates that the jet flow model of Broadwell or Dahm may be useful when
the region far downstream of the jet exit is of primary importance., In a variation of Dahm's analysis,
Strike (32) hus proposed a model in which the drag or energy per unit length corresponding to ‘he jet flow
is simply equal to m;Vs. Thia approach predicts that the interaction force will be proportional to jet
mazss flow rate, for ‘l}ituations in which Ty, or m;j are varied, This prediction is not in agreement with
results of numerous experiments. i

Mont of the remaining models of the jet flow assum« that no mixing takes place between the jet
and the external stream during the turning process. The remarks from the discussion of two-dimensional
flow theories apply here as well, with appropriate modifications for the conversion from two-dimensional
to three-dimensional flow, In this case, we find h/d ~ (Pc,j/Pl)l 2, various predictions concerning the

influence of Yj, and no explicit dependence upon jet temperature or molecular weight.

4.3.3 Matching Between the External "low and the Jet

As 1 the two-dimeneional case, the matching condition between the jet and the external flow is of
primary importance in detecmining t.e influence of M, predicted by the various analyses. In the control-
volume and jet-shock models of the jet fluw (corresponding to Categories 2 and 3 in the two-dimensional
discussion}, 1t 18 often assumed that the average pressure acting on the upstream boundary of the jet is
proportional to the stagnatiun puint pressure coefficient of the external flow, Cp*. A similar assumption
18 made by Ballig, &t al (56}, namely, that the effeciive back pressure which fixes the Mach disk iocation
in the jet is two-thirds of the stagnation pressure downetream of a normal shock in the external flow.
These assumptions secr plausible, based upon observations .f Schlieren and shaduwg raph photographs,
They are also supported somewhat by the worrelations of static pressure distributions presented in Fig
ure 42, by the correlation of shock shapes of Figure 54, and the correlation of jet shock locations
presented in Reference 56,
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Because of the qualitative differences between flows ‘n which Mg = | and Mg > 1, accurate
theoretical prediction of the effect of Mo would seem to require an analysis in which the details of the jet
expansion and turning prc-ess are computed. The physical mode' of Ferrari (95) might be applicable
wlen Mg > 1, although the method does not include the possibilit', of shock waves in the jet, Probably
because of its complexity, iew comparisons have been made between Ferrari's theory and experiments.
The meathod of Billig, et al (56) uses empirical correlations to account for varizations in M., 2s discussed
previously. This analysis provides a prediction of the jet trajectory. Application of the equivaient body
concept to determine the influence of Mg on th: external flow would require calculation of the flow about a
truly three-dimensional body. None of the available equivalent solid obstacle models would warrant the
effort required to develop such a calculation technique since they all include assumptions which neglect
mixing.

In view of the complexities of the flowfield and the drastic simplification or arbitrary assumptions
which are necessary in order to formulate an analysis, detailed predictions of the various theories should
probably not be viewed as attempts at exact reprecsentations. H:.ever, if characteristics of one flow-
field are known from experiment, then it should be possible to predict the characteristics of another within
some limited range of the independent variables. Based on the preceding discussion, it appears that this
can be done by assuming that the boundaries of the two flows are geometrically similar, and that the linear
dimensions of each flowfield are proportional to a characteristic length, h, where

P 1/2
d 0.
L o (24)

Some idea of the limitations of this method can be obtained by referring to the preceding data pre-
sentation., The available data indicate that:

1, Effects of variations in Ml or Me are not predicted with great precision by this (or any
other) technique,

2. The boundary-layer thickness can be an important characteristic length, if it is com-
parable to other important dimensions of the flowfield.

3. There are qualitative differences between interactions in which the boundary layer is
turbulent and those in which it is laminar.

4, Effects of wide variations in injectant molecular weight and stagnation temperature on
details of injectant concentration profiles or on forces generated far downstream of the
nozzle exit are not well correlated by this method.

5 SONIC AND SUPERSONIC JETS IN SUBSONIC EXTERNAI FLOWS

When the Mach number of the external flow is substantially less than unity, the dynamic pressure
of the external flow is much smaller than the static pressure. As a result. the jet flow near the nozzle
exit is influenced primarily by Py Flow visualization data indicate that, insofar as internal shocks are
concerned, jets punetrating n a subsonic cross flow behave as 1f they were exhausting into still air (66),
gsignificant turning of the jet by the external flow does not appear to take place until the jet has become
subsonic.

For jets from sonic nozzles exhausting into still air, Christ et al (64) have correlated experi-
mental values of the distance from the nozzle exit to the mach disk, h, for a wide range of pressure ratio.
The data fit the empirical equation:

h/d = 0.695 (B /P )/ (25)

j

It has been shown by Durando and Cassel (76, 89) that this characteristic dimension provides satis-
factory correlation of the limited body of relevant data, A surnmz.y . *hese results will te presented
here. Although this equation does not strictly apply to a .iaricad ehock pattern or a superf})ilic Nnoz-
zle, data indicate that the scale of the interference flow- e). .s proportional to d(P_./P)) for 2
fixed jet Mach number, oj 1

In digcussing pressure patterns produced by a ‘et on the surface from which it exhausts, it is
common practice to plot the conventional pressure coefficient

P-P_
C, = =
P 9,
where
2
. pmvm 4 2 . .
Q, = —3 - =3 P,M, " is the freestream dynamic pressure.

1t has been found, however, that use of this pressure cocfficient ie very masleading, for the
following reason When the freestream velocity ie zero. the jet entrainment etfect produces a small
interference pressure distribution on the plate Therefore, as q,~0. the conventional pressure coeffi-
cient becomes singular For low frecestream velodities, interference pressure coefficients are unteal-
istic ally high These extremely large Cp's do not translate into a large interference force, and 1t would
certainly be unreasonabie to expect the largest interference effects to occur at cero freestream veloc:ty.
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For the present purposes, a more ussful method of presenting static pressure data is to plot

= 2
Cp_ = API>,

where AP is the difference vetween the jet-on and jet-off static prassure. In this section, differences
between P, and P are very small and these quantities will ba used interchangeably.

5.1 Jets from Flat Plates

The data which provide the most detailed information on interference effects produced by sonic,
underexpanded jets exhausting from flat surfaces in subsonic external flows have been reported by
Street (98). Results for M} = 0. § are presented in Figure 59 through 61, in the form of Cp vs the norm-
alized radius ®@

} r

F = — 55
ap_ 1 2 H/2

oj |

for three values of the polar angle around the nozzle. A sketch of the polar coordinate system used is
shown in the insert of Figure 59. Itis evident that the correlation works well, except for a portion of
the o= 180 degrees ray immediately adjacent to the nozzle (Figure 6]). Additional data which have been
correlated in this manner are presented in References 76 and 89.
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Figure 69. Correlated Pressure Distribution for Circutar Nozzle Jet in Subsonic Fiow, a = 0° Ray, Dato from Reference 98

INTERFERENCE PRESSURE COEFFICIENT, Cp

Interference pressure contours are presented in Figure 62 and 63 for some of the test conditions
of Reference 98. The figures are shown in order of increasing Q, where Q - q;*/q_, at an approximately
constant value of the pressure ratio. It is evident from the figures that the scale of the pressure disturb-
ance is considerably larger than the nozzle diameter. As Q increases, the pattern becomes more sym-
metric fore and aft The upstream region of positive Cp shrinks in size in Figure 62b, and finally
disappears in Figure 63 The magnitude of the preasure:decreases as Qincreases, indicating a reduc-
tion of interference effects as the plume becomes straighter. The predominance of regions of negative
Cp_at low external flow Mach numbers is caused by entrainment of freestream flow by the jet, through
the®urbulent mixing process. The entrained mass must be replaced by a flow from the surroundings
toward the jet. This flow is irrotational, outaide of the wall boundary layer, so it must be associated
with a region of negative Cp on the wall near the jet. As external stream velocity increaces, the block-
age effect of the jet becomes increasingly important, resulting in positive pressure coefficients in the
upstreamn regivn. Even though the scale of the interference flowfield under certain conditions depends
only on the pressure ratio, the pressure contours of Figures 62 and 63 show that the flowfield itaelf
depends upon the freestream velocity.

5 2 Jets irom a Body of Revolution

Reference 76 contains 1aterference pressure data for an underexpanded jet exhausting just for-
ward of the nose juniture from an ogive-cylinder configuration The configuration was tested w.th one
vircular woszle and one slot nozzle, both of which were sonic. Data incladed forces and moments on the
model and the pressure distribution in the neighborhood of the nazz -,
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Using the coordinate system shovm in ths insert on Figure 64a, pressure coefficients along the
plane of symmetry (S = 0) are plotted in Figure 64 for ons value of the freestreamn Machnumber and vari-
ous pressure ratios. In this case, the preszure coefficient has heen defined in the conventional manner:

c .l Fe
P 9

Although the nozzle was not gultc lucuted on the cylindrical portion of the model, the sffects of curvature
have been neglected and x has been assumed io 2 squal to the distance along the model axis. Also, the
jet-off pressure distribution has not been subtracted out so that iie Cp shown in Figure 64a is not strictly
an interference pressure coefficient, The data show that the jet-off Cp is very smaii and has a negligible
effect on the curves of Figure 64a. These curves exhibit the characteristic positive pressure coafficisnts
on the windward (x < U} side, wiin iarge nogative pressure cocffictents on the leeward (x > 0) side.

Figure 64b shows the same data as Figure 642, but with x scaled by the shock intersection height,
h, from Equaiion {25). Evidently, the dala {or ail pressure rativs fall on a single curve, Data for a larger
diameter nozzle (d = 0. 33 inch) are also included in the figure, and the points corrclate well with datz for
d = 0. 22 inches, Figure 65 shows the same data correlation for cases when the freestream Mach number
is 0.20. Note that in this case, Cp is negative upstream as well as downstream of the nozzle. The data
for Mg = 0. 20 have also been corrzlated along the line x = 0, in Figure 65. In that correlation, the abscissa
represents the arc length S = Ry normalized by h,

An attempt at correlating pressure distributions obtained with the slot nozzles at the same free-
stream Mach numbers and different vaiues of the prassure ratio by scaling distances along the ogive
cylinder plane of symmastry by h given by Equation (25) is shown in Figure 66. Evidently, the correlation
is not successful. The quantity d here represents the throat chord for the transverse slot nozzle. A
formula for the Mach disk height should vary directly with P,./P,. Attempts at using this formula to
correlate the slot data described above were also unsuccessful. Indeed, it appears that no power of
Poj/P,, between 1 and 1/2 will correlate the pressure distribution. The success of the correlation tech-
nique for a circular nozzle and its failure for the slot nozzle lies in the influence of edge effects in the
case of the slot nozzle. These effects are described by Durando and Cassel (89).

5.3 Vortices Induced in a Jet

With the exception of truly two-dimensional flow, vortices are produced in the jet when it is
turned by the external flow. Durando (75, 77) has roposed an analysis describing this vortex field when
the extarnal flow is subsonic. The analysis is semi-empirical, using data on jet vortices reported by
Dahlke (91). It utilizes the assumption that the product of vortex strength and separation is a constant.
In Durando's analysis, it is also assumed that an underexpanded jet can be related to an equivalent sub-
sonic jet by the relation

d (equiv} = Ad (P /Pa,)]/z
i

where A is an empirical constant. The predicted influence of downstream distance, pressure ratio,
and orifice diameter on the vortex strength, I', is given by Durando as

28 P, \0 ¢4

e~ —— 2 (26)
0.28\ P
x 1

As shown in Reference 76, the relationship is supported by existing data.

6 SUMMARY AND CONCLUSIONS

The jet interaction flowfield is so complex that predictions of induced forces, pressure distri-
butions, concentration distributions, ctc., must rely heavily on experimental data. Accurate predictions
concerning situations which lie far outside the range of available data will require additional experimen-
tation. The simulation requirements for these experiments have been diacussed in Saction 2 2. Inter-
polation or extrapolation of data implies tha' the appropriate scaling laws are known, It is convenient to
discuss two- and three-dimensional flows separately.

The region upstream of a jet in two-a‘mensional flow is quite similar to the flow upstream of a
forward-facing step, except for the immediate vicinity of the jet or step. The equivalent step height is
approximately proportional to the ratio of a reference value of jet momentum flux to the external flow
dynamic pressure. This scaling law is subject to many restrictions and exceptions: however, many
theories contain this basic idea, although it is not alwaye explicitly stated Two of the proposed methods
for estimating the equivalent step height, when the upstream boundary layer is turbulent, are given by
Equations (14) and (19). Pressure distributions and forces in this region can be estimated from corre-
lations of data obtained from experiments in which separation was produced by cither jets or steps, such
as thoge of Figures 8 and 9, see also Equations (1), (2), and (3). When the upstream boundary layer is
turbulent, the wall static pressure distribution is a function primarily of the Mach aumber of the external
flow, the boundary layer thickness, and the e‘floctive atep height. Static pressure distributions in the
downstream reglon are not as well correlated as in the upstream region, as shown in Figures 10, 11,
and 12. The forces induced upstream of two-dimensional jets have been the subject of many investiga-
tions. The largest values of upstream amplification factor are associated with low Reynelds number,
laminar flow, low blowing rates, and upstream-inclined jots, as shown in Figure 24 Upstream ampli-
fication factors produced by underespanded, normal, sonic jets in turbulent flow lig batween approai-
mately 2 and 3 for a wide range of external flow Mach and Reynolds numbers Many analyses have been
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proposed for the prediction of induced forces in this situation, the results of which are compared with
data in Figure 27. The inconsistencies to be found among nominally very similar experiments preclude
the possibility of recommending a "best' analysis; several of the proposed methods give results which
seem consistent with the data.

The contribution to interaction force by pressures downstream of the two-dimensional jet at
supersonic Mach numbers less than about 4 or 5 acts in the direction opposite to that of the jet thrust,
a situation which is normally regarded as unfavorable interference. At higher Mach numbers, a signif-
icant positive contribution to the interaction force can coms from the downstream region, as shown in
Figure 22 and by the static pressure correlations of Figures 10, 11, and 12.

The flowfield associated with a jet from a finite-span slot is a function of the ratio of effective
step height to slot span  Situations in which this ratic {s small enough that even the central portion is
nearly two-dimensional are seldom found in practice bocause significant lateral flows occur in the
upstream recirculation region even at relatively small values. The bow shock wave formed upstream
of the jet in this situation wraps around the ends of the jot., and produces regions of increased wall static
pressure downstream and to either side of the jet nozzle axit, This effect can provide a significant con-
tribution to the interaction force, and becomes the dominant mechanism in the case of a jet from a cir-
cular nozzle.

The interference flow associated with a jet from a circular nozzle in a flat plate has some of
the characteristics of the flow past a blunt nosed slender budy. The main features of this type of flow-
ficld are contr.lled to a niuch smaller extent by separation than in the two-dimensional case, Predic.
tions of flowfield features such as shock shapes, distributions of pressure and injectant concentration
and induced {urces can hest be made by interpolation or extrapolation of data. The first order ncalin
iaw for the three.dimensional {lowfield is the axisymmetric analog of the two-dimensional one, nama?y,
the cffective bluntness dimension anssociated with the jet iz proportional to the square root of the ratis
of a reference value of jet momentum flux to the freestream dynamic pressure, see Equation 24. A
variation of this technique has beea reasonably successful in correlating shock shapes, as shown in
Figure 54, Wall static pressure data have been correlated fairly well by this method, see Figures 42
and 44, but variatiune in Mach number, state and relative thickness of the boundary layer, and injectant
molecular weight ur temperature algo are important. A swnmary of induced force measurements is
given in Figure 55. The mouat imp.rtant variable may be the scale of the disturbance produced by the
jet relative to the plate size or boundary layer thickness,
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When the external flow s subsonic, entrainment of mass from the external flow by the jet is an
important effect, which tends to induce negative pressure coefficients near the nozzle exit when the
external flow velocity is low, At subsonic Mach numbers significantly less than unity, the static pres-
sure replaces the dynamic pressure as the most important quantity which characterizes the external
flow, and the characteristics dimenaion of the flow field is proportional to the square root of the pres-
sure ration, as shown in Section 5.0

A few examples of data for jets exhausting from bodies of revolution are also included. It is
shown that interference forces can be quite sensitive to the geometry of the body from which the jet
exhausts. Even on 2 simple hody of revolution in axisymmetric flow, the interference pressure distri-
bution is quite sensitive to the shape of the jet exit, as shown by comparing Figures 65 and 66.

A phenomena associated with jet interaction which can be quite significant in some practical
applications hag received little attention. The far wake of the interaction includes a vortex field which
can have significant effects when lifting surfaces are Ic -ated downstream of jet controls. Limited inves-
tigations of the phenomena are discussad in Section 5. 3.
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