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Applying Jet Interaction Technology

Louis A. Cassel*
Northrop Grumman Mission Systems, San Bernardino, California 92402

The state of the art in aerodynamics engineering associated with the design and/or evaluation of reaction controls
on flight vehicles operating in the atmosphere is reviewed. Various configurations of the aerodynamicsinterference
problem are described to partition domains of the problem. To maintain an applications frame of reference,
those descriptions are in the context of the dominant phenomenology observed under differing flight environment
and vehicle geometry combinations. Following that, approaches to predicting or evaluating interference effects
are reviewed. Approaches to the design of subscale wind-tunnel tests are discussed with a view toward relating
appropriate scaling law approximationsto the different domains of dominant phenomenology. Then results, found
in the literature, describing the evolution of analytical and computational modeling are reviewed. Finally, some
conclusions and observations on the state of the art are offered.

Nomenclature

S
|

reference area

speed of sound

coefficient of specific heat

drag coefficient

thrust coefficient

discharge coefficient of jet nozzle

diameter of jet nozzle (throat unless
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measure of jet plume height

= amplification factor defined in Eq. (2);
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= coefficient of thermal conductivity

control moment lever arm
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= mass; mass flow rate when dotted;

molecular weight when scripted

pressure

Prandtl number; Eq. (4)
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jet thrust; temperature
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Subscripts
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flow condition at the edge of the mainstream

flow boundary layer

= jet flow (at sonic point unless otherwise specified)
stagnation condition for flow parameter

flow conditionin a uniform mainstream

= freestream flow condition outside the influence

of the vehicle or jet
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I. Introduction

OR more than 40 years it has been recognized that operation

of reaction controls on vehicles in atmospheric flight results in
aerodynamic interference between the reaction control plume and
flow overthe vehicle. The resultof thatinterferenceis achangein the
pressure distribution (and, in supersonic flight, the aeroheatingdis-
tribution) on the vehicle surface. That is, qualitatively, the activation
of the reaction control produces forces and moments on the vehicle
that are similar to those resulting from the deployment or deflec-
tion of a control surface. These aerodynamics forces and moments
add to the reaction thrust forces produced by the jet. It is a vector
addition because the aerodynamic interference-induced forces can
frequently be in different directions than that of the reaction control
force.

A great deal of research, analytical and computational modeling,
as well as ground and flight testing has been associated with these
aerodynamicsinterferenceeffects. Applicationshavebeen mostlyin
connection with missiles and reentry vehicles. Several surveys have
reviewed various aspects of researchand engineeringaddressing the
phenomena. In the early stages of the developmentof understanding
and applications, Spaid and Cassel surveyed the understanding of
the phenomenology and applicationsin the unclassified literaturein
1973, as reported in Ref. 1. That survey relates references, in a bib-
liography of 93 citations, to aspects of the phenomenologyto which
they pertain. Recently, Roger surveyed the applications literature
in Ref. 2. A bibliography of 169 references that document applica-
tions, wind-tunneland flight testing over the past 40 years, many of
them previously classified, is providedin that survey. It summarizes
aspects of the interaction phenomena and parameters for scaling
wind-tunnel testing for control system design applications.

The objectives of this review are 1) to summarize the state of
the art in understanding the phenomena that occur with respect to
reaction control operation on missiles and reentry vehicles, 2) to
review the considerationsand theories associated with the design of
subscale wind-tunnel testing to simulate the phenomena, and 3) to
review the progressin analyticaland computationalmodeling of the
interference effects induced by the phenomena.

In this survey, various configurations of the aerodynamics inter-
ference problem are described to partition domains of the problem.
To maintain an applications frame of reference, those descriptions
are in the context of the dominant phenomenology observed under
differing flight environment and vehicle geometry combinations.
Following that, approaches to predicting or evaluating interference
effects are reviewed. Approaches to the design of subscale wind-
tunnel tests are discussed with a view toward relating appropriate
scaling law approximations to the different domains of dominant
phenomenology. Then results, found in the literature, describing
the evolution of analytical and computational modeling approaches
are reviewed. Finally, some conclusions and observations on the
state of the art are offered.
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II. Domains of the Problem

The phenomenadefining the domain of thisreview are the interac-
tions of the plume from a sonic or supersonicreaction controlnozzle
with a transverse flow engulfing the plume. In some configurations
there are multiple nozzles and plumes. This defining phenomenon
is common to all configurations of reaction control induced aero-
dynamic interference considered. As shown in Fig. 1, the plume is
turned by the transverse flow, and the transverse flow is diverted
by the presence of the plume. The transverse flow boundary layer
over the vehicle surface is separated upstream of the nozzle exit. A
wake is created on the leeside of the plume relative to the transverse
flow. Vortices are formed in this wake. Which of these phenomena
dominate depends on the flight conditions, the plume conditions,
the geometry of the vehicle, and the location of the plume relative
to that geometry.

In general, discussions in this review will address the interac-
tions of a non-reacting perfect gas jet with flow in a perfect gas
atmosphere. The two perfect gases are presumed to have different
properties. This is the problem studied in most experimental and
computational investigations reported in the literature. There are
two considerations that may have major effects on all of the phe-
nomenainvolved. These are the location and behavior of boundary-
layer transitionon the flight vehicle and the presence of chemistryin
the nozzle plume (or in the transverse flow under some hypersonic
flight conditions). These are not addressed in the following discus-
sion of phenomena domains, scaling, or prediction methods. They
are discussedlater in separate sections. As described there, there are
particular situations where these aspects of the flow are dominating
considerations.Boundary-layertransitioncan dominate the interac-
tion phenomenologybehavior in two-dimensional flows. Reactions
canhaveasignificanteffecton controlforcesin circumstanceswhere
the jet plume chemistry includessignificant combustionin the plume
interactionregion.

Asinmostaerodynamicsproblems,the most fundamentalchange
in governing phenomenais the presence, or absence, of shock waves
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Fig. 1 Interaction region centerline plane.

(other than those in the jet plume) in the interaction region. Conse-
quently, interaction phenomena in supersonic flight behave differ-
ently than those in subsonic flight. The emphasis here, as it has been
in applications,is on the supersonic flight case. However, the differ-
ing behavior of interactions in subsonic flight will be summarized.

A. Near-Field Interactions

Most of the literature addressing reaction control-induced inter-
actions deals with the phenomenain the immediate vicinity of the jet
exit. In designing for favorable interference, it is the magnitude and
distribution of interaction-inducedpressures on the vehicle surface
in this region that provide the favorable amplification of reaction
control forces.

1. Interaction in Supersonic Flight

When the flight Mach numberis supersonic,the phenomenain the
interactionregionnear the jet plume can be viewed as the superposi-
tion of three-dimensional effects on an idealized, two-dimensional
interaction. In the idealized case, the flow over the vehicle surface is
presumed to be uniform and parallel. The jet exit is an infinite span
slot aligned perpendicular to the flow. A schlieren photograph of a
wind-tunnel representation of such a flow is shown in Fig. 1.

The vehicle model in this hypothetical case is a two-dimensional
planer wing with a sharp leading edge. Qualitatively, the resulting
interaction flowfield is representative of the plane of symmetry of
a three-dimensional interaction with a plane of symmetry. An ex-
ample of the latter is the interaction in the plane of symmetry of
a body of revolution, for example, cone or ogive-cylinder, with a
circular nozzle jet aligned in that plane. A more complex example
is an aircraftlike configuration with a similarly aligned circular jet
nozzle. The analogy holds even when angle of attack is introduced,
as long as the geometry and flow have a common plane of sym-
metry. (Differences between the two-dimensional flow and the flow
outside the plane of symmetry of the three-dimensional flow will
be discussed later.) The major features of the two-dimensional flow
are illustrated in Fig. 1 from Ref. 1. Detailed descriptionsare found
in Refs. 3-5.

The shock structure within the underexpanded jet that interacts
with an external flow is quite similar to the shock structure within an
underexpandedjet exhaustinginto a quiescentmedium for at least a
few exitdiameters from the exit plane. When the jet is highly under-
expanded, most of the jet flow passes through a normal shock before
it is turned to the external-flow direction. A shear layer surrounds
the jet plume at the exit.

In the flowfield shown in Fig. 1, the boundary layer is separated
upstream of the jet location and a shock wave, labeled separation
shock, originates near the separation line. The separated external-
flow boundary layer meets the shear layer at the upstream boundary
of the jet to form the mixing layer between the jet plume and the
external flow. A shock wave, labeled bow shock in Fig. 1, originates
in thisregion. The multiple images thatcan be seen for the separation
shock, the bow shock, and the recompression shock indicate that
the flow is somewhat unsteady and that the distance through which
the shock waves move is much smaller than the separation distance.
Studies of supersonicand hypersonicturbulentboundary-layerflow
over solid spoilers and ramps, including measurements of static
pressure fluctuations, such as those in Refs. 6 and 7, have shown a
significant degree of flow unsteadinessin the separated region. The
staticpressure P, risesin the vicinity of separation,reachesa plateau,
P, (data from some experiments show a first peak), and rises again
in the immediate vicinity of the jet, P,. Static pressure and flow-
visualizationdata indicate that this pressure distributionis the same
whether the flow interference is caused by a jet or by a forward-
facing step. However, to satisfy the boundary conditions, when a
jet causes the separation, at least two counter-rotating vortices are
required within the upstream separated region.

A second separated region exists downstream of the jet. This re-
gion has some of the characteristics of the separated region found
in flow over a rearward-facing step. When the external flow is su-
personic, the static pressure immediately downstream of the jet,
P;, is less than the static pressure of the undisturbed flow, P, as
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Fig. 2 Effects of finite span nozzles in uniform flow.

shown in Fig. 1. The geometry of the downstream separated region
shown in Fig. 1 implies a wake followed by a component of veloc-
ity normal to the wall upstream of reattachment. A recompression
shock is required to turn the flow parallel to the wall. In hypersonic
flow, downstream pressure distributionsin which the ratio P,/ P; is
always greater than unity are reported in several sources, such as
Ref. 8.

The most prominent three-dimensional effects, away from the
plane of symmetry in the vicinity of the jet exit, are those due to
the wraparound of the interactionbow shock. These are most easily
visualized by replacing the infinite span slot jet in the hypothetical
interaction model with a finite width slot (or circular cross section)
jetnozzle. Figure 2 (following Ref. 9) shows static pressure distri-
butions for nearly two-dimensional flow and for a finite-span slot.
In the case of the finite-span slot, the length of the separated region
decreases,and the interactionregion extends outboard from the ends
of the slot. If the height of the effective obstruction produced by the
jet is sufficiently small relative to the slot span, the plateau pres-
sure measured along the centerline plane of symmetry will remain
almost unchanged.

The principal difference between phenomenain the idealized sit-
uation (representing an infinite span jet) and the situation where the
plume span is finite is the downstream running parabolic locus of
the interaction region around the jet plume. In contrast to the two-
dimensional situation, in which the entire external flow must go
over the jet-induced obstruction, the flow can go around the three-
dimensional jet, resulting in a curved interaction shock. As shown
inFig. 2, this difference changesboth the shape and the extent of the
interactionregion. In the centerlineplane of symmetry, the length of
the interaction region is shortened, reducing the interaction forces.
At the same time, higher pressures near the interaction shocks are
wrapped around the plume, adding to the interaction force compo-
nent generated in this region. Whether the net effect is an addition
or subtraction, for a finite-spanplate, is likely to depend on all of the
parametersthat effect the interaction. From an applicationsperspec-
tive, it is more important to consider the complexities introduced,
in the three-dimensional case, by vehicle geometry differing from
the idealized flat plate.

When the flat plate geometry is replaced with a body of revolution,
the fundamental near-field phenomena present in most applications
of reaction controls to flight vehicles can be visualized. An exam-
ple is the interaction between an axisymmetric underexpanded jet
and flow over an axisymmetric (ogive-cylinder planform) surface
from which the jet exhausts. This phenomenon is shown in Fig. 3.
The shadowgraph photograph and photograph of an oil-flow exper-
iment are from data reported in Ref. 10. The jet exhausts from a
sonic orifice located on the midbody of an ogive-cylinder at zero

b) Oil flow on the surface of interaction region

Fig. 3 Jet interaction on an ogive-cylinder body of revolution.

angle of attack. The boundary layer approachingthe jetis turbulent.
Interpretationsof this flow have been offered in Ref. 11.

As shown in Fig. 3a, the jet plume presents an obstacle to the
external flow, which causes a strong shock and separates the bound-
ary layer upstream of the jet, just as in the case of the flat plate.
As aresultof high pressures immediately downstream of the plume
induced boundary-layer separation, and mixing between the two
streams, the jet is turned in the direction of the external flow. A
three-dimensional shock structure forms in the jet plume as it is
turned, bounded by a three-dimensional mixing layer. Strong mix-
ing is indicated by the turbulence near the leading edge of the jet
plume. The mixing layer surrounds the plume and reattaches to the
body downstream (approximately one body diameter downstream
of the jet exit in Fig. 3). Downstream of the jet exit, in the region
where the mixing layer surrounding the jet reattaches to the body, a
set of vortices forms in the jet wake. The patternsin the oil flow, on
the sides of the jet wake, shown in Fig. 3, are believed to be related
to these vortices. A wide range of flow-visualization data for jet-
induced interference on bodies of revolutionis providedin Ref. 10.

2. Interaction in Subsonic Flight

In the literature,and probably in application, far less attention has
been givento the interactionof underexpandedjets with mainstream
flows in subsonic flight. The principal occurrence of this situation
has been with reaction-controlledtactical missiles. A broad evalua-
tion of the jet interaction phenomena associated with this subsonic
mainstream was givenin Ref. 12. A comparisonof interactionflows
insupersonicand subsonicflight conditionsis shownin Fig. 4. These
shadowgraphsillustratethe dramatic differencesin the apparentpen-
etration of the jet into the mainstreamin the two cases. As discussed
in Ref. 12, the dominating scale factor for the subsonic flight case
is the height of the strong shock (frequently called the Mach disk)
in the underexpanded jet plume. (Recall the restriction of the do-
main of interest here to interferenceinvolving sonic and supersonic
jet plumes, as opposed to interference involving subsonic jets that
is included in Ref. 12.) In the absence of the pressure increase as-
sociated with the shock waves in supersonic flow, the jet plume
is virtually undisturbed by the mainstream until after the dynamic
pressure of the jet is reduced by the strong shocks in the plume.
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Fig. 4 Interaction in supersonic and subsonic mainstreams, shadowgraphs of interaction flowfield (U) (data from D. J. Spring, AMICOM).

Asillustratedin Ref. 12, interferencepressuredistributions,in the
region of the jet plume, are similar to those observed in supersonic
flight for Mach numbers at least as low as 0.8. However, for very
low freestream velocity, at least up to a Mach numbers of 0.2, the
interferencepressuresbehave much differentlythan thoseassociated
with supersonic flight. As discussed in Ref. 12, in connection with
subsonic jets interacting with subsonic flows, a limiting interaction
condition exists when the freestream velocity approaches zero. In
the limiting case, the jet is the only significant flow, and only the
jet affects the pressure distribution on the surface from which it
exhausts. The result, for a circular nozzle, is a near axisymmetric
interference pressure distribution. In this case, approximated by the
flow illustrated in Fig. 4, the jet acts like a pump entraining the
ambient air. The result is negative pressure coefficients throughout
the interactionregion.

As described in Ref. 12, the conventional interference pressure
coefficient, normalized by freestream dynamic pressure, is singu-
lar in the limiting case of zero freestream velocity. To address this
singular behavior, the analyses reported in Ref. 12 define an inter-
ference pressure coefficient normalized by ambient static pressure
rather than dynamic pressure. It could be argued that the jet dy-
namic pressure is the more meaningful normalizing parameter in
the limiting case. The logic for selecting the Mach number where
transition occurs from one normalization to the other, irrespective
of which normalizing criterion is chosen, is yet to be deduced for
flight vehicle applications.

With use of data from Ref. 13, interference pressures induced
by plumes from rectangular slot nozzles are analyzed in Ref. 12.
The data include slot nozzles of two different aspect ratios, on an
ogive-cylinder body of revolution, with the jet axis perpendicular
to the mainstream. The difference in behavior between interaction
pressures associated with these and interaction pressures associated
with circular nozzles is distinct. When the nozzle is rectangular,
the interference pressures fail to correlate with dimensions associ-
ated with the size of the jet plume, even when the subsonic Mach
number is high. Consequently, it is concluded that they are affected
by some interaction phenomena other than blockage. Clearly the
entrainment phenomenon that dominates the limiting case of van-
ishing mainstream velocity is always present. It is likely that this
influence of viscous mixing at the jet boundary is enhanced by the
distinctly different geometry of the boundary, particularly the rel-
atively angular edges of the plume, in the case of rectangular slot
nozzles. As discussed in connection with interactions between sub-
sonic jets and subsonicstreamsin Ref. 12, it is likely that the mixing
process at the jet boundary generates streamwise vortices. In super-
sonic mainstreams, these vortices do not appear to influence the
interaction pressures until a distance downstream of the nozzle is
reached, where the jet plume is turned to the streamwise direction.
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Fig. 5 Jet concentration profiles in the interaction wake.

In the case of slot nozzles in subsonic flow, they appear to influence
interaction pressures in the vicinity of the jet exit.

B. Far-Field Interactions

There is substantial evidence that, in supersonicflight conditions,
the influence of the interaction persists far downstream of the jet
plume (where that distance is measured in comparison to the pene-
tration of the jet into the mainstream). Figure 5 shows cross sections
of jet concentration contours from Ref. 14, as described in Ref. 1.
These were measured at locations 2.08 and 12.3 times the penetra-
tion height downstream of a point where the forward extrapolated
bow shock would intersect the surface forward of the jet exit. The
penetration height is calculated from the momentum balance rela-
tionship in Eq. (1) from Ref. 15. This persistence is manifested in
a wake of the interaction region that affects pressure distributions
on surfaces of the flight vehicle far downstream of the jet exit. The
effects can range from subtle mass and energy addition to the pres-
ence of an otherwise (jet off) separated flow region to very dynamic
impingement on downstream surfaces by the plume:
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Fig. 6 Vortices in the wake of the interaction region.

One phenomenon associated with the downstream wake of the
interaction can be quite significant in some practical applications.
It has the potential to generate forces and moments on aerodynamic
surfaces relatively far downstream of the jet nozzle exit. The wake
includes a vortex field aligned generally in the direction of the main-
stream flow. Because of this alignment, forces produced on down-
stream surfaces are likely to have components that are not aligned
with the jet thrust. The result is usually the occurrence of aerody-
namic moments out of the plane of the jet thrust vector (or cross
coupling moments) induced by activation of the reaction controls.

The magnitudes of components of lateral velocity in the jet-
induced vortices have been reported by Dahlke.'® An example of
measurements made by Dahlke is shown in Fig. 6. The velocities
were measured with a calibrated multi-orifice pressure probe. They
are in the cross section plane, 8.63 body diameters downstream of
a sonic jet exit. The jet exit is three calibers from the origin of
a four-caliber ogive nose. It exhausts normal to the surface of an
ogive-cylinder at zero angle of attack. Durando and Cassel have
derived correlations of data such as these to model the strength of
these vortices.!?

C. Influence of Boundary-Layer Transition

Jet interaction is a shock-boundary-layer interaction phe-
nomenon in supersonic flow, and it clearly involves viscous shear
layer mixing and entrainment in subsonic flows. Consequently, the
phenomena associated with it are influenced by the state of the
boundary layer relative to transition from laminar to turbulent flow.
When that state is near transitional, the interaction phenomenahave
been observed to influence the state, that is, propagation of the sep-
arated flow region described in Sec. II.A upstream can accelerate
transition if the interaction is near the transition points.

Reference 1 documents the substantial research associated with
relating the two-dimensional jet interaction upstream phenomena
to the behavior of boundary-layerseparation upstream of forward-
facing steps. The interaction flowfield phenomena are clearly dom-
inated by the condition of the boundary layer and are Reynolds
number dependent when the boundary layer is laminar.

In the three-dimensional-fow case, when the plume span is small
relative to dimensionsof the vehiclein the vicinity of the interaction,
the dependence of the interaction on the condition of the boundary
layer approaching the interaction region is not well established.
An important example illustrating this condition is a small-radius
circular nozzle jet exhausting from a body of revolution, where the
nozzleradiusis small compared to the body radius. Unfortunately, it
is not clear what geometry or flow conditionsin the flow interaction
affectthe change,from dominanceof the interactionby the transition
condition of the boundary layer, to relative insensitivity to it.

In practice, the design engineer is well advised to pay close at-
tention to the state of the boundary layer in any of the approaches
to jet interaction engineering solutions discussed in Sec. III.

D. Influence of Flow Chemistry

Since jet interaction phenomena involve two flows, there are as-
pects of flowfield chemistry associated with both of them, and in
some cases with the relationship between them.

The chemistry in the mainstream flow is only a concern in high
Mach number hypersonic flight. Obviously, the effects that influ-
ence the aerodynamics and aerothermodynamics of the vehicle in
the absenceof the jetapply to the jet interactioneffects. In this flight
condition, the jet interaction bow shock described in Sec. IL.A is a
very strong shock. On otherwise slender body vehicle configura-
tions, it may generate temperatures, and therefore flow chemistry,
not present elsewhere in the vehicle flowfield.

The flow chemistry associated with the jet plume has several
facets, depending on the design of the interaction system. An ap-
proachtointeractionenhancementin some applicationsis to deliber-
ately formulate the reaction control propellantsto create exothermic
reactionsin the plume interaction. This has been referred to as exter-
nal burningjetinteraction. There is a body of applicationsliterature,
including models for predicting the interaction enhancement sum-
marized in Ref. 2. Even when this is not an aspect of the design, the
possibility of afterburning in the plume is frequently present. The
methods of analysis developed for external burning jet interaction
should be considered if this phenomenon is expected to be signif-
icant. The potential for applications of computational methods is
summarized in Sec. IV.B.

III. Engineering Problems

The design of a reaction-controlsystem for an environmentwhere
aerodynamicinterference will occur adds substantial aerodynamics
complexities to the conventional problem of designing reaction-
control systems for operation in a vacuum. To differentiate the
former, the control system will be referred to as a jet interaction
(JI) control system in the following discussion. In the engineering
applications involving JI-control systems, there are two classes of
problems most commonly encountered. One class addresses the de-
sign of a JI-control system. Its solution is the configuration of jet
and vehicle parameters, with the most efficient combination of re-
action and aerodynamic interference forces that provides attitude
control over the intended flight envelope. The other class addresses
the evaluation of unintended aerodynamic interference forces on
a configuration designed for an environment where aerodynamic
interference is absent (or not anticipated). Its solution is the char-
acterization of the variation of the interaction-inducedforces with
the parameters describing the flight envelope. In most cases of the
former class encountered by the author, the designer selecting the
vehicle/control configuration focuses on local, favorable interaction
effectsin the vicinity of the jetexit. Incasesinvolvingthe latterclass,
the principal concernis usually with unfavorableinteraction effects
at locations on the vehicle more remote from the jet nozzle exit.

A. Designing for Favorable Jet Interaction

The principal objective in the design of attitude control systems
is to create and sustain attitude trim moments over a specified flight
envelope. The optimization objectiveis to generate attitude control
moments, about the vehicle c.g., with minimum weight and vol-
ume of apparatus and minimum expenditure of control actuation
energy. For reaction-control systems, this generally leads to selec-
tion of the configurationrequiring minimum thrust. The first design
attribute sought is localization of the control force as far as possi-
ble from the c.g., thus, maximizing the control moment associated
with any force produced. This attribute is attained when the center
of the interference-inducedforces is close to the reaction jet noz-
zle exit. For supersonic flight applications, there is a large base of
experience providing guidance toward achieving these objectives.
For subsonic flight applications, the description in Sec. II of pres-
sures induced by interaction of a jet plume with a subsonic stream
indicates that designing for favorable interaction forces is more
problematic.

In some recent applications, another objective has been added
to the reaction control implementation. As discussed in many of
the references in Sec. IV.B, the reaction control on some ballistic
missile defense interceptors is sized to provide maneuver forces
under low dynamic pressure flight conditions. In these cases, the
thrust magnitude must be of the order of the aerodynamic forces
(or larger). Under these circumstances, the plume dimension will
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be comparableto a body dimension. Both the low dynamic pressure
and the large plume conditions drive the interaction phenomena
to the region where the amplification factor will be low (or even
negative).

It has become common to define the net control force produced
by a JI control in terms of a parameter referred to as the amplifi-
cation factor. In this discussion, two amplification factors are used.
One is the force amplification factor K. The other is the moment
amplification factor K. The force amplification factor is defined
as the ratio of the total force produced, by the sum of the thrust and
aerodynamic interference, to the thrust of the jet in a vacuum:

K = (thrust + interaction force) /vacuum thrust 2)

where K is a vector and vacuum thrust is a scalar. It is important
to separate the vector components of the amplification factor when
there is no plane of symmetry in the flowfield.

The moment amplification factor is the ratio of the control mo-
ment produced to the moment (about a specified reference) that
is produced by the vacuum thrust of the reaction control. In this
definition, the vacuum thrust moment is a scaler. The moment am-
plification factor and the total control moment are considered to be
vectors, that is,

KM = (Mon - Moﬂ)/”Tv' (221)
where
M,, = moment aboutreference with jet on
M, = moment about reference with jet off
[ = moment arm of thrust to reference
T, = vacuum thrust

The objective of JI-control system design is to realize high-
amplification factors. Typical values of force amplification factors,
achieved with circular nozzles on a flat plate, are shown in Fig. 7,
from Ref. 1. As indicated by these data, it is quite common (in ap-
plications that lend themselves well to JI controls) to experience
forces due to the aerodynamic interaction that are larger than the
thrust force. In general, that is only the case when the size of the jet
plume is small compared to the cross-sectional radius of curvature
of the vehicleat the jet location. The size of the jet plume must be de-
termined from a meaningful scaling parameter, such as determined
by Eq. (1) or equations such as those discussed in Sec. IV.

1. Influence of Jet Location on Vehicle

The descriptionin Sec. II of the interaction phenomena near the
jet exit in a supersonic mainstream indicate an increase in pressure
forward (upstream) of the jet exit. These (favorable) interaction
pressures follow the locus of the JI bow shock intersection with the
vehicle surface in near parabolic contours around the jet (in the ab-
sence of local vehicle geometry discontinuities)as shown in Figs. 2

4
>
o g
93
2 o ©
=
z M, REF| o <
= — O 1 15 O
22
Q g 1 38 uo o
E a 3 15
= | e ° © e
W1 4% -0.25in.
] ¢ =10
[
0 I [ L NN
w? 103 10

PRESSURE RATIO, P, [P,
J o

Fig. 7 Typical force amplification factors on a flat plate.

and 3. Directly downstream of the jet exit are pressure reductions
on the vehicle surface, in the wake of the flow around the plume, as
shown in Fig. 1. It seems obvious then, and has indeed been shown
to be the case, that the JI-control configuration approachis to locate
the jet exit near the aft extent of the vehicle surface. This creates
the largest control moment arm available while minimizing the ve-
hicle surface area affected by the pressure reductions downstream
of the jet exit.

Conversely, locating the jet exit forward on the vehicle exposes
lifting surfaces downstream of the plume interaction to the gener-
ally unfavorable interference phenomena in the wake of the prin-
ciple interaction. These begin with the pressure reduction on the
vehicle surface directly downstream of the jet exit, which results
in a force component opposing the thrust direction. Whether this
unfavorableeffect counters the influence of pressure increase along
the interference bow shock contour depends on the ratio of the in-
teraction disturbance height to the local radius of curvature of the
vehicle surface transverse to the flow. When the ratio is large, and
the curvature is convex, the shock wraps around to surfaces where
the force elements due to the interference pressure increase are ei-
ther less effective in or counter the direction of the reaction thrust.
As the relative disturbance size is reduced, more of the pressure
increase contour is effective in generating favorable direction force
elements. Finally, if the curvature is concave (or if the local interac-
tion region is confined by elements of vehicle surface, such as fins
or strakes, which confine the interaction shock) the interaction bow
shock can be amplified by reflection. In this latter case, the favorable
effects can definitely overcome the unfavorable effects of pressure
reduction in the wake of the plume.

A typical result of locating the jet forward, on a continuously
convex body of revolution, is shown in Fig. 8, from Ref. 11. These
results represent an opposing extreme in comparison with the re-
sults for the aft-mounted jets, on an idealized configuration with no
curvaturein the crossplane,in Fig. 7. Obviously, the interaction can
be so detrimental as to negate the control moment expected in the
absence of interaction. As shown in the inset in Fig. 8, the configu-
ration to which these data apply not only has the jet located forward,
but also has lifting surfaces downstream of the jet. Consequently,
they may interact with the jet wake. An example of this type of
interactionis discussed in connection with JI on the space shuttlein
Sec. IIL.B.

2. Influence of Jet Nozzle Parameters

As discussedin Ref. 1, a gooddeal of researchhas been dedicated
to evaluation of the effect of jet exit Mach number on the interac-
tion phenomena. In general, undergoing expansion in the nozzle, a
supersonic jet expands less at the nozzle exit and presents a nar-
rower obstruction to the external flow than an underexpanded sonic
jet having the same mass flow rate. Therefore, higher exit Mach
number jets cause relatively smaller interference forces when the
nozzleis perpendicularto the mainstream flow. This effectis shown
in Fig. 7. In this case, data are presented in the form of amplification
factor vs pressure ratio for constant external flow conditions and
constant nozzle throat diameter. Note that the decrease in interac-
tion force resulting from the increase in M, is a larger effect than
the increase in jet thrust. The effect of inclining the thrust axis of
a circular jet relative to the external flow direction has been inves-
tigated in several experiments, such as those reported in Refs. 17
and 18. In general, inclining the nozzle upstream will increase the
effective disturbance size and the interaction force. The penetration
height model represented by Eq. (1) from Ref. 15 was modified in
Ref. 17 to include the effects of forward inclination. The result is
that at the penetration height 2 given in Eq. (1) must be multiplied
by the ratio

1
2

h/hnormal = [1 + (‘/g/a;k) sin¢]

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. Note that the implication of this scaling is that
increase in the exit Mach number for a forward inclined thrust axis

3)
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increases the penetration height. Because the forward inclined jet
pushes the favorableinteractionregion upstream, thus increasing the
area of favorable interaction, increases in the jet exit Mach number
wouldbe expectedto have a favorableeffect. Thathas beenobserved
in experiments.

The centerline pressure distributions for inclination forward and
aft from normal to a uniform supersonicstream are shown in Fig. 9,
from Ref. 1, based on data from Ref. 17. Also shown (by the solid
line) are data for no inclination, ¢ = 0. The effectof forward inclina-
tion driving the upstreamboundary-layerseparationfarther forward
hasbeenobservedin otherexperiments.The downstreaminclination
effect on downstream pressure distributions would not necessarily
be expectedto scale very well with the penetrationheightcalculated
by Eqgs. (1) and (3) because the assumptions from which they were
derived are based on a blockage model. They do not include the
effect of entrainment and mixing at the jet boundaries.

An aspect of jet nozzle geometry that provides significant control
over the aerodynamicinterferenceis the cross-sectionalshape of the

Fig. 10 Interaction pressure contours for a pair of jet nozzles.

nozzle, or geometry of a cluster of nozzles. As reported in Ref. 19,
there is evidence that multiple circular nozzles in a line transverse
to the oncoming mainstream produce an interaction that is similar
to that associated with a jet from a finite-span slot, such as reported
in Ref. 15. The interference pressure distribution associated with
two circular jets, closely spaced transverse to the mainstream flow
over a flat plate, is illustrated in Fig. 10, from Ref. 1, based on data
fromRef. 19. As shown in Fig. 10, the high pressuresupstream span
the distance between the circular nozzles separated by eight nozzle
diameters.

The effects of secondary jet thermodynamic properties, on aero-
dynamic interference generated by a three-dimensional jet, have
been the subject of several investigations. In the perfect gas case
addressed here (and in most cases in the literature involving experi-
mental data), these effects are represented by changes in the molec-
ular weight and stagnation temperature of the jet. Most of the early,
fundamental research is reviewed in Ref. 1. Much of it dealt with
the case of two-dimensional jets. The literature pertaining to jets
from transverse slots is reviewed in Refs. 20 and 21. It appears that
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the influences on interaction forces, in the immediate vicinity of the
jet (particularly upstream of it), that are independent of changes in
the jet momentum are higher order than those that correlate with jet
momentum changes. It is likely this case can only be demonstrated
for those situations where the principle phenomenoninvolvedin the
interaction is the blockage of the mainstream by the jet. That is the
case addressed in most of the research. In the cases where the jet is
on the leeside of a body at angle of attack, or near a separated flow
region on a complex configuration, the blockage model may not be
adequate. The mixing and entrainment process, not accurately rep-
resented by the momentum ratio models, may have more significant
influence on interaction pressures. Some of these situations are ad-
dressedin Ref. 22. (See the remarks on interactionson space shuttle
in Sec. [11.B.)

B. Evaluation of Unintended JI

The approach to evaluation of unintended aerodynamicsinterac-
tion with reaction control plumes should begin with the selection
of candidate interaction phenomena that might be associated with
unintended interaction. In each case, the objective of the evaluation
must be defined because it is not the result of engineering design
processes. Generally, the evaluation situation results from one of
two circumstances (or both). The first is a decision to employ re-
action controls designed for exoatmosphericuse under atmospheric
flight conditions. The secondis the discovery of unattributableflight
dynamics anomalies that occur when reactioncontrols are activated,
sometimesin only segments of the flight envelope (in Mach number,
angle of attack, and altitude coordinates). An example of the latter
is discovery of reduced control effectiveness and extraneousrolling
moments on a short-range missile with stabilizer fins downstream
of the jet (as in the example in Fig. 8). This example is the subject
of evaluations reported in Ref. 11. There are two examples of the
former that have been the subject of considerable engineering ef-
forts reportedin the literature. One is associated with the kill vehicle
componentof the theater high-altitude area defense (THAAD) mis-
sile defense system. Results of that evaluation are summarized in
Ref. 23. Application of computational methods in that evaluationis
describedin Sec. IV.B. The other is associated with the space shut-
tle reentry configuration. The results of that evaluation have been
well documented in Refs. 22 and 24, which provide an excellent,
accessible history of a major engineering effort.

Late in the development of the space shuttle, the use of the
reaction-controlsystem, originally designed for onorbit operations,
was adapted to the early reentry portion of atmospheric flight.
There had been earlier NASA experience with unintended inter-
action on the X-15 research aircraft program. (In that case, unin-
tended rolling moments were observed when reaction jets oriented
to provide exoatmospheric yaw control, were activated at exo-to-
endoatmospherictransitionaltitudes.)Consequently,an engineering
analysis and ground-testing program was performed to characterize
the unintended interference from the space shuttle control jets over
the intended reentry flight envelope.

The geometry of the space shuttle and its reaction controls is
shown in Fig. 11, reproduced from Ref. 22. Early assessments (not
described in the references) of aerodynamics interference associ-
ated with operation of the forward-mounted yaw control thrusters,
at high angle of attack in early reentry, indicated substantial out-
of-plane rolling moments would be introduced if they were used.
These appeared to be associated with the far-field vortex system, in
the wake of the forward yaw control jet plume interaction(described
in Sec. II), on the side of the forward fuselage. The dominant inter-
ference in that case appeared to be the effect of the vortex system
streaming over the wing-lifting surface on only one side of the ve-
hicle. A decision to rely only on the aft-located reaction controls
during reentry is described in Refs. 22 and 24, as well as the analy-
ses and testing to characterizethe interferenceassociated with these.
Because these are aft-mounted thrusters, in the sense of Sec. IIILA,
the associatedinterferenceis dominated by phenomenain the vicin-
ity of the plume interaction.

Unfortunately, because of the presence of the vertical stabilizer
and wing lifting surfaces, the vehicle cross section is complex in
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Fig. 11 Space shuttle reaction-control configuration.

the region of the interaction. Consequently, in the context of the
remarks in Sec. III.A, the interactionforces are quite different from
those that would be anticipated on a simple configuration (such as
one with constant radius of curvature in the cross section near the
jet). In addition, the reaction controls are only operated at very low
dynamic pressure. Consequently, the scale of the plume interaction
is very large, a second condition prone to unfavorable interactions.

In one set of these cases, interaction pressure disturbances from
a roll control thruster were projected on the vertical stabilizer, a
surface transverse to the plane of the nozzle exit. The result was a
force component, transverse to the reaction force, in the vicinity of
the reaction force, that is, a cross coupled yawing moment resulting
from a roll control activation. In another set, the jet plume from a
yaw control thruster interfered with flow separation on the leeside
of the wing. The mass addition/entrainmentin the separationregion
and plume interactionregion impingementon the transverse surface
changed the leeside pressure distributionon the wing. This caused a
lift increment on only one wing. The result is an unintendedrolling
moment caused by yaw control activation.

As noted in Ref. 24, an important facet of the space shuttle aero-
dynamic interference evaluation was the conclusionthat the scaling
laws associated with the different classes of interferences appeared
to be different. As noted in Ref. 24, the models and ground-test
facility limitations prohibited first principles similitude of even the
principal parameters of fluid mechanics scaling (to be discussed).
Consequently, scaling laws were selected from the literature, and
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tested against ground- and flight-test data, to determine how flight
predictions should be projected from subscale ground-test data. It
was observed that momentum ratio scaling seemed to fit some phe-
nomena (principally the plume blockage/deflection of the main-
stream), whereas mass flow ratio-based scaling seemed to correlate
the disturbance of the lifting surface leeside flow separation config-
uration. The basis for expecting such differencesis discussed next.

IV. Prediction Methods

In the first two decades of applications of JI technology, there
were negligible prospects for predicting aerodynamics of JI. In that
era, semi-empirical methods were developed that ranged from cor-
relations of experimentally determined force and moment data to
principally inviscid flow computational models of the flowfield in
the interactionregion. Examples of the latter were blast wave analo-
gies and axisymmetric flow method of characteristics solutions for
solid bodies of simple geometry representing the jet plume. Most of
these are summarized in Ref. 1. The most successful approachesto
engineering design involved application of analytical modeling to
derivationof scaling laws. Parametric wind-tunnel testing, designed
around the scaling laws, determined interactioneffects as a function
of flightenvelope parameters. Then semi-empiricalfits of amplifica-
tion factors provided the basis for sizing control systems. Examples
of scaling law derivations are reviewed in Refs. 1 and 11. Finally,
flight testing (or, for limited aspects of scaling, complex variations
in wind-tunnel testing configurations) was required to validate the
scaling laws, and therefore, the performance predicted. Until the
results for the space shuttle were publishedin Refs. 22 and 24, little
data were available on flight-test validation in the open literature.
A bibliography of many examples that were reported with limited
distribution, because of national security issues, is provided in the
referencesin Ref. 2.

In the past two decades, a new tool has evolved. The success of
computational fluid dynamics (CFD) has opened a wide range of
opportunities for direct solution of virtually any level of represen-
tation of the JI flowfield under many circumstances of applications
interest. Although issues related to validation of solutions exist, the
prospect of combining the application of CFD with the classical
tools of analytical modeling, wind-tunnel and flight testing bodes
well for the engineers facing system design and flight performance
evaluation problems involving JI.

A. Design of Subscale Experiments

Approaches to derivation of similitude requirements to define
models and environments for subscale simulation of JI flight condi-
tionsare discussedin Ref. 1. For the perfectgas conditionsaddressed
here, a two-step approach is suggested. First the fundamental pa-
rameters required for similitude in the absence of the jet plume are
matched. Then a set of ratios between jet and mainstream parame-
ters is satisfied. Unfortunately, as noted in Ref. 22 with respect to
the space shuttle, achievementof even simplified rigoroussimilitude
may be impractical in available ground-testing facilities.

As an example, a common problem in achieving similitude of
geometry for predicting effects on large flight vehicles is the small
size of the jet nozzle that similitude requires. Because the jet is a
control device, thrust levels (and, therefore, nozzle dimensions) are
inherently small compared to aerodynamic lift and drag forces (de-
termined by vehicle dimensions). Consequently, when the nozzle
dimensions are scaled to the size of hypersonic wind-tunnel testing
models, both tolerances (uncertainties in dimensions) and special
fluid mechanics phenomena not present in the full-scale vehicle
may be evoked. As an example, when the reaction control nozzle
throat diameter on the space shuttle is scaled down to the approx-
imately 1/100 scale (required for geometric similitude on a model
the order of 1 ft long required for testing at 40-deg angle of attack
in 3-ft test sections) a throat diameter of about 20 mil (1/200 in.) is
required on the model. The Reynolds number based on that diameter
is low enoughthat viscouseffects (sometimes called discharge coef-
ficient effects) on the nozzle flow can be significantly different than
at flight vehicle scale. Conversely, mainstream total pressure must
be high to generate near-flight Reynolds numbers in the mainstream

of the subscale wind-tunnel model. Therefore, very high jet stagna-
tion pressures are required to match the ratio of jet-to-mainstream
total pressure. This may be impractical from structural, safety, or
economics (availability) considerations

To solve this problem, a scaling parameter combining nozzle area
and pressureis sought. To match such a parameter, one can be traded
for the other (nozzlethroatarea for plenum pressurein the preceding
example) in establishing similitude. Fortunately, such parameters
have been derived and shown to have validity for certain aspects of
the scaling problem.

1. General Similitude Requirements

To define similitude requirements for subscale testing, the flight
environment is selected as a freestream reference state, and a sig-
nificant length of the vehicle, L, is selected as the reference length.
The first requirement is geometric similitude between the external
configurations of the flight vehicle and the subscale model. The pa-
rameters required for similarity in the absence of the jet plume are
then
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Similarity can be extended to incorporate the interaction process
if the geometric similitude is extended to the geometry of the jet
nozzle and the following set of ratios is matched:

Vj/Voo» RjTj/RooToo» p//poo

kj/koo» Vis Mj//vLoo» d/L (6)
In these parameterdefinitions, d is a characteristicnozzle dimension
and the subscript j refers to a specific location within the jet flow,
for instance, at the nozzle exit.

This set of simulation requirements is highly restrictive, but con-
siderable simplification is usually warranted in scaling wind-tunnel
tests. If the external flow is always air (or nitrogen), Pr and ys
will be nearly matched automatically (except in some hypersonic
Mach number simulations). The requirementfor simulating the wall
temperature distribution requires attention only when higher-order
viscous interaction effects are important or when it is necessary to
simulate skin friction or aeroheating precisely. Wall temperature ef-
fects are sometimes significant in determining the exact extent of
the separated regions. Another problem encountered in the design
of precise experimentsis that simulation of the Mach and Reynolds
numbers and dimensionless temperature distribution will not neces-
sarily lead to simulation of the location of boundary-layertransition.
This is partly because surface roughness effects may not be simu-
lated, but primarily because of wind-tunnel boundary-layer noise.
(In supersonichypersonic flight emulation, the model is seldom the
same surface material as the flight vehicle.) As a result, the prob-
lem of simulating transition locationis test facility unique and must
usually be considered separately from other scaling requirements.

Free shear layers are nearly always turbulent at Reynolds num-
bers of practical interest, and so matching parameters representing
transport by molecular diffusion and conduction at the shear layer
boundary between the jet and the mainstream may usually be ne-
glected. Then the only molecular transport properties that must be
included are those that influence the vehicle boundary layer. In sit-
uations where the jet interaction mixing process has a significant
effect, scaling parameters representative of the JI turbulent mix-
ing process must be derived (as discussed later in connection with
scaling laws). Examples are those discussed in Ref. 25.

These approximations lead to a simplified set of simulation re-
quirements, the form of which is 1) geometric similitude with
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both the body and the nozzle scaled to the same length, 2) du-
plication of M., and Re; ., and 3) duplication of Fy;/ Py, ¥,
(Toj/M;)/(Toeo /M), where M is the molecular weight and the
subscript 0 refers to stagnation conditions.

2. Scaling Parameters for Interaction Phenomena

Various idealizations of the interaction region have been pro-
posed, from which less restrictive sets of scaling requirements then
those described earlier can be derived. The general approach is to
first hypothesize that an aspect of the fluid mechanics phenomena
associated with the interaction can be isolated as the principle con-
tributor in a situation of interest. Then an analytical model of that
aspect of the interaction must be derived in a form that can be re-
ducedto a parameter representingflow and geometry specifications.
To be useful, these parameters must relate jet and mainstream flow
conditions in such a way as to provide a degree of freedom in con-
figuring subscale ground test or flight testing (or CFD simulation)
that relieves a constraintimposed by requiring all of the described
similitude parameters to be simultaneously matched.

Aspects of JI that this approach has been applied to include 1)
the blockage of the mainstream by the plume, momentum exchange
hypothesis and energy addition hypothesis; 2) the behavior of the
vortices in the wake of the plume; and 3) mixing and entrainment
at the plume/mainstream boundary.

Because their foundation is a hypothesis, the range of applica-
bility of scaling parameters derived from each such analysis must
be determined by testing them against experimental results (or as
suggested subsequently by virtual testing through CFD simulation).
Indeed, whether they are valid anywhere depends on the validity of
the hypothesis that provided the simplifying assumptions.

An example of such an approach is the derivation of a momen-
tum ratio scaling law. Following the analogy suggested in Ref. 15,
the aspect of the flow to be addressed is the influence of the jet
plume in creating an obstacle to the flow over the vehicle. The hy-
pothesis is that the interaction pressures on the vehicle result from
the mainstream flow interference caused by the obstacle. The ob-
stacle generates a shock system in the mainstream and separates
the approaching boundary layer. The hypothesis that simulation of
this aspect of the flow captures the dominating phenomena gov-
erning interaction forces can be related to applications domains of
pertinence. One such domain is the vehicle/jet configuration in su-
personic flight where the jet exit is near the base of the flight-vehicle
geometry and local separated flows are not presentin the absence of
the plume. Such an extended specification of the hypothesis is rig-
orous in excluding aspects where significant influences other than
blockage may be present. In this case, that may include any phe-
nomena associated with turbulent mixing at the jet boundaries, or
the vortex system associated with it. However, validation testing
may indicate deviations due to that unmodeled phenomenon that
are not significant for some configurations and environments of
interest.

A simplified model that represents the hypothesis is shown in
Fig. 12. The jet plume is taken to be a second body attached to the
vehicle. To derive a scaling law (as opposed to a method of calculat-
ing a scaling dimension), it is not necessary to specify explicitly the

Jet Plume
Reference Area, Aj _

! Jet Plume v

Reference Area, A,

Fig. 12 Flow model for scaling law derivation.

shape of the obstacle, as long as geometric similitude is maintained
independently. The drag on the vehicle can be represented by the
drag coefficient expression

vehicle drag = Cp,q,. A, 7

Similarly, the drag on the jet plume can be representedby defining
a drag coefficient for the plume as an obstacle:

jet plume obstacle drag = Cp;qA; (8)

For simplification, both drag coefficients are taken to incorporate
base drag, forgiving the requirement to specify downstream condi-
tions. The drag on the jet plume is assumed to turn the plume in the
direction of mainstream flow. Then the change in momentum of the
plume is

T(1—sinf) = Cr Py;A(cos® + 2sin6) ©)

where 6 is the forward inclination of the thrust axis from normal to
the mainstream flow and C7 is the thrust coefficient. Then the ratio
of jet-to-mainstreamdrag is
CpiqA; _ Cy Py; A(1 — sin6)
CquAv B CquAv

(10

When it is presumed that the mainstream flow similitude is
achieved and that the subscale model maintains geometric simil-
itude in the direction of the thrust axis (and ignoring the effects of
jet molecular weight and temperature), the parameter on the right-
hand side reducesto the familiar momentum ratio scaling parameter

POjA*/qu

This parameter has been validated in several successful com-
parisons between wind-tunnel test results and flight data, such as
described in Refs. 2, 22, and 24. The conclusion from those suc-
cessful validations is that the dominant aspect of the interaction
flow in those cases was the blockage effect of the jet plume. More
important, note that there were some interference effects reported
in Ref. 22 that appeared to not to correlate with the momentum ra-
tio. As noted in Sec. II1.B, these appeared to be associated with the
plume interaction with a region (on the leeside of a wing art angle
of attack) that already involved separated flow in the absence of the
jet plume.

An analogous analysis can be applied to develop a scaling model
for energy (or mass flow) ratio. In this case, the hypothesisis that
interaction is dominated by deposition of energy from the jet into
the mainstream flow. This hypothesis is used to derive models of
scaling dimensions for the interaction region in several analyses
such as Refs. 26 and 27. In principle, this model should have more
general applicability. If the blockage disturbance size were scaled
properly by it, it would be expected to pertain to some aspects of
the cases where there is a separated flow region in the vicinity of the
interactionin the absence of the jet plume. However, the hypothesis
is not as direct as the momentum-scaling hypothesis in addressing
the blockage phenomena for high specific momentum jet plumes.

The energy dissipated by the drag of the vehicle can be written

E, = D,Va = CpuguAyVao = Ciupu VIV Ay [2 (1)

The energy added to the flow by the jet, assumed to be an adiabatic
perfect gas at stagnation conditions, is

where E, is the mainstream energy dissipated in the vehicle drag
and E; energy added to the stream by the jet. Then

Ej =C,Ty;A"m, (13)

pJ
E;/E, = 2/Cp,(i; i) A | A, (CoiTo; [V2) (14
where

V2 =a:l M =y R T M2, (15)
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After some manipulation of the perfect gas state equations, this
relationship can be reduced to

E, 2 <ﬁ>{1+[<yw—1>/2]M;}<%><&>
E, Cp,M2 \ys (vi—D Ton ) \ M;

(N (A \(w\row o]
moo Av CDvMozo Voo ()’, - 1)

Toi/ Ty m; A*
x ( 0// 0 ) _/ a0 (16)

(Mj /Moo) My Av
In the absence of temperature and molecular weight ratio sen-
sitivities, under subscale test conditions where similitude for the

mainstream flow is achieved, the energy balance scaling reduces to
mass balance scaling, that is, a requirement to match

m;[Meg

As discussedin Ref. 1, there has been a substantialamount of exper-
imentation leading to the conclusionthat these effects are relatively
unimportantin scaling interaction forces on flat plates. This is true
except when the jets are inclined downstream from normal to the
flow, as illustrated in Ref. 28. Independence of interaction forces
upstream of the jet from changes in total temperature of the jet is
reported in Refs. 20 and 21 and independence of changesin jet gas
molecular weight is reported in Ref. 21. The conclusionin Ref. 24
that mass flow ratio scales the wind-tunnel results to the flight data,
when the interference region includes the separated leeside of the
space shuttlewing at high angle of attack seems to supportextension
of these conclusions. In the results reported in Ref. 24, no attempt
was made to match the temperature and molecular weight ratios in-
dependently in the wind-tunnel testing that was correlated with the
flight data. On the other hand, those ratios were implicitly matched
in the flight data (discussed later).

In cases where the independence of scaling requirements from
the temperature and molecular weight effects can be justified, the
requirementto differentiatebetween mass and momentumratio scal-
ing is absent. The ratio of the two ratios is the velocity ratio:

momentum ratio 0 ij/,ooo V2 7 an
0;Vi/pjVeo Voo

mass flow ratio

which reduces to a combination of temperature, molecular weights
and Mach numbers as

a;M;ja My = M; /M) Ty;m> [ Tyom, (18)

Consequently, when mainstream and jet Mach exit numbers are
matched,thetwo scalinglaws are the same. Here, the resultsreported
in Ref. 24 lead to an ambiguous conclusion with that stated earlier.
Thatis, if the scaling was independentof temperature and molecular
weight effects, why was there a difference in correlation with the
two scaling laws tested against the space shuttle flight data? In the
opinion of the present author, the more likely correct conclusion
is that the temperature and molecular weight effects may play a
role in situations such as reported in Ref. 24. There the interference
forces may not be dominated by the pressure rise due to blockage
effect of the jet plume. The close proximity of the separated flow
region on the leeside of the wing, that is, a region where the flow is
already separated in the absence of the jet plume, implies that the
interaction effects on that region are likely to include mass and/or
energy addition.

B. CFD Applications

Like experiments, CFD is a powerful, but resource intensive tool,
when applied to problems as complex as jet interaction. Typical so-
lutionsreportedin the literaturerequire thousands of work hours and
hundreds of CPU hours of computational time. They require an in-
frastructure of software ranging from flow and chemistry models to

geometry, solution grid, data postprocessing,and graphics capabil-
ities. The infrastructure, personnel, and skills to maintain and apply
this infrastructure, and the computational resources on which it can
be exercised, are available in few circumstances. Consequently, ap-
proaches to planning their application should be similar to those
employed in application of wind-tunnel and flight tests.

In the reports of successful CFD solutions, there are still issues af-
fecting the absolute accuracy of results. Changes in fluid properties
and chemistry models, viscosity models, grid structures, and time
steps influence results predicted. However, the success of CFD in
obtaining solutions for a wide range of models, combining different
aspects of the jet interaction phenomenology, provides a powerful
tool to complement wind-tunnel and flight testing. As suggested in
Ref. 29, semi-empirical correlations of solutions from CFD models
provide a powerful extension of the capability represented by CFD.
Perhaps the most significant applicationsto date have been to eval-
uate interactionforces’ sensitivity to variationsin configuration and
flow parameters. As the complexity of geometry and flows address-
able by CFD increases, these applications become powerful design
and performance anomaly analysis capabilities.

The evolution of complexity of the flowfield in CFD solutions
is illustrated by the progress from two-dimensional flow solutions
(for a uniform flow mainstream) in Ref. 30 to the solutions for a
three-dimensional slender body at angle of attack in Ref. 31. The
complexity of CFD solutions, this one for the interaction region
in the vicinity of the plume, is shown in Fig. 13. Figure 13 shows
temperature distributions predicted for the interaction region on an
axisymmetricbody at zero angle of attack. The jetis locatedon a flare
at the base of a missile. These results were derived using the GASP
code describedin Ref. 32. An example of one of the more complex
recent CFD models is reported in Ref. 29. The solution reported

a) Typical CFD solution for temperature isotherms in JI centerline plane

b) Typical CFD solutions for temperature isotherms in JI cross-section
plane at nozzle exit

Fig. 13 CFD modeling of JI.
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Fig. 14 THAAD missile model.

there is for a two-stream, axisymmetric jet in a three-dimensional
flow model, with turbulent viscosity and reacting flow in the plume.

Some of the earliest successesin CFD modeling of jet interaction
provided visibility into the utility of CFD as both a complement to,
and as an extension of, wind-tunnel testing. An early application
of CFD as an aid to experimental diagnostics of the flowfield was
reported in Ref. 33. The use of CFD to evaluate the sensitivity of
the flowfield solution to chemistry in the jet plume was illustrated
in Refs. 34 and 35.

In Ref. 34, the influence of jet plume chemistry modeling, on
interaction forces and moments, is analyzed for a large interaction
plume located forward on a missile body. The simulation models a
THAAD terminal stage flying at Mach 3. The configurationis illus-
trated in Fig. 14 reproduced from Ref. 34. The thruster modeled is
termed a divert thruster. It is large enough to provide lift (or vehi-
cle translation) forces and located near the center of the length (at
the c.g.) of the biconic configuration. Flight altitude and associated
freestream conditions are the independent variables. Even though
the vehicle geometry downstream of the jet exit is a conical surface
(no fins or lifting surfaces present), and the condition modeled is
zero angle of attack, the interaction induced forces and moments
are substantial. Simulations of the interaction are reported for two
altitude conditions, 15 and 30 km. Even at the lower altitude, the
thrustis large enough that the interactionregion penetrates the body
shock layer more than a body diameter at the jet location and con-
tinues to grow downstream (as indicated by species concentrations
predicted). At the higher altitude, the jet plume is not turned by the
mainstream flow, until after it has passed through the bow shock
of the vehicle. The results of the study are summarized in Fig. 15
reproduced from Ref. 34.

The results of four simulation models are shown in Fig. 15 repro-
duced from Ref. 34. The first (labeled air) is a model of the most
common wind-tunnel testing approach, where both the jet plume
and the mainstream are the same perfect gas. The second model
(labeled binary) treats the two as different perfect gases, in this
case by changing the ratio of specific heats in the jet plume from
that used in the first case. The other two models treat the plume
as the products of combustion of a monomethyl-hydrazinehitrous
oxide propellant (MMH/N,0,) reaction. In one of these real gas
cases (labeled Frozen), the reaction products are frozen at the jet
exit. In the other case (labeled Reacting), reaction rates (and the
resulting state changes along the interacting flow downstream of
the jet plume) are modeled. The ordinate in Fig. 15 is the incre-
ment in JI-induced pitching moment, from a longitudinalincrement
of interaction-inducedpressure, normalized by a constant reference
moment. Positive increments are associated with positive pressure
in the plane of the jet exit. The abscissais dimensionallength along
the missile. As discussedin Sec. III.A.1, the location of the jet noz-
zle in the midsection of the body leads to interaction moments that
generally oppose the direction of the jet thrust. That is clearly the
case for all conditions represented here. The difference in moment
distributionsbetween the two altitude conditions,shownin Figs. 15a
and 15b, indicates that the interaction moment decreases with in-
creasing altitude, or increasing size of the interactiondisturbance,a
trend associated with this geometry and scale of interaction.

The significant difference in effects predicted by the different
models is indicated in Fig. 15. Two effects of jet plume chemistry
are predicted. The first is the influence, on the interaction pressure
distribution,of the change in plume thermodynamicproperties. This
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Fig. 15 Effect of plume chemistry model on CFD predictions of JI-
induced moments.

is illustrated by the difference between the case labeled Air and the
cases labeled Binary and Frozen, which represent similar, constant
thermodynamicpropertiesthatare differentfrom those of air (princi-
pallyratioof specific heats). As demonstratedin Ref. 34, the moment
difference predicted by the simulation is principally the effect of di-
minishing the low pressures,on the body downstream of the jet exit,
in the wake of the jet plume. The second, and even more dramatic,
effect predicted is the influence of interaction flowfield-dependent
chemistry on the interaction. Continuing finite rate chemical re-
actions (termed afterburning), in the jet plume downstream of the
jet exit, cause an increase in pressure on the missile surface (com-
pared to the cases where there is no continuing chemistry change
downstream). Analysisresults described in Ref. 34 indicate that the
continuing reactions are exothermic and that they depend on oxy-
gen from the mainstream interacting with the plume. The descrip-
tion of vortex-induced mixing in this region in Sec. II.B suggests
why increased levels of mainstream oxygen may be entrained into
the plume.

As noted in Ref. 34, it is not clear that a scaling model (such as
those suggestedin Sec. IV.A.2) could be derived to design subscale
simulations of the this phenomena, if they are limited to nonre-
acting gases in the mainstream and jet. As noted in Sec. IV.A.2,
models based on energy balance postulates are more likely to scale
interactions dominated by mixing between the plume and main-
stream flows than momentum balance-based models. Such models
may compensate for the effects in the interaction due to changes in
thermodynamic properties in the plume (Binary and Frozen mod-
els, compared to Air in Fig. 15). However, they are unlikely to
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compensate for continuing exothermic reactions when those effects
are large.

Several reported applications of CFD illustrate its use in deter-
mining the location of the jet as a reaction-controldevice. As dis-
cussed in Sec. III.A, favorable interactions, that is, interference-
induced forces in the direction of jet thrust, are usually associated
with jet locations on the vehicle afterbody. However, in many ap-
plications, either design constraints (such as packaginginterference
with propulsion systems or separable lower stages) or performance
objectives (such as use of the reaction control as a side force gener-
ator in high-altitude conditions) dictate jet locations forward on the
vehicle. The effects of the low pressures in the wake of the plume
and wraparound of the interactionbow shock on the interactionpres-
sure in the immediate vicinity of the jet were reportedin Ref. 36. In
this case, the vehicle configuration is a body of revolution. The jet
location on the body could be moved to more aft positions, preserv-
ing the body-alone and forward flowfield solutions with efficiency
in resources required. A similar, but more complex (more recent
and more successful) solution, with four jet nozzle plumes from
rectangular cross section nozzles was reported in Ref. 37. These
two studies represent evolution of a Navier-Stokes equation solver
CFD system referred to as the PARC code. In the latter study, the
downstream system of vortices in the wake of the jet interaction is
resolved in conjunction with the set of vortices in the leeside sep-
aration region of the vehicle at angle of attack. Thus, the effect of
jet location on downstream interactions could have been evaluated
if jet location were varied.

Complete interaction flowfield CFD solutions for a slender mis-
sile at angle of attack, with a jet located forward on the missile and
fins located on the afterbody, were reported in Ref. 38.

The extensionof these CFD applicationsto include the evaluation
of the influence of body geometry in the vicinity of the jet is reported
in Refs. 31 and 39. In Ref. 39, the effects of jet thrust inclination
into the mainstream (forward relative to the body centerline on a
slender body of revolution) are evaluated for a jet located forward
on the body. The increase in unfavorable interactions downstream
of the jet are found to dominate the increase in favorable interac-
tions forward of the jet. As discussed in Sec. III.A, vehicle cross
section in the vicinity of the jet can significantly influence the un-
favorable effects of the interaction bow shock wrapping around the
vehicle downstream of the jet exit. In Ref. 31, strakes, in the plane
perpendicular to the jet thrust, close to the jet exit form a concave
reflection plane for the bow shock. CFD solutions of Navier-Stokes
equationsillustrate the favorable effect of moving the strakes to the
vicinity of the jet nozzle. The vehicleis a slenderbody of revolution.
The unfavorable interference effect of moving the strakes aft, to a
different geometry of intersection with the interactionbow shock is
illustrated. These solutions resolve the vortices in the wake of the
interactionand their effecton stabilizeror control surfaces far down-
stream of the plume. Further evidence that the three-dimensional
effects downstream of the jet produce the unfavorableinteractionis
supported by the two-dimensional (slot spanning a flat plate) solu-
tion describedin Ref. 30. There, the forward inclinationof the thrust
produced favorable interaction.

C. Combining CFD, Wind-Tunnel, and Flight Testing

The success of CFD applicationsreviewed provides an additional
powerful tool to the applications engineer designing to incorporate
or evaluate the effects of jet interaction. References to successful
CFD solutions discuss the issues associated with the art of CFD
applicationsand the uncertaintiesof flow propertiesmodeling. There
are invariably discrepancies between some measurements and the
CFD results. These issues should not detract from the use of the
CFD capability to evaluate influences of changes in geometry and
flow properties on interaction effects in aerodynamics engineering
(atleastnot at the current state of the art in evaluatingjet interaction
aerodynamics). In fact, as indicated in Ref. 31, many jet interaction
aerodynamics effects can be determined sufficiently accurately for
some applications with inviscid flow models. Some further CFD
experimentation,such as reported there, could lead to very efficient
applications of such models. The key to efficient application of the

CFD toolis tointegrateit with the derivationof scalingrules through
analytical modeling, the use of semi-empirical representations in
parametric analyses, and wind-tunnel and flight testing. Such an
approachis suggested in Ref. 29.

Compared to wind-tunnel testing, CFD has the advantage that
separation of variables, in parametric evaluations, is more easily
accomplished. In wind-tunnel testing, there are invariably facility,
instrumentation, model fabrication, and acceptability of operating
gases constraintson variationsin parameters. Consequently,chang-
ing variables independently in a scaling parameter and repeating
solutions (presuming a successful solution exists for a particular
vehicle/jet configuration and flight environment) should be an effi-
cientapplicationof CFD. An example wouldbe to change stagnation
pressureand throatareaindependently,ata constantvalue of the mo-
mentum scaling parameter derived in Sec. IV.A.2 and to evaluate
the effect on interaction-inducedforces and moments (or jet throat
area and vehicle base area could be changed independently). After
a scaling parameter is validated, its range of applicability could be
tested by varying environments over the intended flight envelope.
Where there is divergence from a particular scaling law, other alter-
nativescan fairly readily be tested, for example, changing molecular
weight and stagnation temperature of the jet gas independently, or
their relationship to those properties in the mainstream, to test an
energy release scaling parameter.

With scaling parameters associated with applicable segments of
the intendedflightenvelopevalidated, the interactionforces and mo-
ments can be predicted as functions of the scaling parameters and
environment variables, for example, angle of attack, Mach number,
and altitude. Then semi-empirical fits, such as defined in Refs. 2
and 22 for an experimental database, can be developed (based on
the CFD-generated database) for use in vehicle and control sys-
tem design and sizing. Once a baseline vehicle and reaction-control
system configurationis designed through this application of approx-
imations, CFD can again be applied to confirm/perturb performance
predictions for critical points in the flight envelope. Because CFD
can be applied to wind tunnel as well as flight conditions and scales,
comparison between the CFD and design verification wind-tunnel
testing can be used to evaluate the uncertainty in the CFD predicted
results.

The successful application of CFD to chemically reacting jet
plumes, such as reported in Refs. 34 and 40 (summarized earlier),
to explore the significance of chemical reactions in fuel-rich jets,
representsa powerful capability. Scaling of rate-dependentreacting
flows with subscale geometry, in ground (or flight) tests, is at least as
problematic as the uncertainties in CFD solutions. CFD sensitivity
studies that vary parameters, such as presence and absence of chem-
istry, can provide valuable insight into the applicability of scaling
laws without demonstrating that the calculationsagree exactly with
what is measured in experiment (though, in many cases, they may).

Whether or not chemical reactions in the flow are addressed, the
availability of successful CFD modeling providesa valuable tool for
planning and augmenting the function of flight testing in validating
interaction scaling laws. In most cases of practical interest in su-
personic (and certainly in hypersonic) flight applications, full-scale
ground testing to validate prediction of interaction effects is not a
viable alternative (as it was not in the space shuttle case reported in
Refs. 22 and 24 and flight tests described in Ref. 2). In fact, rigor-
ous similitude is seldom an alternative and was not in those cases.
Consequently, to bridge from the wind tunnel (or other propulsion
ground test) to flight when CFD models are viable, the question is
how best to use them. Clearly, CFD is not constrained by the prob-
lems of dimensional scale associated with wind-tunnel testing. In
addition, CFD offers the ability to combine Mach number, altitude,
and angle of attack, with dimensional scale beyond similitude possi-
ble in the wind tunnel (and, in the case of hypersonicflight vehicles,
unachievable without wide trajectory variability and/or risks in ex-
perimental flight test). Historically, certainly for hypersonic flight
conditions in turbulent boundary-layer environments, the only re-
course for validation of scaling parameters including dimensional
similitude was comparisonbetween measurementsfrom groundand
flight testing. With CFD, the first-order validation only requires a
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repeat of a successful solution with the dimensions and state pa-
rameters changed. Obviously, many of the other variables usually
associated with the difference between wind tunnel and flight test-
ing such as chemical reactions, gas properties, or surface bound-
ary conditions can also be varied. Certainly, the accuracy of CFD
modeling becomes more uncertain as it is extended to incorporate
solutions to equations with less certain validity of pertinence than
the Navier-Stokes equations for continuum flow. However, those
with experiencein trying to perform these validations, constructing
similitude between wind tunnel and flight testing, appreciate the
immense difficulty usually associated with trying to vary parame-
ters such as these independently in flight tests. Therefore, because
some of these difficulties (and some different ones, such as turbu-
lence and heat transfer modeling) will always be encountered with
CFD should not impede prudent progress in application of such a
powerful capability. Even when flight testing is used as a tool to
analyze phenomenology as complex as JI, the difficulty associated
with the collection and interpretation of measurements leaves un-
certainties in accuracy. Application of CFD in parametric analyses
and planning should reduce the burden on measurements required
in flight testing for validation and calibration. It should certainly
make the span of the envelope validated larger and the confidence
in the validation higher.

V. Conclusions

The state of the art in understanding JI phenomenology has long
beensufficiently advancedto provide guidancefor the aerodynamics
engineer in analysis or design applications. Scaling laws for design
of wind-tunnel tests and extrapolation of data have been derived
and validated. Care for the principals of similitude, and the pos-
tulates on which the models are based, must be exercised in their
application. Analyses of results from flight have shown domains
of applicability as well as regions where specific scaling does not
(and perhaps should not be expected to) apply. Many of the refer-
ences in Ref. 2 are indicative that substantial validation (or at least
approaches to it) have been accomplished but have not been in the
open literature.In any case, as with the data from space shuttle flights
referred to earlier, flight-test validation results (or the results from
any experiment or simulation) may be very specific-configuration
oriented. Consequently, they require careful interpretationin appli-
cation to a problem remote from the configuration and conditions
of the experiment.

Notably absent in the open literature is any characterization of
the aeroheating associated with JI phenomenologyin supersonic or
hypersonic flight. Its absence from the literature on successful CFD
applicationsis not encouraging,but may be associated with the lack
of experimental data to validate them.

The currentstate of the art in applicationof CFD to the evaluation
JI problems appears to be in rapid expansion. The next step should
be to combine that effort with use of CFD in support of flight-test
validation of scaling parameters. Through this combination, scal-
ing laws can be validated and used to interpolate and extrapolate
the results from parametric CFD solutions. These same validated
scaling laws can then be used to design wind tunnel and flight ex-
periments for final validation of absolute values of aerodynamics
characterizing system performance over the flight envelope.
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