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Nonlinear Aerodynamic Effects on Bodies in Supersonic Flow
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and
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The supersonic flow about generic bodies was analyzed to identify the elements of the nonlinear flow and to
determine the influence of geometry and flow conditions on the magnitude of these nonlinearities. The nonlinear
effects were attributed to separated-flow and attached-flow nonlinearities. The nonlinear attached-flow con-
tribution was further divided into large-disturbance effects and entropy effects. Conical, attached-flow
boundaries were developed to illustrate the flow regimes where the nonlinear effects are significant, and the use
of these boundaries for angle of attack and three-dimensional geometries was indicated. Normal-force and
pressure comparisons showed that the large-disturbance and separated-flow effects were the dominant nonlinear
effects at low supersonic Mach numbers and that the entropy effects were dominant for high supersonic Mach
number flow. Both cross-sectional shape and longitudinal geometry variations influenced significantly the
development of the nonlinear effects. The magnitude of all the nonlinear effects increased with increasing angle
of attack. A full-potential method, NCOREL, which includes an approximate entropy correction, was shown to
provide accurate attached-flow pressure estimates from Mach 1.6 through 4.6.
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Introduction

ACCURATE design and analysis of flight vehicles
requires a detailed understanding of the aerodynamics of

arbitrary shapes. The supersonic flow about missile con-
figurations is of particular interest, though many of the
lessons drawn from missile configurations are equally ap-
plicable to aircraft forebody problems. A great deal of effort
has been devoted to the development of supersonic missile
aerodynamic prediction methods, especially for the high
angle-of-attack flow situation where the leeside flow is
generally separated from the body surface and a system of
vortices is formed. These predictive codes for missile con-

figurations can generally be characterized as data base
methods1 or linear-theory methods, which include techniques
for calculating separated-flow effects.2 These methods tend to
provide reasonable first-order estimates of integrated forces
and moments within a limited range of geometries and Mach
numbers, though the local surface pressures are often mac
curate. Studies of supersonic missile configurations with non-
circular-body cross sections, developed for improved cruise
performance or for weapons carriage, revealed deficiencies in
the state-of-the-art missile aerodynamic predictive methods.
These deficiencies led to a detailed study of the flowfield
about an elliptic missile body at a Mach number of 2.5. (Ref.
3). This study showed that the nonlinear effects due to both
attached flows and separated flows contributed significantly
to the local surface pressures and to the overall forces and
moments. These results served as the impetus for the present,
more general investigation of the supersonic flow about
generic body shapes.

This paper presents the results of a study conducted in order
to identify the nonlinear flow features on bodies of circular
and elliptic cross section in supersonic flow, and to accurately
determine the magnitude of these nonlinear effects across a
wide Mach number and angle-of-attack range. Both two-
dimensional (conical) and three-dimensional (nonconical)
bodies were studied across the Mach number range from 1.6
to 4.6 through angles of attack as high as 28 deg. The
nonlinear flow is broken down into attached-flow and
separated-flow .effects. The nonlinear attached-flow is directly
calculated by an inviscid method and the results are discussed
in detail in this report. The magnitude of the separated-flow
nonlinear effects is indirectly estimated because sufficiently
accurate direct prediction methods are not presently available.
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General Approach
The nonlinear-flow effects are defined as those effects

which are not calculated by the linear-potential theory. These
nonlinear-flow effects are defined as attached, nonlinear-flow
effects and separated, nonlinear-flow effects. The attached,
nonlinear-flow effects are further divided into large-dis-
turbance effects and entropy effects.
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A simple guideline for analyzing the attached flowfield is
presented in Fig 1 This figure was developed by considering
the supersonic flow over a circular cone at a = 0 deg Four
distinct flow regions are shown on this boundary chart The
transonic flow boundary is for a sonic surface Mach number
which can be determined from cone tables 4 The boundary
between the linear theory and large-disturbance regions is
defined as the point where the difference between the surface
pressure computed by linear theory5 6 and the surface pressure
computed by full potential theory7 is 10% Similarly, the
boundary between the large disturbance and entropy regions
represents a 10% difference between the surface pressure
computed by the full potential theory and the exact, inviscid
cone solution 4 For reference, the curve for the hypersonic
similarity parameter of value unity (Md= 1) is also shown on
the figure

The information in Fig. 1 shows that the region of accurate
linear theory pressure estimates is quite small and that the
full-potential method, which includes the large disturbance
effect, has a much greater range of applicability than the
linear theory Entropy effects do not seem to be significant
for M<2, at least for attached flow Conditions at angle of
attack can be analyzed by considering the sum of the cone
angle and the angle of attack This conical attached flow
boundary chart can also be applied to three-dimensional
bodies by using a nonconical method developed by Mason 8

In the present paper, the nonlinear effects are studied by
concentrating on the surface-pressure coefficients for local
effects and on the normal force coefficients for integrated
effects Pressure-coefficient and normal force "increments"
are used throughout this study to quantify the magnitude of
the nonlinear effects An illustration of these increments is
presented in Fig 2 The large-disturbance increment is
defined as the difference between a linear theory solution5 6

and the nonlinear, full-potential solution,7 whereas the en
tropy increment, which represents the losses in the inviscid
flow field, is the difference betwen the nonlinear, full-
potential solution and an Euler solution. Both of these at-
tached-flow increments are shown in Fig 2 on the normal-
force and pressureTCoefficient plots. The large-disturbance
increment yields an increase in the normal force and,
generally, an increase in the magnitude of the pressure
coefficient relative to the linear theory The effect of entropy
(indicated on Fig 2 by the downward pointing arrow) is to
decrease both the normal force and the pressure coefficient
The pressure-coefficient plot shows that the entropy in-
crement is almost totally confined to the lower surface,
though entropy can affect the leeward surface when the
leeward surface flow is attached

The nonlinear separated-flow normal force increment is
defined as the difference between the experiment and the sum
of 1) an Euler solution for the lower surface, and 2) a linear-
theory solution for the upper surface The lower surface and
the upper surface are arbitrarily divided at 0 = 90 deg, which
effectively forces the flow separation point to that location
This indirect procedure for determining the separated-flow
increment is employed because sufficiently accurate methods
for calculating the separated flow are not available As a
result of thi$ procedure, the separated-flow increment is
calculated for normal force only Although the subject is not
discussed in detail in this paper, the pressure coefficient plots
can be used to determine the angle of attack and the surface
location at which separation occurs by observing the full-
potential and experimental pressure coefficient distribution in
the vicinity of the leading edge The surface location at which
the full potential pressure coefficient departs from the ex
perimental data has been shown previously to correlate with
the beginning of a separated flow region.3

It is important to emphasize that the normal force com-
parisons do not represent a straightforward data theory
comparison for those cases where separated flow exists This
is a consequence of the present procedure for quantifying the
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Fig 1 Attached flow boundary chart for a circular cone at a = 0 deg
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Fig. 2 Typical nonlinear flow increments at high angle of attack.

nonlinear increments which relies on both calculated and
experimental data Specifically, a simple summation of the
nonlinear attached flow increments with the linear-theory
solution does not provide the total nonlinear attached flow
solution because the nonlinear attached flow increment is
meaningless in the separated flow region, and therefore, is
replaced with an experimentally derived separated-flow in-
crement

A new method for the calculation of an approximate en-
tropy correction has been developed by Siclari9 and in-
corporated into the full potential (NCOREL) code 7 This
approximate entropy calculation is obtained with little ad-
ditional computational effort and suffers no significant loss
in accuracy compared with a full Euler solution for an at-
tached flow The accuracy of this procedure was demon-
strated in Ref. 9 for conical geometries. Consequently, the
entropy increments presented in this paper are differences
between full-potential (NCOREL) solution results obtained
with and without the approximate entropy correction This
procedure for obtaining the entropy increment ensures that it
is riot a function of grid size, convergence criteria, integration
techniques, etc ,—a situation which might occur if two dif-
ferent codes were used to calculate this increment

Normal-Force Analysis
In this section the effects of geometry and flow conditions

on the nonlinearities are presented in terms of normal-force
increments and representative surface pressure distributions
First, the effects of different body cross-section geometries
are examined using unpublished NASA force data and
pressure data10 taken at X/L = Q 25 for a circular cone and a
3:1 elliptic cross section cone of equivalent planform The
effects of longitudinal geometry variations are then presented
using norrnal force and pressure data for a circular arc
cylinder of circular cross section1112 and for an Adams'
minimum drag body of 3:1 elliptic cross sectio'n 1314
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Effect of Cross Section Geometry
The first case considered is the 20 deg circular cone at

M=l 70 The experimental data presented in Fig 3 go
through a maximum 21 deg angle of attack which corresponds
to 41 deg of flow deflection on the lower surface centerline
The normal force comparison shows that the linear theory
solution is perhaps more accurate than one would expect for
this severe flow deflection angle, but a significant con
tribution to the normal force from both the large disturbance
increment and the entropy increment is noted at the higher
angles of attack The large-disturbance increment is apparent
at a«2 deg, but the entropy increment does not produce an
effect until a«10 deg The magnitude of both of these
nonlinear increments increases with increasing angle of at
tack As mentioned previously, the entropy increment
decreases the normal-force estimate The surface pressure
data for the circular cone at a. = 21 01 deg are also shown in
Fig 3* Note the rapid decrease in pressure on the lower
surface as 0 increases The large disturbance increment is
nearly uniform around the circumference of the body except
for a small region in the upper surface The entropy increment
is, in general, small and confined to the lower surface with the
largest effect being on the lower-surface centerline This
occurs because the entropy is a function of the bow shock
strength, which is strongest at the lower surface centerline and
decreases away from that point The agreement between the
upper surface experimental pressure and the predicted at
tached flow pressure does not indicate the presence of flow
separation

Normal force and pressure-coefficient comparisons for the
elliptic cone at M=l 70 are shown in Fig 4. The most
significant difference between the circular cone and the
elliptic cone is the presence of a separated flow region on the
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Fig 3 Normal force and pressure coefficient comparisons for the 20
deg circular cone at M^ = 1 70
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Fig 4 Normal force and pressure coefficient comparisons for the 3:1
elliptic cone at A/*, = I 70

leeward surface of the elliptic cone The large disturbance
effect produces a significant positive normal force increment
which is roughly the same magnitude as the separated flow
increment Also, the large disturbance increment for the
elliptic cone is approximately the same magnitude as that of
the circular cone There is no significant normal force entropy
increment for the flow about the elliptic cone at M- 1 70
because of the reduced flow deflection angles on the lower
surface The distribution of the pressure coefficient data on
the elliptic cone at a = 20 35 deg shows a much different
character than was observed for the circular cone at high
angle of attack The pressure distribution across the lower
surface is nearly constant followed by a rapid expansion
around the leading edge (6 = 90 deg) onto the upper surface In
contrast to the nearly constant large disturbance increment
that was noted in the pressure distribution for the 20 deg
circular cone, the large-disturbance increment for the elliptic
cone varies significantly around the body The large
discrepancy in pressures between the full potential method
and the experimental data, which is observed at high angles of
attack on the upper surface slightly inboard of the leading
edge (0>90 deg), indicates the presence of flow separation
The full-potential code predicts an attached flow pressure
distribution which is characterized by an expansion peak near
the leading edge (6 = 90 deg) followed by a strong crossflow
shock Although it is obvious from the experimental data that
the real flow separates, it is interesting to note that the at
tached flow pressures result in compensating errors Because
of these compensating errors, the fully attached flow normal
force calculated by the full potential method is in remarkably
good agreement with the experimentally measured normal
force (see Ref 3)

The effect of increasing Mach number is illustrated in Fig 5
where the normal force and a circumferential pressure
distribution are analyzed for the circular cone at M=2 50
Compared with the M= 1 7 results, the increased magnitude
of both the large disturbance increment and the entropy
increment is readily apparent; in fact, at M= 2 50, the entropy
increment becomes noticeable at <x« 1 deg whereas at M= 1 7
the entropy increment appeared at a« 10 deg In addition to
decreasing the normal force estimate, the entropy increment
also linearizes the normal force vs a curve The pressure
comparison at a = 20 95 deg substantiates the trends indicated
in the analysis of the normal-force data In particular, note
the magnitude of the entropy effect on the lower surface

The normal force variation and a typical pressure
distribution are shown in Fig 6 for the elliptic cone at
M=2 50 The normal force analysis shows that all three
nonlinear effects are present in this instance, and that the
magnitude of each nonlinear increment increases with in
creasing angle of attack Near the upper end of the angle of
attack range, the entropy increment nearly cancels the large
disturbance increment The pressure variation around the
body at a. = 20 49 deg is presented on the right hand side of
the figure Over most of the lower surface the linear theory
overestimates the compression pressures, which is an unusual
occurrence possibly related to the proximity of the body to the
freestream Mach cone; however, the large disturbance in
crement is still in the proper direction to improve the
agreement between theory and experiment The full potential
theory overestimates the compression pressure, whereas the
entropy correction seems to slightly overcorrect in this in
stance The separated flow region is evident on the upper
surface

At M=4 50, a linear theory solution based on a surface
distribution of source panels is not available for either the
circular or the elliptic cone because the freestream Mach cone
lies inside the body Consequently, neither the large
disturbance increment nor the vortex increment can be
determined The theory presented for the 20 deg circular cone
at M=4 50 in Fig 7 is the full potential theory (NCOREL)
with and without the entropy correction It is apparent from
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the data comparison that the entropy effects are significant at
high Mach number. In fact, without the entropy correction a
full-potential solution could overpredict the normal force by a
factor of two at higher Mach numbers. The excellent
agreement between attached-flow and experimental normal
force and pressures indicates no significant effect of flow
separation on the circular cone. Figure 8 contains the
M— 4.50 data for the 3:1 elliptic cone. The effect of entropy is
slightly reduced compared to the circular cone case, but it is
still very significant, as is shown for both the normal-force
and the pressure-coefficient curves. The pressure variation at
a =19.50 deg indicates the significance of the entropy in-
crement, the accuracy of the approximate entropy correction,
and the fact that the entropy effect is almost entirely confined
to the lower surface. Also note that the entropy increment is
nearly constant on the lower surface. On the upper surface
(0>90 deg), it appears that there is a separated-flow region
evidenced by the disparity between the full-potential theory
and the experimental data. Although flow separation still
occurs at high Mach number, its effect on the local pressure
coefficient and on the integrated forces and moments tends to
diminish because the expansion pressures cannot exceed the
vacuum limit which is a function of M~2

Effect of Longitudinal Geometry
The effect of longitudinal geometry changes on the flow

nonlinearities is illustrated by comparing results for three-
dimensional bodies with those previously discussed for two-
dimensional bodies of similar cross section. For bodies with
circular cross sections, results for a circular-arc cylinder11'12

are presented and compared with those for a circular cone
and, for bodies with elliptic cross sections, results for an
Adams' minimum drag body of 3:1 elliptic cross section13'14

are presented and compared with those for the 3:1 elliptic
cross-section cone.

Normal-force results for Af=1.60, 2.96, and 4.63 are
presented in Fig. 9 for the circular-arc cylinder of circular
cross section. The circular cone was analyzed at ap-
proximately the same Mach numbers to help define the effects
of longitudinal geometry variations on the nonlinear-flow
increments. The most significant difference relating to
longitudinal geometry variations is that the separated-flow
increment on the circular-arc cylinder is a large contributor to
the normal force at M= 1.60 and 2.96. By contrast, the cir-
cular cone did not show any separation effects. Also, the
contribution to the normal force from the large-disturbance
increment is much larger on the circular-arc cylinder than was
noted on the circular cone. Both the separated-flow and the
large-disturbance increments decrease in magnitude with
increasing Mach number. Entropy does not significantly
affect the flow at Af=1.60 but does produce an appreciable
contribution to the normal force at M=2.96 and 4.63.

Although the entropy effects are significant for the circular-
arc cylinder at M= 2.96 and 4.63, these effects are less than
those observed on the circular cone at similar Mach numbers.
As a specific example, the entropy decreases the normal force
at M=4.63 and a =16 deg by about 30% for the circular-arc
cylinder, but for the circular cone at M = 4.50 and a= 16 deg
(Fig. 7) the normal force is decreased by about 60%.

Surface-pressure results for this circular cross-section body
at M= 1.60 and a = 20 deg are presented in Fig. 10 for several
body stations. The character of the pressure distribution for
the most forward body station (XIL = 0.075) is very similar to
that for the circular cone at M= 1.70 and a = 21 deg. No
separated flow is indicated at this body station. The
longitudinal geometry gradients produce an expanding
flowfield as evidenced by both the experimental and
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Fig. 6 Normal force and pressure coefficient comparisons for the 3:1
elliptic cone at A/*, =2.50.
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Fig. 7 Normal force and pressure coefficient comparisons for the 20
deg circular cone at M& = 4.50.
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Fig. 5 Normal force and pressure coefficient comparisons for the 20
deg circular cone at M^ = 2.50.
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Fig. 8 Normal force and pressure coefficient comparisons for the 3:1
elliptic cone at M* = 4.50.
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theoretical pressure data at A7L = 0.425 Note that the at
tached-flow compression pressures have decreased
significantly and that flow separation is indicated on the
leeward surface The flow separation become? more
pronounced on the cylindrical portion of the body The extent
of the separated-flow region can be verified by observing the
oil-flow photographs in Ref 11. The large-disturbance in-
crement is also influenced by the longitudinal geometry
gradients; in general, the large-disturbance increment is
somewhat larger in the areas where the longitudinal geometry
gradients are larger As was noted for the normal-force results
at M= 1.60 (Fig. 9), entropy increments in pressure are not
significant in regions of attached flow

Surface-pressure results for the same body statipns on the
circular-arc cylinder body at M=296 and a = 20 deg are
shown in Fig 11 The general behavior of the three-
dimensional flowfield is similar to the M= 1 60 case shown in
Fig 10, i e , the flowfield continually expands with axial
distance from the nose. Leeside flow separation-is indicated
from the shoulder region of the body aft along the cylinder.
The theoretical data follow similar trends, but the levels of the
theory with respect to the experiment are quite different from
those which were seen at Af=l 60 Both the full potential
method and the linear-theory method overestimate com-
pression pressures near the lower-surface centerline for the
first two stations, though the general trend of {he linear
theory is to underestimate compression pressures The
overestimation of the linear-theory lower surface!pressures
near the centerline yielded a more accurate linear-theory
estimate for normal force at M=296 compared with the
M= 1.60 case (Fig 9); however, the pressures are actually less
accurate at the higher Mach number The entropy is sub-
stantially influenced by the longitudinal geometry gradients,
as demonstrated by the decreasing magnitude of the entropy
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Fig. 9 Normal force coefficient comparisons for the circular-arc
cylinder at M^ = \ 60,2 96, and 4 63

increment with increasing axial distance from the nose.
Again, it is observed that the entropy increment is primarily
confined to the lower surface

The pressure data at M=4 63 and <*= 16 deg are shown in
Fig 12 The data are displayed circumferentially for three
body stations and also axially along the lower-surface cen
terline The centerline data are used to emphasize the
magnitude and extent of the entropy increment and the ac
curacy of the approximate entropy correction. The entropy
increment clearly diminishes as the flowfield expands Of
course, the same effect of entropy is seen circumferentially at
X/L = QQ75, where the entropy effect decreases from the
lower-surface centerline The leeside flow appears to be
largely separated, although the integrated effect of flow
separation does not seem to significantly influence the normal
force (Fig 9)

The results for an elliptic body with an Adams' minimum
drag area distribution may now be presented and compared
with previously discussed results for the 3:1 elliptic cross
section cone The complete set of force13 and surface pressure
data14 are limited to M=2.50; therefore, the analysis will be
conducted for this Mach number The normal force data at
Af=2.5Q are shown in Fig 13. Note that the separated flow
increment and the large-disturbance increment are of ap
proximately the same magnitude, but both of these in
crements are greater in this case than was seen for the elliptic
cross-section cone at M=2.50 (Fig 6) The entropy effect
becomes apparent at a«15 deg and the magnitude of the
increment remains rather small relative to the large
disturbance increment. The 3:1 elliptic cross-section cone
(Fig 6) showed a similar entropy effect at M= 2 50
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Fig 11 Pressure coefficient comparisons fo'r the circular arc cylinder
at A/oo =2% and a = 20 deg
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Fig 10 Pressure coefficient comparisons for the circular-arc cylinder
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Fig 12 Pressure coefficient comparisons for the circular arc cylinder
at M * =4 63 and a =16 deg
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Fig 13 Normal force coefficient comparison for the Adams
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Fig 14 Pressure coefficient comparison for the Adams minimum
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Fig 15 Volumetric wave drag coefficient comparisons for the 20 deg
circular cone and the 3:1 elliptic cone

Pressure data for three body stations at M= 2 50 and a = 20
deg are shown in Figure 14 The longitudinal geometry
gradients decrease the magnitude of the lower surface
compression pressures with axial distance The relatively
constant level of lower surface pressures in the spanwise
direction indicates a relatively flat lower surface contpur
Separated leeside flow is indicated along the entire length of
the body It is difficult to draw conclusions about the large
disturbance increment due to the erratic nature of the linear
theory solution, but it is clear from the figure that the full
potential solution is much more accurate than the linear

theory solution in the attached flow region The rather small
changes in the pressure coefficient due to the entropy
correction correlate with the small effect on the normal force
seen in Fig 13

Axial Force Analysis
Thus far the emphasis has been placed on high angle of

attack results where the nonlinear effects on the normal force
and pressure coefficient are large; however, at low angle of
attack the nonlinear attached flow effects can be significant
for axial force In order to show the magnitude of the
nonlinear, attached flow effects at low angle of attack, the
zero angle of attack inviscid axial force (volumetric wave
drag) for the uncambered circular and elliptic cones is
examined across the Mach number range in Fig 15

Linear theory wave drag estimates determined by two
different types of linear theory methods are shown in Fig 15
The integrated linear theory wave-drag estimate5 6 (identified
as the near field linear theory on the figure) has been used for
all linear theory calculations to this point Also included on
the figure is the far field wave drag estimate15 which couples
the supersonic area rule with slender body theory The near
field solution fails when the freestream Mach cone falls inside
the body, as mentioned previously However, this type of
linear theory wave drag calculation does not show large
errors when the body lies just inside the Mach cone—the case
for the far-field method The nonlinear full potential method
produces a much more accurate drag estimate and is not
affected by Mach cone limitations The entropy increment
reduces the wave drag at high Mach number even for a = 0
deg This effect is larger and becomes apparent at a lower
Mach number for the circular cone than for the thinner 3:1
elliptic cross section cone

Conclusions
The supersonic flow about two dimensional and three

dimensional bodies was analyzed to identify the nonlinear
aerodynamic effects on bodies of circular and elliptic cross
section These effects were identified as a separated flow
nonlinear increment and an attached flow nonlinear in
crement which was further divided into a large-disturbance
effect and an entropy effect Attached flow boundaries were
developed to illustrate the flow regimes where the nonlinear
effects are significant and the use of these boundaries for
angle of attack and for three dimensional geometries was
indicated

The investigation focused on comparisons of experimental
and theoretical pressure coefficient and normal force
coefficient A full potential method, NCOREL, which in
eludes an approximate entropy correction, was shown to
provide accurate attached flow pressure and normal force
estimates from Mach 1 6 through Mach 4 6 A procedure was
developed for the normal force comparisons that allowed the
separated flow increment to be determined without explicitly
calculating the local effects of flow separation

With increasing Mach number, the results showed these
trends: 1) the magnitude of the separated flow increment
decreased; 2) the magnitude of the large disturbance in
crement decreased or remained nearly constant; and 3) the
magnitude of the entropy increment increased Both the
separated flow and large disturbance increments increased
the normal force, but the entropy increment decreased the
normal force Entropy did not affect appreciably the at
tached flow result below approximately Mach 2 Also the
magnitude of the nonlinear normal force increments was
small at low angle of attack but increased significantly at high
angle of attack

The effect of cross section shape was shown by considering
a circular and a 3:1 elliptic cross section cone of equivalent
planform The cross section shape significantly influenced the
magnitude and distribution of the pressure coefficient
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nonlinear increments as well as the magnitude of the normal
force nonlinear increments In particular, the thinner elliptic
cone produced separated leeside flow and the circular cone
showed a larger effect due to the large disturbance increment
arid the entropy increment Analysis of three dimensional
bodies indicated that longitudinal geometry gradients in
creased the contribution of the large disturbance and
separated flow increments, but decreased the entropy in
crement The pressure data showed that the entropy increment
was strongest at the nose and decreased in magnitude with
axial distance from the nose Also, the effect of separated
flow tended to be small near the nose, but of increasing
magnitude with axial distance from the nose The large
disturbance and entropy increments were shown to
significantly affect the volumetric wave drag calculation of
the conical geometries The nonlinear full-potential method,
NCOREL, provided much more accurate wave-drag estimates
than the linear-theory methods and was not restricted by the
freestream Mach cone limitations which limit the range of
linear-theory methods.
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Turbulent flows involving injection and mixing occur in many engineering situations and in a variety of natural
phenomena. Liquid or gaseous fuel injection in jet and rocket engines is of concern to the aerospace engineer; the
mechanical engineer must estimate the mixing zone produced by the injection of condenser cooling water into a waterway;
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scale These are but a few examples of specific physical cases that are encompassed within the scope of this book. The
volume is organized to provide a detailed coverage of both the available experimental data and the theoretical prediction
methods in current use The case of a single jet in a coaxial stream is used as a baseline case, and the effects of axial pressure
gradient self propulsion swirl, two phase mixtures, three dimensional geometry, transverse injection buoyancy forces
and viscous inviscid interaction are discussed as variations on the baseline case
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