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Jet Penetration Height in Transonic Flow

Jonah Manela*
Armaments Development Authority, Haifa, Israel

Arnan Seginert
Technion—Israel Institute of Technology, Haifa, Israel

A penetration height of a circular underexpanded transverse jet into a uniform transonic flow is formulated. It
is an extension of Spaid’s jet penetration height in supersonic flow and is based on a momentum balance in the
expanding and bending jet. The newly defined penetration height is used to correlate pressure data from several
experiments with different test conditions. The effects of an axisymmetrical jet emission from a cylindrical body
on its aerodynamic characteristics is approximated by the addition to the cylinder of an equivalent flare.

Nomenclature

=throat cross-sectional area of injection nozzles,
Eq. (12)

=drag coefficient, D/¢S

=nozzle discharge coefficient, m;/p;V;A;

=normal force coefficient, N/gS

=pressure coefficient, (v —p..)/q

=nozzle diameter

=body diameter, also drag

=jet penetration height

=Mach number

=mass flux

=normal force

=number of jets

=pressure

= freestream dynamic pressure, V2p, V2

=gas constant

=model cross-sectional arca

=temperature

=velocity

=streamwise distance measured upstream from the jets

=angle of attack

=specific heat ratio

=circumferential angle

=density

b
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Subscripts

CP  =center of pressure

J =jet parameters

t =nozzle throat parameters
=9 =freestream conditions

0 =stagnation conditions

Introduction

HE interaction of a uniform flow with a transverse jet can
be found in short takeoff and landing (STOL) aircraft, in
thrust vector control, and in direct vehicle attitude control. It
is characterized by an effective jet thrust that is larger than the
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conventional thrust (obtained by blowing into a stagnant
medium), as a result of the interaction of the jet with the sur-
rounding flowfield. Early studies of this flow interaction
phenomenon concentrated on the interaction of a single,
usually sonic, two-dimensional jet with an external supersonic
flow. Most studies were experimental because of the complex-
ity of the problem.

The high level of complexity of this problem is
demonstrated by a representative study of a two-dimensional
interaction of a supersonic planar flow with a transversal sonic
jet that was published by Spaid and Zukoski.! The typical
features of the interaction flowfield and the resulting pressure
distribution are shown in Fig. 1 (taken from Ref. 1). The jet
acts as an obstacle to the main flow, generating a shock wave
and forcing the flow to separate and lift off the surface in
order to negotiate the obstacle. The separation shock
generates a sharp pressure rise, followed by a pressure plateau.
A bow shock that forms near the jet causes an additional
pressure rise after the plateau. The jet is bent aft by the high-
pressure region and a low-pressure separation region forms
behind it. Farther downstream, the combined jet and outer
flow reattach through a recompression shock. The flowfield
described in Fig. 1 resembles a supersonic flow over a
forward-facing step; thus, several investigators®>* have used an
equivalent solid body to simulate the jet’s disturbance to the
main flow.

The solid-obstacle approximation can also be extended to
three-dimensional interactions. The three-dimensional interac-
tion of a circular jet with a supersonic planar flow is, in princi-
ple, similar to the two-dimensional interaction described
above (Fig. 2a, taken from Ref. 5). However, extent and in-
tensity of the three-dimensional interaction are reduced
because the flow can go around the obstacle in addition to go-
ing over it (the three-dimensional relief effect®). The typical
pressure distribution in the vicinity of a pair of jets (Fig. 2b)
shows even more similarity to the two-dimensional case®>” and
indicates that this similarity increases when the number of jets
increases and their separation decreases.

While most of the research effort concentrated on super-
sonic interactions that were common in thrust vectoring and
direct attitude control of missiles, very little work was done on
transonic interactions. The scant information (e.g., Fig. 3,
taken from Ref. 8) available when this work was commenced
showed that the transonic interaction was, generally speaking,
similar in character to the previously described supersonic
one. The main differences were that the pressure gradients
were weaker, the pressure plateau was very short and vanished
at low blowing pressure ratios (py;/p,), and the shock waves
were weak normal shocks.
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With the development of STOL fighter aircraft and guided
and maneuvering munitions, the interest in transonic interac-
tions increased. The authors of this paper studied the un-
charted interaction of several circular supersonic jets with an
external transonic flow.? A further difference from previous
studies was that these dealt with blowing from a flat plate into
a planar flow, whereas in this study a number of circular,
radial jets were injected symmetrically from the perimeter of
the base of an axisymmetrical body into a three-dimensional
outer flow. In this case, the jets did not generate any direct net
forces or moments on the body. The forces and moments that
were actually measured, when the body was positioned in the
flow at an angle of attack, were the result of small pressure
differences between the interaction regions on the windward
and leeward sides of the body. Thus, the ability to predict the
effect of the interaction became even more important.

Because of the complexity of the flowfield and the dif-
ficulties in describing it theoretically, attempts were made to
correlate its features with the governing parameters. One of
these correlation parameters was Spaid’s jet penetration
height in supersonic flow.!® Spaid’s correlation method, being
supersonic, could not, however, be applied to the present tran-
sonic flow. Therefore, the purpose of this work was to modify
Spaid’s correlation parameter and to adapt it to transonic
flow.
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Fig. 1 Flowfield and pressure distribution of a supersonic flow over
a two-dimensional jet (from Ref. 1).
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A Jet Penetration Height in Supersonic Flow

Based on their experimental data, Spaid and Cassel’ listed
the parameters that governed the flowfield interaction
generated by the jet penetration as: 1) the geometry of the
model and blowing nozzles, 2) main flow Mach and Reynolds
numbers, 3) ratio of specific heats of the injectant, 4) blowing
pressure ratio (py;/p.), and 5) total temperature and
molecular weight ratio.

However, Chrans and Collins!! showed that as far as only
the pressure interaction field is concerned, hot jets could be
simulated by cold-flow experiments. They found no influence
of the jet’s total temperature or molecular weight on the in-
teraction within the range of parameters investigated in Ref. 9.

Spaid!® included these parameters (except for the Reynolds
number, total temperature, and molecular weight ratio) in his
formulation of a correlation parameter—the jet penetration
height—by which the experimental results from different
supersonic tests could be correlated. It was defined as the ef-
fective height of the external flow’s disturbance caused by the
jet and was analogous to the height of an equivalent solid
obstacle. Spaid’s formulation of the penetration height of a
circular underexpanded sonic jet into a planar supersonic flow
required the following assumptions:

1) The penetration height is large compared with the
boundary-layer thickness of the undisturbed flow.

2) The jet expands isentropically to the ambient pressure
while being bent in the direction of the free flow.

3) The jet and external flow do not mix.

4) The contact surface between the two flows is shaped like
a quarter-sphere attached to half of a cylindrical afterbody.

5) The pressure distribution over the spherical contact sur-
face is calculable by Newtonian theory.

6) The jet penetration height 4 is defined as the radius of the
quarter-sphere contact surface and its value can be determined
by a momentum balance in the flow direction. The control
volume for this momentum balance is delimited by the
quarter-sphere described above, the flat surface from which
the jet is injected, and a plane perpendicular to the free flow
that passes through the rear of the quarter-sphere.
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Fig. 2 Typical pressure distributions around one and two circular jets interacting with a supersonic flow (from Ref. 5).
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Fig. 3 Typical pressure distributions in a transonic interaction (from
Ref. 8).
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Based on these assumptions, Spaid’s momentum balance
results in the penetration height given by

h 1 <2Cj p0j>‘/1{ 2 ( 2 ><7j+1>/<7,-~1)
d M, C,', Po vi—1 \y;+1

()

where C; is the stagnation pressure coefficient behind a nor-
mal shock wave:

2 Yoo +1 Yoo/ (Yoo = 1)
e 2l
T veMs 2

Yoo +1 )1/(%0—1) ]
X | ——— —1 2
<27®M%,—7m+1 @

The term C; was used by Spaid to calculate the drag on the
quarter-sphere by the Newtonian theory. An examination of
Eq. (1) results in the approximate relationship

h/(dtcjl'/z)a(l/Moe ) (Poj/Po) v
or, after rearranging:

hoc[(diC;po;)/ (M2pe)]” 3
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Fig. 5 Single-jet influence on the boundary layer.

which means that the penetration height is proportional to the
square root of the ratio of the jet thrust to the freestream
dynamic pressure. Other attempted correlations, like those of
Refs. 12 and 13 based on the jet momentum flux (or thrust),
also concluded that the interaction was governed by the ratio
of the jet momentum to the specific momentum of the free
flow.

A Jet Penetration Height in Transonic Flow

Spaid’s jet penetration height # was useful for correlating
the pressure distributions obtained in different tests.!® For a
similar correlation in the present work, the jet penetration
height must be redefined for transonic flow. For a single jet,
Spaid’s assumptions and formulation can be used, except for
the drag coefficient on the quarter-spherical face of the con-
trol surface. Instead of the drag being calculated by the
Newtonian theory with the assumption of a strong normal
bow shock upstream of the spherical surface, it is approx-
imated in the transonic case by the empirical relation (Ref. 6,
p. 410),

Cp=C,

o, —0.5 (for0.7<M,<12) (4)

where C, - is the freestream stagnation pressure coefficient.
Although Cpom =C, for M, =1, they differ significantly
anywhere else In the transonic range, and C; is meaningless
for M, <1. With this drag coefficient, the momentum
balance results in

h_ 1 ( G V) Pof')%
4, M, \C,_—05 vu pu

Py,

o { 2 ( 2 ><7j+1)/(v,-—n y [1 B (pm )(ijl)/vj]}%
vi— 1 \y;+1 Po;

®

The full derivation of Eq. (5) and of the following expressions
is given in detail in Ref. 14. For experiments in cold flows
(wind tunnel and jet flows) with y;=v,=1.4, one derives
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Poj/Pso = 49.0

M, = 0.66
Poj/Pec = 51.6

Fig. 6 Mach number and pressure ratio effects on a single-jet
penetration.

from Eq. (5)

h B 1 < 1 p0j>‘/z
d(C)”* M, \C, —05 p.

Po

x {1.6745 [1 - (‘;; )0‘2857]} * ©6)

This formulation was derived for a single jet injected from a
flat plate into a planar transonic flow. For the case of a single
jet injected from an axisymmetric body of diameter D, as was
the case in the experiments of Ref. 9, Eq. (6) would be valid
only if h~/D<1. It is assumed that for higher values of #/D,
Eq. (6) would still correctly describe the frends of the penetra-
tion height with varying jet and free-flow parameters.
However, the derivation of the penetration height must be
modified when it is to be used to correlate the results of multi-
ple jets injected radially from an axisymmetric body.®

Using Spaid’s assumptions, it is also assumed that the
disturbance of a number () of discrete circular jets can be ap-
proximated by a continuous, axisymmetric radial jet injected
around the body perimeter, with a thrust that equals the com-
bined thrust of the discrete jets. This is consistent with the
observations of Refs. 5 and 7 (Fig. 2). The momentum balance
in this case is calculated for an annular control volume (Fig. 4)
that is bounded by 1) the toroidal contact surface between the
free flow and the jet, 2) the surface of the body, and 3) a radial
plane that intersects the contact surface at the point where the
jet flow becomes parallel to the freestream. Referring to Fig.

AIAA JOURNAL

M, =0.9
«=0°

Poj/Poc = 65.1

© =0
poj/pm = 68.5

Fig. 7 Schlieren photographs of the flowfield induced by eight jets.

4, the momentum balance is given by'*
MV, =Y2(YopuMECp) (7/H[(D + 2h)* - D?] )

where r'nj is the combined mass flux of # jets

3 Y 2 (rj+ Dy -] %
m=cam| - (55) ] ®)
SR R;To; \v;+1

A,-=n(7r/4)df (9)

and the jet exit velocity is

Dy 2\ -
vy [ (22) o
v -1 Pyj

Substituting Egs. (8-10) in Eq. (7) and using the empirical ap-
proximation for Cp, [Eq. (4)], the solution for the penetration
height from Eq. (7) is

C;din :l 2y
MC,,_—0.5) 1 p.,

x{ v? ( 2 >w,-+1>/<v,-fl>x I:I‘<pm>(v_/—l)/«,j:|}‘/z
2y; =1 Ny +1 Po;

11)

h2+Dh:[
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Fig. 8 Pressure distributions at « =0 and 5 deg: a) not normalized; b)
normalized by penetration height.
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Fig.9 Pressure distributions at « =10 deg: a) not normalized; b) nor-
malized by penetration height.

The number of jets () must be high to justify the assumption
of a continuous circumferential disturbance.

Results and Discussion

The experimental part of this investigation, described in
Ref. 9, was done on an ogive cylinder model, with radial jets
injected into the outer transonic flow around the perimeter of
its base. The program included tests with a single radial jet and
with eight jets around the mode! base circumference. The
main test parameters were the free-flow Mach number, the
model angle of attack, and the blowing pressure ratio
(Do;/P)- Schlieren photographs of the flow were taken. The
pressure distribution over the last two diameters of the model
was recorded and integrated to produce the lift coefficient and
the location of the center of pressure.’
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Typical schlieren photographs of the interaction of a single
jet with the transonic flow are shown in Figs. 5 and 6. Figure 5
shows the effects of the jet on the boundary layer at angles of
attack of 0 and 9 deg. The thickening of the boundary layer
due to the jet is not large. At a =9 deg, the boundary layer is
separated some 1.5 body diameters upstream of the base, even
without the jet disturbance. Figure 5 justifies the assumption
that the jet penetration height is larger than the undisturbed
boundary-layer thickness.

As the freestream Mach number is increased, the jet is
turned downstream closer to the body (Fig. 6), as expected,
because of the increasing drag on the jet, in spite of the in-
creasing blowing pressure ratio. With a fixed tunnel stagna-
tion pressure, the freestream static pressure p,, was decreasing
when the Mach number was rising. The resulting increased
blowing pressure ratio tends to increase the jet’s physical
penetration height, but its effect is overcome by the
simultaneously increasing Mach number.

Also shown in Fig. 6 is the penetration height calculated
from Eq. (6). It does not correspond to any physical feature of
the flowfield and should be considered only as a similarity
parameter. However, a qualitative agreement between the
calculated penetration height and the jet radius of curvature is
observed (Fig. 6). The counteracting effects of the freestream
Mach number and of the blowing pressure ratio discussed
above are clearly seen in Eq. (6). The dominance of M, to the
first power over the square root of (py;/p.,) agrees with the ex-
perimental results of Fig. 6.

Although the character of the eight-jet interaction, as seen
in its schlieren photographs (Fig. 7), differs from that of the
single-jet interaction (Fig. 6), the penetration height calculated
from Eq. (11) and marked on these photographs shows again
the same trend as the radius of curvature of the jets, as well as
the dominant effect of the Mach number. The pressure
distributions with eight active jets, presented in Refs. 9 and 14
for « =0 deg, indicate that the flow was nearly axisymmetric.
The only deviations from an axisymmetric flow were
measured very close to the origins of the jets, where high
pressures were observed in line with the nozzles and lower
pressures were observed between them. This is in agreement
with the observations of Ref. 5 (Fig. 2) and justifies the pres-
ent approximation of the discrete jets by an equivalent axisym-
metric obstacle [Egs. (7-9)].

The pressure distributions reported in Refs. 9 and 14 were
found to be strongly dependent on the blowing pressure ratio.
It is shown in Fig. 8a that the blowing-pressure effect is much
stronger than the influence of an angle-of-attack change from
0to 5 deg. Figure 8b proves that these effects can be correlated
with the penetration height as given by Eq. (11); the data
nearly collapse on a single curve. Although the derivation of
the penetration height is valid only for a =0 deg, the =5 deg
data also correlate fairly well. Figure 9a shows the blowing-
pressure effect at an angle of attack of a= 10 deg and, again,
these data are correlated by the computed penetration height
in spite of the relatively large angle of attack.

The Equivalent Flare

The interaction between a transonic flow and transverse
supersonic jets has never been solved numerically and such a
computation, although probably possible, would not be cost
effective. However, the aforementioned concept of an
equivalent solid obstacle gives rise to the following crude ap-
proximation that can be used for engineering design purposes.
Both the schlieren pictures (Fig. 7) and the pressure distribu-
tions (Figs. 8 and 9) of the eight-jet induced flowfield resemble
those obtained on flared-cylinder models. Although the
obstacle presented to the flow by the jets is not conical, the
rapid thickening of the boundary layer because of the adverse
pressure gradient, is roughly conical. Boundary-layer
measurements from the schlieren pictures defined a conical
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flare of 21 mm length and 2.73 deg semivertex angle at
M_,=0.8 and 0.9 and of 20 mm length and 3.58 deg
semivertex angle at M, =0.96. These equivalent conical flares
were used to compute the normal force coefficient and the
center-of-pressure location for angles of attack between o =0
and S deg (Figs. 10 and 11), where most of the jet penetration
effects are concentrated.® Since the jet-induced disturbance is
distorted at higher angles of attack and does not remain ax-
isymmetrical, such an approximation is valid at low angles of
attack only. A linear variation between the flare-induced
values and those of the cross-flow theory is, therefore, pro-
posed for use in the angle-of-attack range between a=5 and
20 deg, where the jet-induced effects gradually decay and the
crossflow mechanism becomes dominant. Also presented in
Figs. 10 and 11 are the normal force coefficient and the loca-
tion of the center-of-pressure variations with angle of attack
as measured on the ogive cylinder model of Ref. 9 with several
blowirig pressure ratios. The equivalent conical flare results
(solid lines) are in fair agreement with the experimental nor-
mal force coefficient data and display the correct trend when
the Mach number is varied (Fig. 10). The agreement with the
center-of-pressure data is only qualitative (Fig. 11). These data
are strongly dependent on the blowing pressure ratio®
(whereas the normal force is not) that has not been accounted
for in the approximation of the equivalent conical flare.

The equivalent conical flare approximation cannot serve as
a predictive method when experimental boundary-layer data
have to be used. An approximation based on a generalized
pressure distribution (e.g. Figs. 8b and 9b) would certainly be
better. It would also account for the effects of the blowing
pressure ratio. An even better predictive model should,
probably, be an equivalent toroidal flare (or skirt) with its
diameter equal to the proposed penetration height [Eq. (11)].
Such a model would more closely resemble the physical
features of the flowfield and would account for all of the main
flowfield parameters. Unfortunately, no experimental data
for such a configuration were available to put this idea to the
test.

Conclusions

A jet penetration height for transonic flow was derived both
for a single jet perpendicular to a flat plate and for a large
number of radial jets emitted from the circumference of an ax-
isymmetrical body at zero angle of attack. Although not cor-
responding to any specific physical feature of the flowfield,
the penetration height parameter was found to vary with Mach
number and blowing pressure ratio changes in correspondence
with the radius of curvature of the jets. It was also found to
correlate the pressure distributions, obtained under different
test conditions, on a single curve.
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The solid-obstacle concept was extended to simple approx-
imations of the variations in the normal force coefficient and
center of pressure with the angle of attack, based on an
equivalent cylinder flare model that could be used for
engineering design purposes. Better approximations, based on
a generalized, correlated pressure distribution or on the
penetration height itself, were proposed, but were not verified.
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