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ABSTRACT

Two-dimensional jet flap aerodynamic interaction tests have been conducted
in the 8 in. x 13 in. supersonic tunnel at Mach number 3.97 and Reynolds number
0.12 x 106 per inch. The test model consisted of a wedge of rectangular plan-
form equipped with side plates and a full span jet slot. The primary data taken
were Jjet mass flow, normal force increment due to the Jet, and schlieren photo-
graphs.

The specific impulse ratios obtained varied from 3.6 at the lowest jet
force parameter to 2.5 at the highest jet force parameter. (Jet force parameter
is defined as the jet stagnation pressure times Jjet slot width, divided by free-
stream pressure times body length.) For the range of variables covered in the
present experiment the jet force parameter was found to govern the flow geometry,
including transition in the separated shear layer.

Data on aerodynamic interaction in the case of the approximately two-
dimensional, sonic Jet flap have been collected from four sources. The available
data for specific impulse ratio were correlated, mostly within * lO%, over a
hundredfold range of a dimensionless parameter consisting of the jet force pa-
rameter multiplied by a free stream Mach number function. An inviscid theory
was developed to provide an analytical justification for the dependence on the

parameter.
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INTRODUCTION

It is well known that exhausting a jet laterally from a body in a super-
sonic stream can, due to the Jjet free-stream aerodynamic interaction, create
a normal force on the body which is several times larger than the momentum
force of the jet alone. The advent of very high speed flight has drawn in-
creased interest to the Jjet as a control or force-generating device. Some
attractive advantages of such a device are: (1) the successful use of jet
attitude controls for spacecraft favors the simple expedient of using jet
controls at all altitudes; and (2) in some cases ordinary control structures,
such as fins, may be dispensed with where severe aerodynamic heating is a
problem. Thus research is currently underway to provide needed data and theory
for the design of jet control systems to be used at high speeds in the at-
mosphere.

The available theories dealing with jet free-stream interaction are all
based on simplified models of the complex viscous, compressible flow. A
number of these theories treat the two-dimensional case, which is a helpful
simplification. In the present experiments a model was designed specifically
toc provide, as nearly as possible, a two-dimensional flow field for compari-
son with theory. This two-dimensional Jjet flap investigation consisted of
normal force tests of a model equipped with side plates having supersonic
edges. The side plates prevent lateral spillage of the flow around the

obstruction created by the jet flap. The resulting flow field is a close



experimental approximation to the infinite-span, two-dimensional flow which
is treated by the theories.

One of the major difficulties in the use of Jjet control systems is pre-
diction of the aerodynamic interaction over a wide range of configurations,
Reynclds numbers, Mach numbers, and jet free-stream pressure ratios. Conse-
quently a large body of experimental data has accumulated as a result of
efforts to understand the physical mechanisms of the aerodynamic interaction.
The present report includes an attempt to unify the available data for the
case of a two-dimensicnal sonic Jet flap by means of a relatively simple

inviscid dimensionless parameter.



APPARATUS

The experiments were performed in The University of Michigan 8- by 13%-in.
vacuum blowdown supersonic wind tunnel. The test Mach number was %.97 and the
Reynolds number approximately 120,000 per inch.

The model and sting assembly used in these tests are shown in Fig. 1. The
purpose of the model design is to obtain, as nearly as possible, a two-dimen-
sicnal flow situation when the Jet emerges from the slot.

The model is made up of a 15° steel wedge with a Plexiglas structure
fastened to it. The Plexiglas structure consists of two Plexiglas side plates
(with plate glass "windows" mounted in them) and a 13° Plexiglas wedge which
is supported between the two side plates at the top of the model. The upper
surface of the steel wedge is blued in strips to prevent corrosion and provide
markings for china clay cbservations. The Jjet slot extends the full width
(3 in.) of the steel wedge and is located near the aft end of the wedge on
the upper surface where the last blued (dark) strip ends. The upper surface
of the steel wedge extends 6 in. forward of the slot leading edge and 0.15 in.
aft of the slot trailing edge. The jet slot width (w*) was set by means of
stainless steel shim stock and then measured with a Unitron toolmaker's micro-
scope.

Some of the details of the sting assembly are shown in Fig. 1. The sting
is a tubular cantilever beam with four strain gage bridges mounted externally
so as to measure bending moment at four locations along the sting. The strain

gage bridges are located along the sting inside the "windshield" shown in Fig. 1.



Consolidated Electrodynamics strain gage amplifiers and recording oscillograph
are used in conjunction with the strain gages. With this arrangement the ef-
fective normal force and its location can be found. The sting also carries the
Jet air and strain gage cooling fluid within its interior. In Fig. 1 the inlets,
outlets, and solenoid valve are shown. The solenoid valve is placed near the
model tc obtain a rapid Jet response when the valve is opened or closed.
Interior details of the model and sting are shown in Fig. 2, which is =
section view taken in the plane of symmetry near the base of the steel wedge.
The jet air flows in from the right, passes thrcugh a filter before enter-
ing the jet plenum, and exhausts out the sonic Jjet slot. It was found that
impurities in unfiltered Jjet alr could rapidly clog a jet slot of 0.0005 in.
width. With filtered jet air the slot remains immaculate (as checked by micro-
scope) after considerable jet running time. The jet stagnation pressure is
sensed downstream of the filter at the "total head port," carried aft by means
of a 0.04O in. 0.D. tube, and out of the sting assembly near the solenoid valve
to an Ashcroft pressure gage. It was found that the jet stagnation temperature
could be measured well upstream, outside the tunnel, with an error of less
than 1°F.
The ccoling fluid travels through annular passages, coming in from the
ight 1n Fig. 2 in the outer annulus, and returning in the inner annulus.
In the present experiments, shop compressed air was used as a cooling fluid.
Additional data obtained during the tests consisted of tunnel stagnation
pressure and temperature, jet mass flow rate, and schlieren pictures. Tunnel

stagnaticn pressure was obtained using a mercury mancmeter connected to the



settling chamber. Jet mass flow was measured with a standard ASME sharp-edged

orifice meter.



EXPERIMENTAL RESULTS AND COMPARISONS WITH THEORY

Three nominal slot widths were used in the tests. They were w* = 0.0005
in., w*¥ = 0.0015 in. and w* = 0.0030 in. The slots were all sonic with smooth
rounded entrances from the jet plenum chamber. The range in poj/pm was 45 to
1400, so that jet stagnation pressure was always much larger than tunnel free-
stream pressure.

Figure 3 is a typical schlieren picture,* with some of the more important
features labeled. It is well known that the effects of the jet exhausting from
the slot are, in many ways, similar to the effects of a vertical step above the
surface of the plate. The laminar boundary layer along the plate separates
ahead of the Jjet to produce a separated laminar shear layer and, at the same
time, a separation shock due to turning of the outer flow along with the de-
flected boundary layer. Beneath the shear layer is a region believed to be
composed of one or more cells of circulating flow. If the Jet disturbance is
large, as in Fig. 3, the shear layer may undergo transition to turbulence. A
case such as Fig. 3 is called "transitional," since the shear layer appears to
have both laminar and turbulent regions. When P03 /b is large (pOJ/pm = 684
in Fig. 3) a system of jet shocks is always present. Finally, further turning
of the outer flow occurs when the shear layer approaches the Jjet, giving rise

to a jet free-stream interaction shock.

*The V-shaped pair of lines running almost vertically near the left side of
the window are cracks in the 1/8 in. plate glass window. They were ade-
quately repaired with Eastman 910 cement, and it is not believed they had
any serious effect on the experimental results.



The schlieren photographs of Fig. 4 depict approximately the range of flow
conditions covered in the present experiments. It should be noted that two types
of schlieren pictures were taken. In one case the mercury vapor lamp was flashed,
giving an exposure time of about 3 microseconds. In the other case the lamp was
run continuously and the camera shutter was set at about 1/30 sec. The "slow"
type of picture 1s characterized by smoother, more diffuse flow features and by
illumination on the model. The "fast" pictures show sharper flow details and no
model illumination.

The features in schlieren pictures such as those of Fig. L4 correlate well
in terms of the dimensionless Jet force parameter, pojw*/me, which is propor-
tional to the theoretical jet thrust divided by a representative aerodynamic
force. The exact physical role of the denominator is obscure, and it may be
possible that a more suitable non-dimensionalization will be found. For example,
L could be replaced by some plausible length in the flow. The fact remains,
however, that the jet force parameter has been used successfully by Amick and
Carvalho (Ref. 1) and others to correlate jet interaction data. The jet force
parameter also emerges as the central variable in the laminar theory of Dershin
(Ref. 2). Within the range of the present experiments, all the important
phencmena are governed by the jet force parameter, as will be pointed out in
the following paragraphs.

Figures 4 (a) and (b) show typical flow configurations at low and high
jet force parameters, respectively. The former case appears to have a laminar
shear layer, whereas in the latter case transition is believed to have occurred

in the shear layer at a point about two-thirds of the distance from the separation



point to the jet slot. (See Fig. 3 for greater detail.) The selection of

this point as the transition point is based on the following observations:

(1) near this point the shear layer turns slightly outward, indicating an in-
increased pressure in the separated flow region; and (2) downstream of this
point the shear layer appears to grow, its edges become diffuse and wavy, and a
granular type of structure may be seen within the layer. Estimates of the
transition distance based on similar interpretation of other schlieren pictures
are plotted in Fig. 5 as a function of the jet force parameter, for three Jet
slot widths. Although there is a large amount of scatter in the data, the
transition distance appears to correlate with the jet force parameter. Note
that it was not possible to obtain data over the whole range of jet force pa-
rameter in the case of the narrowest slot. This was due to pressure limitations
of the equipment. Transition is first noticed at a jet force parameter of ap=-
proximately 0.10, and the length of turbulent shear layer increases as jet
force parameter increases.

Returning to Figs.4t (c) and (d), we see an interesting similarity in flow
geometry. The slot in Fig. 4(d) is about six times wider, the stagnation pres-
sure is over four times smaller, and p, has been increased about 17%. However,
the two cases have nearly the same jet force parameter and a close resemblance
to one another in flow geometry. The relationship between jet force parameter
and flow geometry will later be examined in more detail.

From Figs.L(e) and (f), flow configurations at low and high jet force
parameters may be compared in the case when the boundary layer is turbulent

before it separates. Boundary layer turbulence was artificially induced by



fastening a 3 in. square piece of sandpaper to the upper surface of the steel
wedge, just behind the leading edge. Grain size was about 0.05 in. In Figs.
L(g) and (h) the Plexiglas structure has been removed, leaving the steel wedge.
Here the schlieren pictures are of higher quality due to the absence of the
plate glass windows. The Jet force parameter is about the same in both cases.
In the second case artificial turbulence has been induced and separation delayed.
(The damping strut which extends below the steel wedge is visible in Figs. 4 (g)
and (h). The strut is connected to a circular plate immersed in glycerin out-
side the test section. The purpose of this dashpot mechanism is to damp the
heavy vibrations of the model which occur with starting and stopping of the
tunnel. )

Further evidence of the controlling influence of Jet force parameter on
the flow geometry is given in Fig. 6, where the distance from the jet forward
to the separation point is plotted in dimensionless form, as a function of the
jet force parameter., Like the transition data, these data were obtained by
simple measurements from schlieren pictures and they show some random scatter.
Since the separation "point" is not visible through the windows, its location
was deduced by extending the separation shock until it Intersected the upper
surface of the steel wedge. The data show that the extent of the separation
region increases as the Jet becomes stronger, and at the highest values of jet
force parameter, separation is near the leading edge. A calculation from
Dershin's theory (Ref. 2) shows good agreement with the data.

Further data on flow geometry are shown in Fig. 7, where shock wave

angles and separation angles are shown as a function of jet force parameter.



Again the data are rough measurements taken entirely from schlieren pictures.
Since the separation angle, «, and the corresponding shock angle, ©, do not
show much variation, it is difficult to draw any conclusions about their de-
pendence on Jet force parameter. However, the wave angle of the jet free-
stream interaction shock, ej, does increase considerably as jet force parameter
increases. We note in passing that Gj was measured from a long straight seg-
ment of the shock wave, and is not representative of the initial portion of

the shock near the jet. The data on angles, like the data on transition and
separation lengths, do not show any consistent effect cf slot width for the
conditions of the present tests.

We now leave consideration of flow geometry and turn to measurements of
specific impulse ratic. Figures 8 and 9 give the central results of the present
tests. Here the specific impulse ratio, IS/ISvac’ is plotted as a function of
the Jjet force parameter for three jet slot widths and for laminar and turbulent
separation of the boundary layer. I, is the total normal force, due to jet

S

and aerodynamic interaction, divided by the measured mass flow. is the

Tsvac
theoretical, ideal, vacuum specific impulse resulting from the same jet geome-
try with the same stagnation temperature. The fact that Is/IsvaC is greater
than unity indicates an improvement over the vacuum specific impulse which is
attributable to the favorable aerodynamic interaction. That is, for a given
Jet mass flow, one may expect a greater total normal force than the ideal jet
vacuum force.

Again the data appear to be entirely a function of the Jjet force pa-

rameter, (particularly in the case of laminar separation) with jet slot width
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variations (in many instances up to six times) having no significant ordered
effect on the specific impulse ratio. For low jet force parameters a dif-
ference exists between laminar and turbulent data, while at high jet force
parameters both cases merge to the same IS/ISvac = 2.5.

The flagged data in Figs. 8 and 9 were taken using stainless steel side
plates which were smaller than the Plexiglas plates and had no wedge across the
top of the model., These tests indicate that the results are independent of
side plate configuration when plates are properly designed.

In Fig. 8 several theories are compared with the laminar experimental
data. The theory of Amick and Carvalho (Ref. 1) gives specific impulse ratios
which are too large. Part of the discrepancy can be explained by the fact that
the upper surface extended 0.15 in. behind the Jet slot. However, it is esti-
mated this effect would reduce IS/ISvac by only about 10% in the extreme cases.
Better qualitative and quantitative agreement is obtained with the Jjet-flap
theory of Dershin (Ref. 2). A significant aspect of Dershin's theory is the
thecretical inclusion cf viscous mixing along the separated shear layer. A
curve calculated from the theory of Strike, Schueler, and Deitering (Ref. 3)
is also included in Fig. 8. This theory gives values of specific impulse
ratio which are somewhat below the present data. (A particular value of
w*/L was selected since the theory of Ref. 3 is not based solely on Jjet force
parameter.) Finally, the strong jet theory of the Appendix is included in
Fig. 8. This theory uses a very crude mathematical model and was developed

as a result of successful data correlations to be discussed later in the re-

port.
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Calculations from several theories for the case of turbulent separation
are ccmpared in Fig. 9 with data taken when turbulence was artifically induced
by roughness., In general the theories show fair agreement with the data. Vinson's
theory (Ref. 4) shows a high interaction at low jet force parameter, contrary to
the trend of the data and the other theories. However, because of the severity
of the disturbance required to induce the turbulence, the present turbulent

data may not be representative of that for a naturally turbulent boundary layer.
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EMPIRICAL CORRELATIONS AND PREDICTIONS OF MACH NUMBER EFFECT

The experimental data of the present report, taken at constant free stream
Mach number and Reynolds number, Rep, were found to depend on the "jet force pa-
rameter,” pojw*/pr° Variables dependent on the jet force parameter included
not only specific impulse ratio, IS/ISvac’ but also flow geometry and transition
in the separated shear layer as well. If the data at this one Mach number are
well correlated by a simple dimensionless parameter, then one might naturally
ask if such a result is possible in the more general case when free stream
Mach number and Reynolds number are varied. In this section we shall present
specific impulse ratio data from Refs. 1, % and 5 and from the present tests,

as correlated with the following parameter:

’ 2
pOjW* Moo -1

2
RmL M@

¢ =

The sources of data for the correlation are listed in Table I, along with in-
formation on model and jet slot configuration.

It should be mentioned in passing that in addition to the Jjet flap inter-
action data, Ref. 3 gives information on circular nozzle jet interactions and
Ref. 5 presents information on solid spoilers. These data are not included
in the present summary.

The Jjet configurations of the experiments listed in Table I are of two
general types: Jjet spoilers, with the Jjet located away from the trailing edge;
and jet flaps, with the Jjet at or near the trailing edge, as in the present

tests. Jet spoiler tests, with the jet slot near the midchord, were made by
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Strike, Schueler, and Deitering (Ref. 3) and Heyser and Maurer (Ref. 5). The
configuration of their models was similar to that of Fig. 1, but without trans-
parent side plates. In some of the tests of Ref. 5, small metal side plates
were used. Side plates were used in the experiments of Ref. 3, but they ex-
tended downward and were not meant to contain the jet free-stream interaction.

Amick and Carvalho (Ref. 1) conducted jet flap tests with a model which
was not of rectangular planform, as in all the other cases, but was a delta
planform with 60° sweepback. The jet slot in this case was tapered, with the
maximum slot thickness at the model centerline.

For the purposes of the present correlation the jet spoiler results listed
above will be treated as jet flap data simply by considering only the forces
measured ahead of the jet. Probably the essential difference between the two
types of flow is in the pressure downstream of the Jjet exit, and the effect it
has upon jet curvature. The theory of Amick and Carvalho (Ref. 1) showed that
a small change in this pressure had a small effect on the specific impulse
ratio, IS/ISvac“ This seems & plausible result because the pressure just up-
stream of the jet is generally much larger than p  and the pressure on the
downstream side of the jet drops to a fraction of p_. (See Ref. 3, Fig. 12,
for examplea) Therefore, the jet curvature and the upstream flow field are
not likely to be influenced greatly by the downstream model configuration.

It is interesting to note from Table I the total range of parameters

for all the references combined:

M, : 1.57 - 5.01
Re; : 0.68 x 10° - 27 x 100
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w/L ¢ 8.3 x 1070 - 1.75 x 1072

poj/poo 3 - 1400

Figure 10 gives IS/ISVBC’ a variable of primary importance to the fuel
economy of a jet flap, as a function of the parameter ¢ defined above. Figure
10 is only for the case of "natural" boundary layers, either laminar or turbu-
lent, on smooth model surfaces. The artificially turbulent data taken in the
present report and Ref. 1 would not correlate well in Fig. 10, falling somewhat
below the other data at low values of 9.

All the data of Fig. 10 are for two-dimensional and nearly two-dimensional
jet flap configurations at supersonic speeds. The data from Ref. 5 (Heyser
and Maurer) were taken from their Fig. 26(b), which is for the case with side
plates. The data of Ref. % (Strike, Schueler, and Deitering) were taken from
their Fig. 32. Although side plates were not used in Ref. 3, aerodynamic force
was determined from pressure measurements along the centerline where two-dimen-
sional values are most closely approached. The Ref. 3 data in Fig. 10 is for
slot A.R. = 53 or larger. Both Ref. 3 and Ref. 5 give data in terms of the
force magnification FA/FJ’ where FA is the aerodynamic force due to the pres-
sures upstream of the Jjet and Fj is the Jjet thrust. To convert the force
magnification to the specific impulse ratio we simply add one. This can be
shown beginning with an approximate definition of specific impulse ratio for

. >> 1
pOJ/pm

IS (FA +FJ)/Iﬁ Fp +Fj (
= " l)

Tsvac Pt (i e )F 5

iR
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Now if we assume (as in Ref. 3) that

F. .
I S
Fit my,
then it immediately follows
LT,
Syac Fj (2)

C is usually near unity; however, in the present experiments, where a narrow
0.0005 in. jet slot was used, values as low as C = 0.6 were measured. In Ref.

3 the lowest measured value of C was about 0.7 for rectangular slots with sharp-
edged entrances.

The empirical relation given in Fig. 10 is

I 13.02
- gy (22) &

I
Svac

Most of the data are within * 10% of Eq. (3). This correlation is apparently
valid over a large range of Reynolds numbers. Although it was not possible to
determine separation Reynolds numbers corresponding to individual points in

Fig. 10, it is known that turbulent boundary layer separation occurred in some of
the data of Ref. 3 and in a large portion of the data of Ref. 5.*¥ Reference 1
had laminar separations, except in the cases (not shown) where turbulence was

artificially induced.

*This was found by examining schlieren pictures and streamwise surface
oressure profiles.
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In addition to the correlation given in Fig. 10, Ref. 6 (Hawk and Amick)
presents correlations of flow geometry as a function of ¢. The results are
inconclusive because of lack of sufficient two-dimensional data at several
Mach numbers.

Also shown in Fig. 10 are predictions of specific impulse ratio for M, =2
and M_ = 5 using the strong jet theory (Appendix). The theory does not provide
close agreement with data, although it shows the correct trend and fair agree-
ment over a hundredfold range in the parameter ¢.

An extension of Eq. (3) to higher Mach numbers is presented in Fig. 11.
Considering the successful specific impulse correlation from Mach number 1.57
to 5.01 and the current interest in specific impulse ratios at higher Mach
numbers, it was felt that a projection of Eq. (3) to higher Mach numbers would
be worthwhile. Therefore, in Fig. 11 the specific impulse ratio is plotted
from Eq. (3) as a function of M, up to M, = 8. Specific values of Poy /o’
w*/L, and Reynolds number were selected in order to make calculations from
a number of theories.

The prediction according to the theory of Strike, Schueler, and Deitering
(Ref. 3) starts below the empirical result in Fig. 11 and shows a more rapid
increase in specific impulse ratio with Mach number. This theory, using em-
pirical boundary layer separation results, predicts little difference in
specific impulse ratio between laminar and turbulent separation. On the
other hand, the theory of Amick and Carvalho (Ref. 1), which is also based
on empirical separation laws, shows a large difference between the two cases.

The turbulent theory of Ref. 1 gives fair agreement with Eq. (5), particularly

18



at the lower Mach numbers. The laminar separation theory of Dershin (Ref. 2),
which includes the effects of mixing along the separated shear layer, gives a
decrease in specific impulse ratio as M, increases, contrary to the trend of
Eq. (3) and the other theories. The same is true of Dershin's turbulent theory
(Ref. 2). Vinson's theory (Ref. L4) shows reasonably good agreement with Egq.(3)
over the entire range of Mach number. It is interesting that, although the
theories show differing results for a given physical situation, most of them
predict the same trend of increasing aerodynamic interaction as Mach number

increases.
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CONCLUSIONS

As a result of the present experimental and theoretical investigation of

twe-dimensional jet aerodynamic interaction, the following conclusions are made:

'}_J

At M= 3.97 and ReL = 720,000, the two-dimensional aerodynamic inter-
action produces a specific impulse ratio which is approximately constant at 2.5,
fcr either laminar or turbulent separation, for jet force parameters between
0.12 and 0.40, At lower jet force parameters the specific impulse ratio in-
creases for laminar separation, reaching 3.6 at a jet force parameter of 0.0k,

2. Over the entire range of Jet force parameter and slot width covered,
slot width has no significant effect on the specific impulse ratio, except
inscfar as it enters the jet force parameter in the form pojw*/pr .

3, For the range of variables covered in the present experiments (at
constant Mach No. and Reynolds No.) the jet force parameter is an important
quantity governing the flow geometry (including shear layer transition) and
the specific impulse ratio.

L. For sonic jet flaps and spoilers, data on specific impulse ratio
frcm four sources were found to correlate with the dimensionless parameter,
¢, tc within + 10% of an empirical rule when boundary layer transition
occurred naturally on a smooth surface.

5. An inviscid, empirical theory has been developed to provide further

evidence favoring the importance of ¢ as a correlation parameter.
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APPENDIX

STRONG JET THEORY

Because of the correlation of IS/ISvac with the dimensionless parameter
¢ over a large range of free stream Reynolds numbers, it seems plausible
that a simple inviscid momentum analysis based on ¢ should give agreement
with experiment.

Consider the idealized model shown in Fig. 12. The term "strong jet"
is applied to this model because it is assumed that poj/poo >> 1 and the
effective step height of the jet is so large that the separation extends to
the leading edge. This simplification elimingtes the variable AX, which is
replaced here by the constant L. Figure 6 shows that in the present experi-
ments the two-dimensional laminar separation is near the leading edge when
Pojw*

—<=— > 0.40. At this point, ¢
Pl ~

~

0.1 which is midway through the loga-
rithmic range of ¢ for which data could be found. Note that although
separation is near the leading edge, Q may remain small (see Fig. 7). In
the strong jet theory « is assumed to be a small angle.

From weak shock theory we have

2
p2 = Py ~ 700M00 a

e S - (A-1)

We assume a thin jet with constant radius of curvature which is controlled by

the initial transverse pressure gradient:
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= (A-2)

Both (A-1) and (A-2) are based on conservation of momentum. Using (A-1),

2
(A-2), and p.V

vy = 7jijj2’ one gets for the isentropic jet

R _ 7.kl(Mj)¢ \
L 7o+ A (A-3)

where

and

Now from the geometry we have

>v]
il
jny
(0]
~
w0
=
ja
[o/]

and if o is small,

Q
e
o)
(0]
~—
=

(A-3) becomes

Again from the geometry we have
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and taking the sine we have for small qQ,
sind = cos B -a sinp . (A-5)

Substituting (A-5) into (A-4) one gets

2 . b si -7 -
<Ee_> NEA:! SmB*ﬁXh_e) 7gk1 © cos B =0
L e Yo/ NSy,

or

<?E):_ Z.«l ki ¢ sin B , A
L Y 2 2700

, —\
73 Ky ¢ sinp A >2 . 75 kp ¢ cos B.

+ 4 + — (A-6)
Yoo 2 27, Yoo
Now the aerodynamic force is given by
h p.M L
R R ) s (87
A 2 Y © \T,
M, -1
and the ideal Jet force is given by,
F. = k(M. WX A-
5 = ko(My)p s (A-8)
where ) (7.+l)
2 Vy,-1
kp(My) = (=) (—=) / 1+ L=
J
for p . >> 1. Thus
°J/p,
Bl <h_) (4.0)
FJ ky ¢ L -



It is then assumed that

e
=i
>

I = + 1. (10)

=]

S/Isvac

For the sonic air jets dealt with in this report one has,

7J = 700 = 1.4
ky = 0.528
Vm/k2 = 1.10k.

Equations (A-6), (A-9), and (A-10) constitute a solution if B and A are given.
With regard to B and A, reasonable success may be obtained by assigning
them appropriate constant values (see Refs. 1 and 6). However, it is felt
that predictions of Mach number effect can be improved by allowing variations,
particularly in the case of A. Figure 13 gives data on A from a variety of
sources. The maximum possible value of A is represented by Py = 0. (Chabman,
Ref. 7, points out that the limit to minimum base pressure is determined by
the maximum deflection angle for shock attachment at the wake neck. However,
this limitation is nearly the same as Py = 0 for supersonic Mach numbers.)
The data shown here follow the trend of the maximum curve of A in a rough
fashion. The values of A obtained behind jets (Refs. 3 and 5) are based on

the minimum pressure in downstream profile. For our purposes A is taken to

be:
[v 0]
A = (0.7) T — (A-11)
M
Equation (A-11) neglects the effects of body shape, Reynolds number, and jet
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configuration on the effective base pressure. Nevertheless it is a better
approximation than A = counstant.

Froper evaluation of B, the flow intersection angle, appears to be even
mcre difficult. Where the free stream intercepts the Jjet, the jet free-stream
interaction shock causes a pressure discontinuity. In the present mathematical
model the pressure controls jet curvature, hence the jet slope will not be
abruptly changed and the free stream must initially turn through the angle B.

There is little experimental data on which to base a selection of B. Amick
and Carvalho (Ref. 1) studied the supersonic data of Ref. 8 on the flow inter-
section angle between shear layers in the base region behind two-dimensional
bodies. They found that B, as deduced from base pressure, depended on the
nature of ﬁhe separated shear layer. That is, for a purely laminar shear lay-
er, B = 10° is a représentative value; for a transitional layer B = 50°, and
for a fully turbulent separated shear layer B = 40°. Whether or not base pres-
sure daté and the concept of a simple flow intersection angle are applicable
to the confluence‘of a free shear layer and an expanding Jjet are questions
which fequire more study. In most of the jet flap data of current interest,
the separated shear layer ahead of the jet is turbulent or transitional (see
Fig. 5, for example), so constant B in the range of LO° - 50° has sometimes
been selected (see Refs.l and 6). Note, however, that if the free stream
turns by more than 45.6°, a detached shock will result even when M2 is in-
finite. A detached jet free-stream interaction shock will cause a pressure

discontinuity along the separated shear layer which is inconsistent with the

assumption of a constant pressure separated region. Therefore it is assumed

26



that the free stream initially turns an amount, B, which is always equal to the

maximum deflection angle determined by M2.
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Experiment: Theory, Ref. 2
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Fig. 6. Separation length vs. jet force parameter.
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Svac

SPECIFIC IMPULSE RATIO, Ig/1

H

(&)

N

l
r__
B Y poj/pmé 1000
w7 L =.000l
L TN RN N NN SR N N T |
2 3 4 5 6 7
Mao
Equation (3), Empirical
Strong jet theory
== Ref.2, Laminar separation, Re = 6 x 10°
- Ref.2, Turbulent
--------- - Ref.l, Laminar L , Re =6 x 105, B=50"
—emmee—e Ref. |, Turbulent ,Re = v ,B=38°
Ref.3, Laminar " ,Rey = v
——————— Ref.3, Turbulent , Reg = v
................. Ref.4, " " , Rel_= |.44X|06

Fig. 11. Mach number predictions.
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Fig. 12.

Flow model.
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BASE PRESSURE PARAMETER, A

o

o

© Wedge base, Ref.8 , Re| =.5%10°, 1/L=.125

A " n Ref.8 ,Re = t/L=.250
@ v« Ref.8  Re 23.0xI08 Boththickness
ratios.

B Behind jet spoilers, Ref. 5
O " " " Ref 3

Fig. 13, Base pressure parameter vs. Mach number.
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