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ABSTRACT

The pressure fields in front of steps and slot injections in
a turbulent boundary layer were studied in an attempt to determine
scaling parameters for the resulting side forces. Step and injection
data of several experimenters, along with injection data taken by the
author, were analyzed to determine the nature of the flow field, Ob-
servations of these studies and simplified theories led to simple de-
pendence of the pressure field upon the variables and parameters of
the flow. The step height was found to be a linear scaling parameter
for the pressure field between separation and the step, and an equiv-
alent step height with the same scaling quality was found for the in-
jection data. A simple Mach number parameter was developed and
found to be suitable for scaling the magnitude of the pressures. A
graphical method based on observations of the character of the flow
field was used to determine the po int of separation for the injection
data. The scaling parameters were applied to nitrogen and helium
injection data taken at free stream Mach numbers of 2, 56, 2.61, and
3.5 . The results indicate that the pressure field, and hence the side
force, can be suitably scaled by use of the simple parameters de-

veloped here.
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LIST OF SYMBOLS

Drag coefficient

Skin friction coefficient

Liocal skin friction coeificient normalized by corresponding

value at Re = 106

Orifice flow coefficient x, + Axs

Total side force of the pressure field | (P - B, )dx
0

Ax
s

Side force contribution of separation region I (P - Py )dx
8

X
Side force contribution of separated region j P - P, ) dx
0

Height of step or equivalent height caused by injectant in

inches

Mach number

Static pressure

Free stream total pressure

Jet total pressure

Reynolds number

Thrust force of the jet

Axial distance

Distance from the step or slot to the separation point.

Distance from beginning of separation to completion of

separation
Vertical distance
Boundary layer thickness

Directional change of flow
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I. INTRODUCTION

The work conducted here has been motivated by recent engi-
neering application of secondary injection of gases to the design of
jet flaps, jet spoilers, and thrust vector controcl. These devices re-
quire injection of a gas through ports or slots into a primary super-
sonic flow. The resulting interaction of the jet and primary flow
causes a complex shock structure which interacts with and may sep~
arate the boundary layer. The result is an increase in the pressure
field which causes a side force on the surface through which the in-
jection takes place. It is attempted here to develop a practical way
of predicting the induced side force caused by injection through a slot
into a supersonic flow with a turbulent boundary layer.

The flow field caused by an obstacle on a surface in super-
sonic flow has been studied in many ways and for various‘ reasons.
The properties of the flow field are similar in many aspects, re-
gardless of the object causing the disturbance. However, for a
three-dimensional obstruction, such as an injectant issuing from a
circular port, the disturbance is distinctly different from that
caused by a two-dimensional object such as a step. The significant
change of character is a result of the role played by the separation
of the boundary layer. In the three-dimensional case, a relatively
small length of the boundary layer separates, compared to the entire
disturbance area. On the other hand, in the two-dimensional case,
the separation of the boundary layer is the dominant feature of the

flow field.
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This study is concerned only with the two-dimensional case,
and an attempt is made here to compare the flow fields caused by
steps with those caused by injection through a slot. The disturbance
caused by steps and injection will have the same general nature as
that shown in Figure 1, which is a representation of the flow field
taken from schlieren and shadowgraph pictures of the flow about a
forward-facing step. A sketch of the typical resulting pressure field
is shown as well. The flow field approximates that caused by flow
over a "ramp' of some unknown shape. This imaginary "ramp' is
made up of the dead air space, or recirculation region. As the flow
is turned, the pressure rises. The oblique shock waves formed by
the turning process interact with the boundary layer, causing it to
separate in front of the "ramp. ' After the flow passes over the ob-
stacle, reattachment to the wall takes place and normaldflow is re-
stored.

This schematic representation of the flow may be divided into
three distinct regions: the boundary layer separation region, the
separated region, and the reattachement region. Reattachment de-
pends intimately on the type of obstruction and will not be discussed
further in this work. The first two regions can be discussed, in
general terms, for most types of obstacles.

Boundary layer separation takes place over a length of about
two boundary layer thicknesses. In this region, the flow supports
pressure gradients, both along the wall and normal Lo the wall. The
component along the wall results from the shock structure produced

by the obstacle. The normal component is due to the curvature of
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the flow near the separation point, which causes the wall pressure to
be higher than that near the outer edge of the boundary layer. Com-
plete separation does not occur, in spite of the strong pressure gra-
dients, until the local pressure is two or three times the free stream
value. The high streamwise pressure gradients are illustrated in
Figure 1 for the Mach 2 case.

After separation, the flow continues over the recirculation or
separated region, where the boundary layer flow and the recirculat-
ing gas form a mixing region. In reality, the distinction between
separation, shock waves, and mixing region is far from clear, but
the regions may be idealized as being distinct. The flow in the sep-
arated region continues to be turned upward,but at a smaller rate,
as the decrease in the pressure gradient on the wall indicates. A
plateau pressure is reached in this region, which is abo‘ut 20
per cent above the separation pressure. Finally, at the obstruction,
the pressure rises to a maximum, corresponding to the bow shock
wave formed by the flow impinging on the top of the obstacle.

The resulting pressure field in front of an obstacle creates a
side force which is often regarded as an undesirable side effect of a
necessary flow disturbance. However, this induced side force pro-
duced by a device such as a flap, may be desirable to augment the
gide forces produced by the device. In some applications, the in-
duced effects may be the primary principle of the design. Some
examples of such devices are secondary injection used to produce
vehicle attitude control and thrust vector contral of rocket angines,

The purpose of this paper is to examine the nature of the
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pressure field caused by steps, and to compare the results to pres-
sure fields caused by injection through a slot. Much work has been
done on the mechanism of separation and mixing in the flow field in
front of steps, but the main interest here will be the properties of
the pressure field produced. The work involving the steps will he
carried out to obtain general properties of the separated flow field
which can be extended to the similar disturbance caused by injecting
a gas through a slot. Discussion will be restricted to two~-dimension-
al data taken with a turbulent boundary layer.

Finally, based on the properties of the pressure field ob-
served in the data along with simplified theories, scaling parameters
will be applied to the injection data in order that side forces pro-

duced by the interaction can be predicted.
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II. SEPARATION CAUSED BY STEPS

A, Description of Flow Field

Because of the amount and quality of the data available for the
pressure fields caused by a forward-facing step, a survey of refer-
ences 3,1, 5, 6,7, and 9 waes carried out to establish trends of the
flow field that could be generalized and applied to the similar dis-
turbance caused by injecting gas through a slot. Because previous
interest in the step data has not been directed toward the side force
produced by the pressure field, this paper will emphasize the charac-
teristics of the flow field which determine the i)ressure forces.

The experiments used various methods and equipment, and
as a result, exact conditions were seldom duplicated. This gives a
desirable, wide range of test conditions and techniques c‘oupled with
the undesirable difficulty of directly matching test data for compari-
son of results. Mach number and step height are important parame-
ters in the separation process, and are easily correlated. On the
other hand, the boundary layer profile, which affects the flow phe-
nomenon, is not always determined. Even if the Reynolds number is
specificd, surfacc roughncss, boundary laycr trips, and methods of
mounting make it practically impossible to correlate viscous effects
between experiments.

Regardless of the test conditions, the flow field in front of a
step is basically similar to that shown in Figure 1, displaying two
distinct regions: (i) boundary layer separation region; (ii) separated

region.
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In the following sections, these regions will be discussed

individually.

B. Boundary Layer Separation Region

In the separation region, the pressure transmitted to the wall
increases abruptly until separation occurs at a pressure,PS . These
steep pressure gradients are common to turbulent boundary layer
separation for a wide range of Reynolds numbers and for Mach num-
bers from 2 to 6. In most cases the gradients are almost identical
for the same free stream conditions, regardless of the obstacle pro-
ducing the separation. Once separation has been started, this region
can apparently be considered independent of the process. causing the
disturbance. This conclusion has been maintained from the earliest
observations with few restrictions or exceptions, and this phenome-
non is referred to as a '"free interaction region. "

However, this independence does appear to apply only when
the step height causing the disturbance is greater than some minimum

value. Bogdonoff and Kepler(S)

emphasize this restriction and esti-
mate that if the step height is less than one and one-half the boundary
layer thickness, then deviations from the ''free interaction' will be
observed. Observations of other experiments show similar trends.
Figure 2 illustrates the change in the pressure profiles in the sepa-
ration region as the step is reduced from 1. 67 to 0. 21 of the bound-
ary layer thickness, & . Note that the gradients change systemati-

cally as the step height increases from 0. 21 & to 1. 25 &, In this

range of step heights, the gradient decreases with increasing h,
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until finally the gradient, up to separation, becomes independent of
the step height. That is, when h is greater than 1,25 &, the sepa-
ration region is. a free interaction. In further discussions, only data
obtained with step heights above this minimum will be referred to,
unless specifically stated.

Note from Figure 2 that the distance from the beginning of the
interaction to the separation point, AXS » is about two and one-half
boundary layer thicknesses. In the present investigation, this rela-
tionship was found to be roughly the same for the whole range of
Reynolds numbers and Mach numbers studied. Table I, below, gives
a brief summary of the available data and shows AXS ~ 2.5 8. There
is an indication, however, that the ratio /_\.XS/B decreases slightly

with Mach number,

TABLE I
Reference M h AXS & AXS/B
oo Inches Inches Inches
Sterrett and Emery(lo) 5.8 0. 35 0.52 0.26 2.0
5.8 0. 25 0.52 0. 28 1. 85
5.5 0. 35 0.51 0.23 2. 23
5.5 0.25 0.51 0. 24 2.13
4, 8 0. 35 0. 50 0. 20 2. 50
4.8 0. 25 0.50 0. 22 2.27
Vas and Bogdonoff(é) 3.85 0. 40 0.50 0. 24 2. 08
3.85 0. 35 0. 58 0. 24 2. 42
3. 85 0.30 0.53 0. 24 2. 21
3.85 0. 25 0. 54 0. 24 2. 25
Bogdonoff and Kepler(5) 2,95 0. 30 0. 45 0.18 2.5
2.95 0. 20 0. 44 0.17 2.5
2.95 0.10 0. 37 0.17 2.2
Bogdonoff! ') 2.35 0.35 0.52  0.21 2.5
2.35 0. 30 0. 55 0.21 2.6
2.35 0. 25 0. 47 0. 21 2. 2
2.35 0. 20 0. 47 0.21 2.2
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TABLE I (cont'd)

Reference MOO h AXS & AXg /&
Inches Inches Inches ’

Bogdonofs! ) 2.35  0.15  0.47  0.21 2.2
2.35 0.10 0.47 0.21 2,2

The static pressure on the wall at the completion of separa-
tion is referred to as the separation pressure, Ps , and has been the
object of much theoretical and experimental research. The magni-
tude of the separation pressure depends only on the conditions of the
free stream and is independent of the mechanism causing the sepa-
ration. This lack of dependence on the step height appears to be
maintained for all values of step height,and this result is illustrated
in Figure 2. Here, the smallest h for which Ps was measured was
0. 10 inches, giving a value of h/& = 0. 41 . Note that although the
pressure gradients for this casc differ from those of higher steps,
the value for PS remains virtually the same. This result appears
to be generally true for the step data studied here.

A theoretical prediction of P_ was carried out by Chapman,

(9}

Kuehn, and Larson'’’/, using a simplified analysis, and the following

relationship was developed:

P -P
s Qo Ay —
- ~ \’ C, (M __ = constant) . (1)

A
The term C, is the local skin friction coefficient, normalized by its

f

value at a Reynolds number of one million. Experimental results by
the same and other workers bear out good correlation to this de-

Al
£ where Cf for turbulent flow was assumed to have

A
pendence on C
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the variation with Re indicated by the Karman-Schoenherr equation
applicable to incompressible flow. The correlation at high Mach
numbers appears to deteriorate (see Figure 3), possibly because of
variations in techniques mentioned earlier.

Analysis of the pressure at separation has been attempted by
several authors, and among the early suggestions of Lees(ls) is
probably the most direct approach. Lees suggests the following ar-

gument for laminar flows. Near the wall, the momentum equation

can be approximated by

dP 3T
— D —— . (Z‘)
dx dy w

Thus, from order of magnitude considerations, Lees suggests that
the pressure gradient term can be approximated by (PS—POO)/AXS
and that the shear term can be approximated by the undisturbed
shear stress divided by the undisturbed boundary layer thickness,
T/8 . Hence,

PS—P T

AKX T ®)
The ratio 6/AXS can be eliminated from (3) by assuming that it is
given by, or is proportional to, es , the deflection angle of the outer

edge of the boundary layer at the separation point. Substitution of

this approximation and the definition Cf = "r/qoo into (3) gives
(PS-POO_)
§ ———— ~ C. . (4)

s 95 f

The right hand side is more easily worked with if Cf is factored to

give:
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(P -P )

C
% Ta T (af;)éfkl : (5)

Here, Cf/Cﬁ is the ratio of C {M, Re} and C.{0,Re} = C Thus,

fi’
this ratio gives the Mach number dependence of the skin friction co-
efficient, and ﬁf = Cf{O, Re}/Cf{O, 106} gives the Reynolds number
dependence. Although relationships similar to (5) have been used
for laminar flows (reference 9), this dependence on MOO and (—}S has
never been included, to the author's knowledge. The term kl in (5)
is a proportionality constant and must be evaluated experimentally.
The results of equation (5) were applied to the present work,
by assuming the pressure rise , (PS--]?’OO)/qOo , was the result of a
simple, oblique shock wave caused by deflecting the flow by an angle
es . Numerical values of Cf/Cﬁ were obtained from figure 13. 10,
page 343, of reference 17, and the values of éf were taken from the
convenient tabulation in figure 31 of reference 9. From experiment-
al results of Figure 3, the value of (Ps—Pm)/(Vé;‘qm) at M= 2,0
was chosen to be 0.7 . Therefore, at MOO = 2.0, and for a given Re,
the value of kl could be determined. Hence, at this given Re , the
left hand side of equation (5) could be determined at any MOO . The
appropriate SS and (PS-POO)/qOO was obtained from oblique flow
tables, and hence the variation of Ps with Moo was determined.

6

Table II gives the results of the calculation for Re = 10 (6 =1).

f

Several calculations were carried out at other Reynolds num-
bers, and when the pressure coefficient was normalized by \/ éf s
the results varied negligibly from those obtained at Re = 106 . Thus,

the variation of (PS—POO)/( \}éf qoo) resulting from equation (5) and
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given in Table II is almost independent of the Reynolds number for the

range 105 < Re £ 107 .
TABLE II
Application of Equation (5) for Re = 10°, k, = 0.304.

M_ c,/C,, (2)/x, 8 APlq_ ~ AP/P_
1.5 0. 84 2.76 8.3 0.330 0. 60
2.0 0. 76 2. 50 10. 0 0. 250 0. 70
2.5 0. 67 2. 04 10. 0 0. 200 0.88
3.0 0. 60 1.98 10. 7 0. 184 1. 16
4.0 0. 47 1. 55 10. 8 0. 145 1. 62
5.0 0. 37 1. 22 10. 2 0. 120 2.10
6.0 0. 30 0. 99 9.8 0. 101 2.55
8.0 0. 22 0. 73 9.0 0. 080 3. 58

The experimental data for separation pressure are presented
in Figure 3, and they agree well with the calculated values, although
the experimental results at higher Moo are somewhat scattered. It

(10)

should be noted that the data taken by Sterrett and Emery at
Moo = 6.3 were possibly obtained with a transitional boundary layer.
Equation (5) can be further simplified if we assume that the

oblique shocks are weak. For this case, the following approxima-

tion is wvalid:

P -P AL
S o0 A~z S . (6)
9o 2
M -1
(e 0]

In addition, the author has found that the Mach number dependency of

Cf/Cﬁ can be approximated by
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= = . (7)

The result is a good approximation for Mo‘D >3, and the de-
viation at MOO = 2.5 is on the order of 15 per cent.

Substitution of (6) and (7) into (5) gives

2
28 k. k
s - 172 e (8)
2 2 f
M -1 M -1
[0 9] [0 8]
or
k.k
_ 152 A
QS - _'2 Cf . (9)

This result indicates that the separation angle @S depends only on the
Reynolds number, and is independent of Moo . The remarkable re-
sults of equation (9) are substantiated by the values of es in Table II,
where the separation angles do not change significantly fo’r Mach
numbers between 2 and 6, a range well beyond the limits of the as-

sumptions discussed above.

C. Separated Region

After the boundary layer separates, the pressure on the wall
conlinues to increase, but with a decreasing gradient, until a plateau
is reached. At the obstruction, the pressure climbs to a final maxi-
mum. The distinction between the plateau and the final peak is less
apparent as the size of the step decrcases (see Figure 2). From
Figure 2, it is also obvious that at the higher step heights, the sim-
ilarities of the pressure gradients continue after separation, onto the

plateau, and back to the final peak. In this range of step heights, the
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plateau pressure becomes independent of the step size. The break-
down of the similarity appears to occur again at h/86~ 1. 25 , and
hence it coincides with the change in the separation region discussed
earlier. It is also seen from Figure 1 that the boundary layer in-
creases by a factor of at least two as the flow passes over the sepa-
ration region.

From the point of view of the side force induced by the pres-
sure field, the length of the separated region, Xs , is of interest.
The data of references 3, 7, 9, and 10 were examined to determine
the Mach number and step height dependence of the disturbance
length between the separation point and the step. The results are
best illustrated in Figure 4, in which results are shown for a wide
range of Mach and Reynolds numbers. These data indicate that XS
is roughly four times the step height and is virtually inde;pendent of
Mach number. The data points do, however, indicate the possibility
that the ratio XS /h increases rapidly at Mach numbers less than
2.0. This constant value of Xs/h is in agreement with the almost
constant values of 95 obtained in the previous section, and shows
that the geometry of the separated zone is remarkably independent
of the Mach number.

The magnitude of the plateau pressure, Pp , is naturally of
great importance to the side force created by an obstacle on the wall,
and much work has been done in an attempt to estimate it. Theories
and assumptions similar to those used for the separation pressure
can also be applied to the plateau pressure. The workers of refer-

ence 9 have, in fact, used equation (1) in the form:
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e ~1/¢ (M = constant) (10)
Poo f le0)
and applied it to their data with reasonable success, especially at
the higher Reynolds numbers. This writer examined the plateau

(6)

pressures obtained by Vas and Bogdonoff' "’ in a similar fashion and
also found the correlation to be good for larger Reynolds numbers.

However, there is a body of data which is not correlated by
equation (10). The deterioration of the correlation appears to coin-
cide with the data obtained at low values of the ratio h/5. When
this ratio is too low, the similarities of the pressure fields observed
in Figures 2 and 4 begin to break down, and the results of equation
(10) seem to also deteriorate. On the other hand, when the plateau
is fully developed,‘\/gz appears to be an appropriate scaling factor
for the Reynolds number effects. Note, however, that t};e depend-
ence on Reynolds number of equation (10) is extremely weak, and
that the range of Reynolds numbers covered is not very large.

By applying equation (5) to the plateau pressure and making

the simplifying assumptions of equations (6) and (7), the following

approximate result is obtained.

P -P M 2
_pf)__ﬂ - — (Re = constant) (11)
oo M_“-1
oo

When this expression is applied to the step dala, reasonable
results are obtained. Because of the limited amount of data avail-
able with identical Reynolds numbers and with fully developed pla-

teaus, a definite conclusion cannot be made. Nevertheless, the cor-
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rect trend is given by (11), and the data do show that Pp is approxi-
mately proportional to the Mach number.

In summary, the present investigation has shown that the
pressure profiles ahead of a step will be similar as long as h/é is
large enough. In pa-rticular, for h/8 > 1.3, the pressure profiles
will be identical back to the peak pressure of the separated region.
The separation pressures are well correlated by equation (5) and
the plateau pressures more roughly by equation (11). In keeping
with the finding that Bq is almost constant, it was shown that Xs/h

was approximately constant, and roughly equal to 4.
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III. SEPARATION CAUSED BY INJECTION THROUGH A SLOT

A, Experimental Details

Experimental data were taken at a Mach number of 2. 56 in
the 2" by 2%v Supersonic Wind Tunnel in the Graduate Aeronautical
Laboratories at the California Institute of Technology. Free stream
stagnation pressure was maintained at one atmosphere, giving a test
section Reynolds number of about (2. 35)(10)5 per inch. A fully tur-
bulent boundary layer was ensured by means of a 0. 009" wire trip
attached to the nozzle block about 1. 25" from the throat. Disturb-
ances caused by the trip resulted in negligible effects in the test
section. The boundary layer was approximately 0. 20" thick.

Nitrogen was injected through a 0. 006'" slot in the wind tunnel
wall,and the slot extended to within 1/4'" of the sides of the tunnel. A
more detailed description of the test block may be found in reference
2. Tests were conducted with the addition of brass side fences fitted
flush with the ends of the slot, in an attempt to eliminate three-
dimensional effects. Static pressures on the wall were measured
with silicone oil manometers with a vacuum reference of about 1
millimeter of mercury. Schlieren photographs were taken for
descriptive purposes only.

The injection total pressure, POj » was obtained from a pres-
sure tap located in the plenum chamber preceding the slot. At in-
jection pressure ratios, PDJ./PQ0 » greater than 85, supersonic flow
could not be maintained in the test section.

In the past, experiments with slot injection have been con-

ducted either by injecting through the wind tunnel wall (references 1
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and 2) or from a plate mounted in the test section (references 1 and
3). In both cases, the question of two-dimensional effects is a mat-
ter to be considered. It has been argued that conditions of complete
two dimensionality, although seldom found in practice, are neces-
sary for correlating and analyzing data. In Figure 6, data are
shown with and without side fences, and it is clear that the effect of
these fences on the pressure field is by no means insignificant. In
order to standardize results, only data obtained with side fences will
be discussed in this report.

In addition to the data of this present program, unanalyzed
experimental results obtained by Drs. F. W. Spaid and E. E. Zu-
koski(l ) were also used for analysis. Their data were taken at
Mach numbers of 2. 61, 3.5, and 4. 54 by injecting through a slot in
a plate mounted in the Supersonic Wind Tunnel at the JetJPropulsion
Laboratory. Side fences were used, and Reynolds numbers were on
the order of one million. Results of the MOo = 4, 54 tests, however,
are thought to have been obtained with a transitional boundary layer,
and these data were weighted very lightly in this analysis. Unfor-
tunately, boundary layer surveys were not taken during any of the
tests. However, boundary layer thicknesses were estimated from
shadowgraph figures and were found to be approximately 0. 25! for
all Mach numbers.

Data for the various Mach numbers are presented in Figures
7, 8, 9, and 10 for different injection pressure ratios and injectants.
These data represent only fully turbulent boundary layers and slots

with side fences attached.
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Figure 5 is an enlarged shadowgraph picture illustrating the
nature of the flow field created by injecting nitrogen through a slot
into a free stream having Moo = 2.61. The nature of the disturbance
has the same characteristics that were displayed by flow over a for-
ward-facing step. The similarities are apparent when Figurc 5 is
compared to the sketch in Figure 1.

As with the disturbances caused by steps, the pressure field
in front of~ slot injection is readily divided into the same three re-

gions, which will be discussed in the same manner as in Part IL,

B. Boundary Layer Separation Region

Figure 11 illustrates the independence of the upstream por-
tion of the pressure field on the amount of injection causing the dis-
turbance. Under the conditions studied here, it is reasonable to as-
sume that the scale of the obstaclc prcscented by injection is propor-
tional to Poj /POO . On this basis, we see that the "height' of the
obstacle has been changed by a factor of about 8. Shadowgraph pho-
tographs, similar to the one shown in Figure 5, indicate that the
lowest obstacle is about 3 times the boundary layer thickness at sep~
aration. Note, in Figure 11, that the pressure profiles for P/Poo
less than about 2.3 are identical. Because separation was found to
occur at a ratio of about 2.1 for step data at the same Mach number,
it is reasonable to assume that the profiles of Figure 11 are identical
up to the separation point for these data. Hence, as in the case of
the steps, the separation region appears to he a free interaction re-

gion which is only affected by the free stream conditions. We can go
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further, and assume that the shape of this region would also be the
same if the pressure field were caused by a forward-flacing slep in-
stead of by injection through a slot. This last assumption cannot be
substantiated by the data presented here, since no experiments were
carried out with identical free stream conditions. However, there
appears to be no reason to assume otherwise at this time.

Separation pressures, PS , were not obtained in the wind tun-
nel. Instead, a simplified approach was applied to the experimental
data using the assumptions of the previous paragraph, and also the
observation of the pressure fields caused by steps. In Part Il, it
was seen that the length of the separated regions, XS , is approxi-
mately proportional to the step height. For injection, Xs was as-
sumed to be similarly proportional to the injection pressure ratio,
Poj /P00 . It was also considered that these assumptions’became
less valid at lower injection pressures, and therefore, these lower
values were consequenily weighied less lhan the higher ones.

With these assumptions in mind, thé procedure was to meas-
ure the total disturbance length (XS + AXS) and plot these values as
a function of Poj/Poo (for given free stream conditions). A straight
iine was drawn through the points (according to the assumptions
above), and it was assumed that extrapolation to Poj/Poo = 0 gave
the approximate value of AXS . This value was then applied to the
original data and the corrésponding pressure was assumed to be PS .

The linearity of the total disturbance length proved to be an
excellent assumption, even at lower injection pressures. The values

of ./_\.XS obtained by this method gave separation points agreeing
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reasonably well with values expected after examining separation
caused by a step. The separation pressures estimated by this
graphical method are also shown in Figure 3. Considering the scat-
ter of the other data, an excellent agreement between experimental
methods and this simple graphic method seems to exist.

As in the case of the steps, AXS » although independent of

the obstruction downstream, is dependent on Moo and Re. The ac~-
tual dependence was not apparent from the limited range of data

observed here.

C. Separated Region

From the data of Figures 7, 8, 9, and 10, it is seen that the
pressure field in the separated region displays the same general
character as that caused by a step. A plateau pressure is reached
before a final maximum occurs near the injection point. At lower
injection pressures, the plateau is not well defined, and is not dis-
tinct from the peak. The plateau value increases with increasing in-
jector pressure, and even at the highest injection pressures this
trend continues. In general, the static pressures were lower for the
disturbances caused by slot injection than those caused by steps, as
Figure 12 illustrates.

Using the same arguments and approximations as before,
(PP—POO)/Poo might be expected to have the same relationships as
indicated by equation (10); however, not enough injection data were
available to apply the factor ‘\/—é; , since the Reynolds numbers were
aboul the same in all experiments.

Equation (11) was applied to some of the data with good agree-
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ment resulting. However, the dependence of Pp on the amount of
injection restricts the dircct application. That is, thc plateau pres-
sure increases with increased injection, and in the range of Poj /Poo
studied here, a constant PP is never reached., It is not known
whether a minimum Poj/Poo (similar to the minimum h/& for
steps) can be attained, above which Pp would become constant re-
gardless of the value of Poj/Poo . For the present, it was found that
by applying equation (11} only to the data obtained at the highest in-
jection pressures, excellent correlation is obtained. This agree-
ment is shown in Figure 18, Although not presented in this report,
the maximum deviation of all data, reduced by use of equation (11),
is on the order of 10 per cent, a correlation which may be good
enough for some engineering purposes.

If the length of the separated region, Xs , depends on the size
of the obstacle causing the disturbance, then the changes in injection
conditions should affect Xs in the same manner as changes in the
height of the forward-facing step. An equivalent step height for the
injection case can be found by carrying out a momentum balance in a
direction parallel to the plate, on the injected material. The drag of
the obstacle produced by injection is equated to the momentum flux
of the injected gas which is assumed to expand to Poo . This analy-
sis is discussed in detail by F. W, Spaid(l) and leads to the result
that the equivalent step heigfxt is given by

2C w P . ¥. y +1) /(y Poo (\(J.-l)/yj z -

e e ) T -

(12)
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For the values of Poj/Poo used in these experiments, equa-
tion (12) gives the result that h is almost linear with the injection
pressure. As was previously pointed out, Xs was found to be pro-
portional to Poj/Poo ; this agreement indicates that equation (12)
gives valid dependence for the injection pressure. This equivalent
step height will be used as a linear scaling factor, in the same way
that the height of the forward-facing step was.

The drag coefficient, C, , appears in equation (12), and be-
comes important for correlating data of different Mach numbers. In
reference 1, Spaid suggested two values of Cd , one based on GP as
defined by that writer, and one using the Prandtl-Glauert relation for
linearized supersonic flow:

Cy = constant (13)
Moo -1

Examination of the flow field indicates a strong oblique shock
wave at the beginning of the disturbance (Figure 5) which corresponds
to the separation region. After this strong shock, only weak oblique
shock waves are present in the separated region. This is substanti-
ated by the smaller pressure gradients observed in the separated
region.

It has also been shown previously that the separated region
turns the flow by an angle of es which is roughly 10°. The total
angle that the flow is turned during the entire disturbance can be es-
timated by the ratio h/Xs ~ (0,25 . This corresponds to an angle of

14°, a value which agrees with angles measured from schlieren and

shadowgraph photographs of both steps and injections. It can be
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concluded that the angle turned in the separated region, Gp , is on
the order of 40.- Hence, the linearized form of Cd , as expressed
in equation (13), can be justified for use in the separated region.

Therefore, this author used equation (12) with Cd =
1/ VMUUZ-l and applied it to the nitrogen injection data at various
Mach numbers. Some of the results are shown in Figures 17 and
18. With the exception of Moo = 4, 54 in Figure 18, which is prob-
ably transitional, the length of the separated region, X_, is seen
to be extremely well scaled by this value of h . Although only data
obtained at the highest injection pressures are presented in this
figure, Table IIl gives a summary of X_ /h for all data taken at
Moo = 2.56, 2.61, and 3.5 . The separation pressure is that ob-

tained by the graphical method outlined previously.

TABLE IIIL.
MOO Injectant Ps/Poo X Inches h Inches  X_ /h
3.5 NZ 2.07 1. 88 0. 740 2. 54
3.5 N‘2 2.07 0.99 0. 357 2.77
3.5 N2 2,07 0. 52 0.178 2.91
3.5 N2 2. 07 0. 21 0. 0684 2.51
2.61 N?, 2.0 1. 57 0.0674 2.23
2.61 NZ 2.0 0. 88 0. 339 2.58
2.61 NZ 2.0 0. 38 0.169 2. 24
2. 56 NZ 1.8 0. 88 0.371 2.37
2,56 N2 1.8 0. 47 0.194 2.43
2. 56 N2 1.8 0. 24 0. 0957 2.59
2.61 He 1.95 1. 92 0. 591 3.24
2.61 He 1. 95 0. 96 0. 301 3. 20
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It can be seen from Table III that over the wide range of con-
ditions covcrcd, and for a given injcctant, the separated region is ap-
proximately linearly dependent on the equivalent step height calcu-
lated from equation (12). An important fact to note also is that there
is no definite breakdown of this scaling quality at the lower values of
Poj/Poo . This, of course, follows from the observation that the
disturbance length remains proportional to Poj/Poo at the smaller
injection pressures. Hence, it appears that all injection data taken
here differ from the step data inasmuch as the similarities of the
pressure field do not break down for the smaller disturbances. The
roughly constant value of X_ /h gives reason to believe that the as-
sumptions of equations (12) and (13) give a result suitable for scaling
the length of the pressure field for changes in M__ and Poj/Poo .

However, it is seen from Table III that there is a’marked dif=-
ference in the values of Xs/h obtained for helium and for nitrogen.
The two helium results are close to each other, but do not agree at
all with the nitrogen results. It appears that the dependence of h on
Yj is not exactly that predicted by equation (12). Although the ana-

)

lytic model devised by Spaid(1 does not appear to permit any other
expression for the momentum flux of the injectant, this author car-
ried out a similar momentum balance, but made use of the momentum
normal to the plate. In this case, the momentum flux at the slot exit
was balanced with a normal component of the drag force. When use
is made of equation (13), this calculation gives:

1[ 2 v./(y,-1)
M, -1 Poj Y; NI

2
MOOZ Poo Yoo (Yj+1>

h' = 2C w

(14)
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The only significant difference between h and h' is the Yj depend-
ence. It can be shown that as Yj increases, h decreases while h!'
increases. This result leads to a significant variation in the scaling
qualities of the equivalent height, and the use of h' with the present
data proves to be a better parameter, in spite of its questionable
origin. The success of equation (14) is illustrated in Table IV,

whe re Yj has changed from 1. 40 to 1. 66 for nitrogen and helium,
respectively. Only one Mach number is shown since the dependence

of h and h' on Moo is identical,

TABLE 1V,
Moo | Injectant Ps/Poo X, Inches h! Inches XS/h'
2. 61 NZ 2.0 1.57 0.324 4, 85
2.61 NZ 2.0 0. 88 0.170 5.17
2.61 N2 2.0 0. 38 0. 089 4, 26
2.61 He 1. 95 1.92 0. 360 5. 34
2.61 He 1,95 0. 96 0. 187 5. 14

In practice, the type of gas used for injection is not usually a
variable, and therefore the dependence of a scaling height with Yj
is not as important as the dependence on Moo and Poj/Poo . On
this basis, and because so little helium data are available, h as
given by equation (12) will be considered as the equivalent step height,
unless otherwise specified.

In summary, it wae found that for all injection pressures
studied here, the nature of the pressure fields was essentially the

same. The separation pressure can be roughly estimated graphical-

1y, by assuming that the disturhance length is a linear function of the
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injection pressure ratio, and that the separation length,AXS , is
constant. These separation pressures appear to be correlated by
equation (5). An equivalent step height for injection can be calculated
from equations (12) and {13) that will scale the length of the separated
region, XS » in the same way as the forward-facing step height did.
The value of XS /h is about 2.5 for nitrogen injection, and about 3. 4
for helium injection. If the separated regions is to be scaled for
different gases injected through a slot, h' {(as defined by equation
(14)) a.ppears. to be a suitable parameter. The value of XS/h' is
about 5.0 . The plateau pressures increase slightly with increasing

injection pressure and can be correlated quite well by equation (11},
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IV. SIDE FORCE INTEGRALS

A. BSide Force Due to a Forward-Facing Step

In light of the foregoing discussion, the force contribution of

the separation region, defined as Fs » depends only on the Mach

1
number and Reynolds number of the flow {see Table V). Since this
segment of the pressure field is small, a simplified scaling method
may be used without significantly affecting the total side force.
This simplification amounts to assuming AXS to be constant, and
‘using equation (6) to give

P—POO yesM

w
= (15)
poo 2

and by eliminating 95 with equation (9):

P-P_ MOOZ
52 ~ . (16)
o M ‘-1
(6 0]

Equation (16) can be applied to all pressures in the separation region
to scale force contribution there. At this point, we will define this
contribution as Fsl .
For the remainder of the pressure field, from the separation
point to the obstruction, the side force must be scaled by the step
size. For discussion purposes, we will approximate the pressure
field by a rectangle XS inches long with a uniform pressure of Pp,
and also define the contribution of this region as FsZ . This corre-
sponds to assuming that the flow is turned through an angle of es+ep

by means of a simple, oblique shock wave. The resulting side force

per unit length of step is then given by:
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F -P
F . = (________p OO)(XsPoo) . (17)

P
lo¢)

If we once again apply the small angle approximation, and at

the same time normalize the side force with the step height, we get:

2
F yM X
s2 . o0 s
P_h > (es+ep)_}T : (18)
M -1
o)

To a good approximation, h/Xs A es-l'—ep , and hence:

¥ vM 2
52 ~ [v'e] (19)
Pooh 2 .
M -1
(oo

In the work done here, h/Xs corresponds to an angle of
about 140, as discussed previously. It is apparent that the small
angle assumption used in deriving equation (19} is not valid in the se
studies. However, the application of {19) to laminar data was found
Lo give remarkably good results, since the angles given by h/XS for
laminar separation are on the order of 5°, making the angle assump-
tion more accurate.

In the analyeis done here, the turbulent boundary layer re-
sults in angles too large for the direct application of equation (19) in
predicting the scale and Mach number dependence. However, Table
V shows that for a constant Mach number, the side force increases
approximately linearly with step height at the higher values. This is
in agreement with equation (19). Data shown in Table V are that of
Vas and Bogdonoff(é) and are the same as are illustrated in Figure 2.

The dependence on the Mach number for the larger step sizes

is shown in Figure 13, where the side force of the separated region,
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TABLE V.
h h/& Fsl/Poo FSZ/POO FSZ/Pooh

Inches Inches Inches

0.10 0. 42 0. 35 0. 38 3,82
0.15 0.63 0. 34 0.78 5.23
0.20" 0. 83 0.35 1. 24 6. 25
0.25 1.04 0, 41 1.74 6. 94
0. 30 1.25 0. 42 2,23 7. 43
0. 35 1. 45 0. 48 2.69 7.70
0. 40 1, 67 0. 43 3.23 8. 05

FS2 , normalized by the product of the step height, h, and the free
stream pressure, POO » is presented. The data show the roughly
linear dependence on the Mach number as predicted by equation (19).
Hence, we see that in spite of the large deflection angles, the side

force, F displays the same h and Moo dependence as indicated

s2’
in equation (19). This relationship can be obtained in a more con-
vincing manner if the small angle assumption is modified to give a

more realistic pressure dependence. Thus,

PP yMOOZ
= ~ > f{as+ep} . (20)
@ M_“-1
QO

Since es+ep is approximately constant, we get:

FsZ M 2

Pooh 2
M -1

[o o]

or roughly,

le
%

This value is not shown on Figure 2.
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~ M, (22)

This relationship has been shown, in Figure 13, to be a good
approximation for the range of Mach numbers studied here. It
should be emphasized again that Figure 13 includes only larger val=-
ues of h/&, in accordance with the restrictions mentioned earlier.
At these larger disturbances, it is interesting to note that the con-
tribution of the separation region, Foio is relatively small.

Figure 14 shows that the total side force, Fsl+F52 » can also
be approximated by equation (22}, This result follows from the pre~
vious observations that both AX  and X_ /h are independent of M
while (P-POO)/POO has the same Moo variation for both regions (see

equations (16} and (21)).

B. Side Force Due to Injection Through a Slot

As with a step, the force contributed by the separation region
caused by injection can be scaled by the application of equation (16)
to the pressures and by making use of the fact that the length AXS is
constant for a very wide range of conditions. Hence, Fsl will be
constant for a given Mach number and increase linearly with MOO »
From the work done at Moo = 2.61 and 3.5, the values obtained for
Fsllpoo were roughly 0. 17 and 0. 21 inches, respectively, (Note
that these forces are given for a unit length of slot.) These results
are based on the points of separation determined by the graphical

method outlined previously, and are therefore questionable. Howev-

er, it is felt that these values are, at least, qualitatively correct.
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The side force of the separated region will also depend on the
injection conditions which determine XS . In the case of injection,
we have shown that h/'XS is constant, where h is the equivalent step
height calculated from equations (12) and (13). If the same simpli-
fying assumptions are made for the separated region as in Section A,

equation (21) can be written:

FSZ Moo2
—r ~ = . (23)
@© M -1

fo's)

Hence, the same Mach number dependence is shown as for the step.
The Moo range of the data studied in this analysis was not sufficient
to definitely check this rclationship, but the few data points available
were found to indicate such a dependence. However, if we consider
the expression for h, it is seen that:

M 2—1

P .
0o A =
h ~ — COW (P (yj constant) , (24)
M 0
(e8]
and hence the substitution of (24) into {23) gives:

F
52 oj - .
—.PTO: ~ COW (—P—;> (yj = constant) . (25)

This expression indicates that the side force caused by the disturbance
is independent of the free stream Mach number and increases linearly
with Poj /POO . The application of equation (25) is shown in Figure 15,
and the results indicate the validity of (25),and hence the validity of
equation (23) follows.

It is interesting to apply the expression for the simplified

equivalent height h'. Substitution of equation (14) into (23) gives:
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v./{y.-1)

2 P . v, i
siﬁz ~ Cow (52 )<VJ_ ) ('y.il ) : (26)
w (o] (o8 J

As before, the side force is independent of Moo . As would be

expected by the success of equation (14) in normalizing the distance
Xs , equation (26) gives reasonable agreement between data with ni-
trogen and helium injectants, when applied to the injection data
studied here. Figure 16 illustrates the correlating success of h'

when applied to different injectants.

C. Normalized Side Force for Injection

One of the parameters that is of interest in engineering is the
ratio of the total induced side force normalized by the thrust force of
of the jet, Fs/Tj . It has been shown in the foregoing paragraphs
that FS is composed of two components, ]F‘S1 and FSZ . _ The behavi-
or of these two contributions has been determined, and it was found

that FS is proportional to the momentum flux and hence the thrust

2
of the jet, Tj . The significance of this result is better illustrated
by a specilic example,

Let us take the results that have been found for nitrogen in-

jection through a slot into a free stream of Moo = 3. 5. The side

forcc components for thesc conditions axc, for MCD = 3.5,

F_,=(0.21)P_, (27)

and, from Figure 15,
Poj
FSZ A ,:2, 4(COW)~I3-;-O— Poo o (28)

The thrust of a sonic jet with injection pressure ratios

greater than 16 (as is the case here) can be found, in flow tables, to
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be:

Tj ~ 1,22 Poj (Cow) . (29)

All of these values are in pounds per unit length of slot, and
when the side force, Fs » 18 normalized by Tj , equations (27), (28),

and (29) give the following results for M__ = 3. 5:

P
_,ff_ A2 17.5(?—‘1‘%)+z, (30)
j 0]

when the value Cow ~ 0, 098" for this case has been substituted into
the expression.

Equation 30 indicates that FS/Tj approaches 2 as Poj/Poo
grows large, and increases rapidly as Poj/Poo approaches zero.
The rapid increase of Fs/Tj at low injection pressures is, of
course, due to the free interaction behavior of the separation region.
The asymptotic value, 2, displayed in equation (30) is indcpcndent of
Moo , since we have previously shown that FsZ is independent of
Mach number. This is apparent when it is noted that equation (28)
is found from Figure 15.

For the conditions of this example, Moo = 3.5, the two in-
duced force terms become equal at an injection pressure ratio of
about 9. For POJ/Poo < 9, the contribution of the separation region
becomes dominant, provided the boundary layer continues to sepa-
rate.

The behavior of Fs/T_j indicated by (30) is, in fact, ob-
served in practice. The value of this ratio reached at large Poj/Poo

(3)

is approximately 2, for all Mach numbers The rapid increase of
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FS/TJ. at small Poj/Poo is also observed, but the behavior in this
range of injection pressures depends on Moo

In the analysis here, the dependence of Moo in equation (30)
is included in the constant 17. 5, and is a result of equation (27). A
rough idea of the Mach number dependence of Fs/Tj can be shown if
we assume that the force contributed by the separation region is pro-
portional to Moo . Hence, using the value 0. 21 for MOO = 3.5, equa-~
tion (27) becomes:

Fsl ~ (0. 06)M00Poo R (31)

and consequently, equation (30) becomes:

F

'T‘.?‘ = 5Mm(§°-$)+z. (32)
] 0j

Thus, the behavior of ¥ /T, for various values of M and P ./P
s 7] w 0j'" ™

can be, at least qualitatively, predicted by equation (32).

D. Summary and Discussion

The side force caused by the pressure field in front of an ob-
stacle (either a forward-facing step or slot injection) can be scaled if
the contributions of the separation and separated regions are consid-
ered individually. In the separation region, AXS is held constant
while the pressures are scaled by equation (16). The force contribu-
tion of the separated region can be scaled by the parameter h, where
h is either the forward-facing step height, or the equivalent step
height defined by equations (12) and (13). The side force, normalized
by h, is found to be roughly linear with Moo , as indicated by equa-

tions (21), (22), and (23).
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If the simplified form of the equivalent step height, h', as
defined by equation (14), is used to normalize the side force of the
separated region, the results seem to agree well with equation {26).
Therefore, the scaling parameter h' appears to correlate pressure
fields caused by injectants of diffe rent specific heat ratios, \/j . Once
again, this normalized force is roughly linear with Moo , as indicated
by equation {23).

It would now seem possible to directly relate the equivalent
step height to the actual step height, so that the side force caused by
a forward-facing step could be correlated to a slot injection, or vice
versa. <The values of Xs /h for the two cases would seem to be a way
of relating the two, but it is seen that this scales only the separated
length. The plateau pressures would also have to be scaled, since it
has been shown in Figure 12 that for similar disturbance iengths, the
pressures associated with injection are considerably lower than with
steps. Although at this time the correlation factor for the plateau
pressures is not known, this writer did attempt the relationship,
using Xs/h = 4, 15 for steps and Xs /h = 2.5 for injection. The re-
sults indicale an error of about the same amount as the difference in
the plateau pressures indicated in Figure 12. These results appear
not only to substantiate the analysis done here, but also suggest that
if the platcau pressurces duc to steps and injection can be correlated,

disturbances of the two types can be related directly.
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V. CONCLUSIONS

When a forward-facing step is greater than about 1. 30, the
boundary layer thickness, &, the separation region can be assumed
to be a free interaction region of constant length and identical pres-
sure gradients dependent only on free stream conditions. Equation
(5) is suitable for predicting the pressure at separation. When the
step is greater than 1.3 &, the length of separated region is about
4 times the step height and is independent of M__ . The plateau pres-
sure in this region varies approximately according to equation (11).

It was found that injection of a gas through a slot will produce
the same results as the steps, except that the plateau pressures are
generally lower for injection. An equivalent step height calculated by
equation (12) with a drag coefficient, G, , equal to 1/ \/1\{[002-—1 will
effectively scale the separated region for a given injectant. This
scaling quality did not break down at the lower values of h, where
the force contribution of the separation becomes dominant. The val-
ue XS /h is about equal to 2. 5 and is independent of 1\/1(10 .

A more simple, but less justifiable, equivalent height can be
calculated by equation (14). This value, h', appears to be effective
in correlating pressure fields caused by injecting gases of different
specific heat ratios, Yj .

The side force caused by a step or slot injection increases ap-
proximately as MOOZ/ Mooz—l , or roughly linearly with Moo . The
side force is independent of the density of the injectant, but increases

with increasing specific heat ratio of the gas.
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The results observed in this paper enable the pressure field
in front of a step or slot injection to be scaled for various free
stream and obstacle conditions. Care must be taken when the scaling
is applied to injection data, because the plateau pressure increases
slightly with increased injection pressures. In the range of injection
pressures studied here, this error amounted to about + 10 per cent.

A simple graphical method of determining the separation
point was devised, based on observations of step data. This method
was applied to the injection data with reasonable success.

The Reynolds numbcr appcars to have minor effects over the

small ranges examined here, and the factor \/éf seems to be a

suitable correlating parameter.
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Figure 1, Sketch of Flow and Pressure Flelds Created by a Step of

0. 35 Inches in a Mach 2. 0 Stream.
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Figure 2. Variation of Pressure Field with Ratio of Step Height

to Boundary Layexr Thicknesa.
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Figure 6, Effects of Side Fences on Pressure Fleld Caused by
Injecting Nitrogen Through a Slot at M__ = 2. 56.
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