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CORRELATION OF SECONDARY SONIC AND SUPERSONIC GASEOUS
JET PENETRATION INTO SUPERSONIC CROSSFLOWS
by Frederick P. Povinelli and Louis A. Povinelli

Lewis Research Center

SUMMARY

The effect of injection Mach number on the penetration of secondary jet injection into
a supersonic primary stream was determined. Helium was injected from a flat plate
normal to Mach 2 and Mach 3 airstreams at eight injection Mach numbers varying from
1to4. Concentration measurements were taken on the jet centerplane and the penetra-
tion defined as the height at which the helium concentration dropped to 0.5 percent. In-
jectant and tunnel total pressures were also varied. Jet penetration was found to in-
crease with jet Mach number, a maximum increase of about 30 percent being obtained
when comparing Mach 4 to sonic injection for equal mass flows. Jet penetration also in-
creased with the ratio of jet total to effective back pressure and with downstream dis-
tance from the injection location. An equation based on these parameters correlated the
penetration data to within +10 percent.

When penetration data from four other studies were compared with the present data,
an additional term accounting for boundary layer momentum loss was used to correlate
all of the data. When the data were separated into near and far field regions, improve-
ment in the correlation was obtained in the far field.

INTRODUCTION

The injection of secondary jets into a supersonic primary airstream has been studied
extensively in the last half decade, quite often for application to supersonic combustion
ramjet engines. In such an engine concept, the airflow through the combustion chamber
is supersonic rather than subsonic as in a conventional ramjet engine. The high momen-
tum of the supersonic airstream causes the injected fuel to be turned rapidly downstream,
limiting mixing and combustion efficiency. Thus injection schemes which help alleviate
the fuel distribution problem are of interest.



The most extensively studied aspect of fuel injection has been the penetration of nor-
mal sonic jets into a supersonic airstream (refs. 1to 7). Some attention (refs. 8 to 11)
has been given to normal supersonic injection; the results indicate that more penetration
can be obtained with this method of injection. Existing data, however, are available
over only a limited Mach number range and the studies vary in their definition of pene-
tration making comparisons and corroborative conclusions difficult. The purpose of this
present study was to determine the effect of injection Mach number on jet penetration
over a wide range of jet Mach numbers and pressures with variations in free stream
Mach number and pressure.

Helium was injected at various pressures from a flat plate mounted in a supersonic
wind tunnel. Injection Mach number was varied from sonic to Mach 4, and free stream
Mach numbers of 2 and 3 were employed. Concentration measurements downstream of
the injection point were used to characterize the jet penetration. The data were corre-
lated with an expression containing a jet to free stream pressure ratio, jet Mach number,
and downstream distance. Comparisons were made with sonic and supersonic injection
data in the literature. Portions of this work were previously reported in reference 12.

SYMBOLS

a,b,c,d,C constants in correlation equations

de injector nozzle exit diameter

a* injector nozzle throat diameter

[ distance from leading edge of flat plate to injection nozzle centerline

M Mach number

Peb effective back pressure (two-thirds of total pressure behind a normal
shock in free stream)

P0 total pressure

ReL free stream Reynolds number at injection location

v velocity

X downstream distance from nozzle centerline

vy vertical coordinate

y' penetration (0.5 mole percent concentration point) measured normal
to plate surface

v specific heat ratio



o) boundary layer velocity thickness

2 boundary layer momentum thickness
o) density

Subscripts:

a free stream

i jet

APPARATUS AND PROCEDURE
Model and Tunnel

A flat-plate model was installed to span the 25.4- by 9. 75-centimeter test section of
a supersonic wind tunnel as shown in figure 1. A 0.318-centimeter-diameter hole was
drilled into the model to supply helium from a cylinder bank to t' . injection nozzles.
Various injector inserts were flush mounted by threading them into the top surface of the
flat plate as shown in figure 2 for the sonic nozzle. A spanner wrench was used to tighten
the inserts down on an O-ring for a pressure tight seal. The spanner wrench notches
were filled and sanded after each nozzle installation. The injector hole was located on
the plate and tunnel centerlines 5. 82 centimeters from the leading edge of the model and
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Figure 1. - Flat-plate model installed in supersonic funnel.
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Figure 2. - Cross-sectional view of sonic nozzle installed in flat plate,

8. 89 centimeters from the top wall of the tunnel. All nozzles had the same external di-
mensions and internal radii and had throat diameters of 0. 203+0. 002 centimeter.

The exit Mach numbers for the supersonic nozzle inserts were determined with
helium injected into still air. Hypodermic tubes of 0. 051-centimeter outside diameter
were used to measure the Pitot pressure at the nozzle exit and the total pressure in the
model passage. The exit Mach number was obtained from the Pitot to total pressure
ratio and compressible flow tables for y = 1.667. For the four supersonic nozzles for
which the bulk of the penetration data were taken, Mach number calibration curves are
shown in figure 3 as a function of injection total pressure for three ambient back pres-
sures. The total expansion angle for these nozzles was 17°. (Nozzle cross sections and
dimensions are shown as insets.) The jet Mach numbers M. determined from the pres-
sure measurements were 2.37, 2.67, 3.52, and 3.99 and differed from those calculated
from the measured throat and exit diameters by less than 10 percent. A limited amount
of penetration data was taken for three other nozzles calibrated to have exit Mach num-
bers of 1.69, 2.75, and 2. 91 with total expansion angles of 1'70, 110, and 80,
respectively.

As the ambient pressure was lowered (fig. 3), a total pressure was reached at which
the nozzle flow separated. When helium was injected into the supersonic crossflow
rather than into still air as in the nozzle calibration tests, it was no longer obvious what
back pressure the jet experienced due to the complex pressure and shock patterns caused
by the interaction of the jet with the main flow stream. If the free stream static pressure
could be used to define the back pressure, then all nozzles would flow full for the total
pressures used to obtain the penetration data. Another back pressure which could possi-
bly control nozzle flow was suggested in reference 6 as 80 percent of the static pressure
behind a normal shock in the free stream. For tunnel conditions of this study, this sec-
ond definition of back pressure was 43 kilonewtons per square meter or less. If this is
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Figure 3, - Calibration of conical supersonic nozzles,

the appropriate back pressure to determine if nozzle flow separation occurred, two of the
total pressures used at M]. = 3.99 (namely, 517 and 690 kN/mz) could result in separated
nozzle flow. The penetration data at these conditions were inspected with this possibility
in mind.

The supersonic wind tunnel was equipped with removable nozzle blocks allowing test
conditions at free stream Mach numbers of 2 and 3. Tunnel total pressure was varied
from 58.7 to 93.4 kilonewtons per square meter at a constant total temperature of 348 K.
The Reynolds number at the injection location ReL ranged from 2, 44><105 to 5. 35><105



TABLE I. - TEST CONDITIONS AND RESULTS

Jet Mach Free stream Jet total Jet to free stream Nondimensional Penetration, || Jet Mach Free stream Jet total Jet to free stream Nondimensional Penetration,
number, Mach number, pressure, total pressure ratio, | downstream distance, L number, Mach number, pressure, total pressure ratio, | downstream distance, l_
M; M, Py Py x a* M, M, P, 5 Py x d*
kN m2 5 a* kN m2 ? d
0,2 0,a
1.0 2.0 331 3.55 4.1 4.68 ‘ 2.67 2.0 483 5.17 4,1 6.01
517 5.54 5. 81 \\ 517 5.54 6.28
690 7.39 6.76 | 690 .39 7.41
897 9.60 7.55 897 9.60 8.36
517 5. 54 10.1 7.53 517 5.54 17.8 9.49
690 7.39 10.1 8.76 'i 690 7.39 17.8 11.34
517 5.54 16.17 7.81 ' 517 6.80 11.8 10.78
690 7.39 16.7 9.15 [} 3.0 517 5.54 16.7 13.84
897 9.60 16.17 10.48 | l 690 7.39 16.7 16.00
517 5.54 17.2 7.95 690 9.07 16.7 17.25
690 7.39 9.16 !
517 6. 80 8.55 i 2.75 2.0 517 5,54 17.8 9.48
‘ 690 9.07 310,03 || 690 7.39 11.26
i 517 881 29 56 ‘ 517 6.80 10. 89
! 690 11.75 211,23 690 9.07 12.83
517 5. 54 .8 g.20 | 3.0 517 5.54 16.17 14,01
690 739 9.36 l 690 7.39 16.7 16. 09
517 6. 80 8. 93 690 9.07 16.7 17.38
690 9.07 10. 28 2.91 2.0 517 5.54 17.8 10,00
517 8.81 10. 03 690 .39 11,83
L} 690 11.75 11. 60 1 517 6.80 11.73
3.0 517 5.54 17.2 12.01 690 9.07 13,84
517 6.80 13.23
690 7.39 13. 69 3.52 2.0 517 5.54 4.1 6.36
690 9.07 14.86 690 7.39 4.1 7.45
517 5.54 4.0 8.53 897 9.60 4.1 8.44
690 7.39 4.0 9.59 517 5.54 16.17 9.13
690 7.39 16.7 11.08
1.69 2.0 517 5,54 17.8 8.76 897 .60 16.7 12.88
690 7.39 9.93
690 9.07 ' 11.00 3.99 2.0 517 5. 54 4.1 6.49
690 11.75 12.65 690 7.39 4.1 7.60
i 897 9.60 4.1 8.55
2.37 2.0 386 4.14 l 4.1 5.41 517 5. 54 10.1 8. 98
517 5.54 6.34 650 | 7.39 10.1 10.64
890 7.39 ‘ 7.40 517 5.54 16.7 9.58
897 9.60 8.40 690 | 7.39 16.7 11.38
517 5.54 ' 8.85 897 9.60 16.17 13.13
690 7.39 10.1 10.20 ! 517 l 5 54 11.2 9.85
" o . o B
v 897 9.50 16. 7 12.38 l 517 6.80 10,94
' ' : 690 | 9.07 213,05
517 8.81 219,65
U 690 11.75 25 01
3.0 517 5.54 | 13.66
\ 517 6.80 15.76
! 690 7.39 16,31
690 9.07 ¥ 18.71
. .

2Conditions for which maximum increase in penetration was found.




Helium Injection and Detection

The injection and measurement apparatus was essentially the same as that described
in detail in reference 13. Ambient temperature helium was injected at total pressures of
331 to 897 kilonewtons per square meter through the injection nozzles into the supersonic
crossflow. A small sampling probe (fig. 1) was mounted through the tunnel top wall on
the centerline and located at nondimensional downstream positions x/d* of 4.1, 10.1,
16.7, 17.2, and 17.8 where d* is the nozzle throat diameter. Samples of the helium-
air mixture were drawn into an on-line mass spectrometer at constant pressure and the
resulting helium mole fraction output displayed on an x-y plotter. A complete set of
test conditions and penetration results are given in table I.

RESULTS AND DISCUSSION

Concentration Measurements

Helium concentration measurements were made on a plane along the centerline of
the flat plate directly downstream of the injection orifice. Typical centerplane concen-
tration profiles are presented in figure 4 for some typical conditions studied. As the

Free stream

Mach number, Jet Mach Nondimensional Jet to free
M, number, downstream  stream total
3.0 Mj distance, pressure
2 2 xld* ratio,
%\*\ | o
5 M@\Q\ 3.99 17.2 5.54
E 3.9 17.2 9.07
2
=
3
§ 3.99 16.7 7.39
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= C\E\N\QQ\Q\#
\“\“ 1.0 16.7 7.39
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| I B N
Lo 2 4 6 8 10

Helium concentration, volume percent

Figure 4. - Typical centerplane helium concentration data shown for various conditions,



probe was positioned farther from the plate surface, the measured helium concentration
decreased until helium was no longer detected. As the probe was moved downstream,

the profile shapes remained similar for the conditions tested. Complete profiles down to
the plate surface were not obtained. The vertical distance at which a specific helium con-
centration was measured increased with increasing jet Mach number M., free stream
Mach number Ma’ downstream distance x/d* , and increasing jet to free stream total
pressure ratio Po,j/Po,a'

Since the absolute outer boundary of the jet (i. e., the point at which helium was no
longer detected) was rather difficult to establish, a concentration of 0.5 percent by vol-
ume of helium was used as a definition of penetration, A similar definition has been used
in references 1to 3, 8, 10, and 14. In the subsequent discussion the position at which
the 0.5 percent concentration was measured y' has been nondimensionalized by the noz-
zle throat diameter d* ; thus, all future mention of penetration means y'/d"< . Lateral
rotations of the probe at y' verified that y' had a maximum value on the centerplane.
Considering the errors in positioning the probe, measuring concentration, and fairing the
curves (fig. 4), the estimated error in determining penetration was +0. 125 y'/d* units.

Jet Mach Number Effect on Penetration

The effect of injection Mach number on penetration is shown in figure 5 for three
downstream positions x/d* of 4.1, 10.1, and 16.7 and total pressure ratios P, j/Po a
from 5.5 to 9.6. The free stream Mach number Ma was 2. Penetration increased with
injection Mach number at each downstream position, with the effect of M. on y/d* in-
creasing with x/d*. At the first downstream station x/d* =4.1 (fig. 5(a)), a maximum
increase of 13 percent occurred when M. was increased from 1 to 4 at Po,j/Po,a =9.6.
Farther downstream (figs. 5(b) and (¢)) more of an increase was observed, the maximum
being about 25 percent at x/d* = 16.7 and Po ./P0 q = 9.6. The maximum increase
found for all conditions studied (see footnoted values in table I) was about 30 percent.
These comparisons were made between sonic and supersonic injection for cases of equal
mass flow and equal jet total pressure. Straight lines were faired through the data in fig-
ure 5 for a later discussion of the correlation technique used.

Since the jet throat diameter was held fixed in this study, the jet exit pressure de-
creased with increasing jet Mach number for equal total pressure of the jet. Thus the jet
was underexpanded at M. = 1 and overexpanded at some higher Mach number. Although
the data did not indicate any unusual behavior, the circular and square data points at
M. = 3.99 were those for which there may be a possibility of nozzle flow separation (see
Model and Tunnel section).
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Downstream Distance Effect on Penetration

Jet penetration increased with downstream distance as is shown in figure 6 for two
different pressure ratios and for three jet Mach numbers. Most of the penetration oc-
curred before the x/d* = 10.1 position. The trajectory beyond this point flattened out
and subsequent penetration probably occurred primarily because of turbulent mixing.
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(a) Jet to free stream total pressure ratio Py j/Py 5= 5.5.
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(b} Jet to free stream total pressure ratio P, j/P0 as 1.4

Figure 6. - Variation of jet penetration with downstream distance.
(Free stream Mach number M = 2.)

Pressure Effects on Penetration

From figure 5 it was apparent that increasing the ratio of jet to free stream total
pressure increased the jet penetration. The data reported in reference 12 showed that
the penetration depended on this pressure ratio to approximately the one-half power.
However, comparison of the top two curves of figure 4 shows that, as the free stream
Mach number M, was increased from 2 to 3, the penetration increased even though
P, i /P 373.53 reduced The penetration at M = 3 was still proportional to
(Po, ./ P o, ) but a different penetration curve resulted for each free stream Mach
number

In order to determine the dependence of penetration on pressure for all pressure and

Mach number conditions, a free stream effective back pressure P ep Was used as orig-

10



inally suggested in reference 5.

This back pressure accounted for the complex shock and

pressure field into which the jet was discharged and was defined in this study as two-
thirds of the total pressure behind a normal shock in the free stream. This was the same
definition used in references 8 and 15 and was within 5 percent of the back pressure based
on static pressure mentioned previously and employed in references 6 and 11.

Data are plotted as a function of the jet total to effective back pressure ratio

P ./Peb in figure 7 where the open symbols denote M, =

0,l]

Penetration, y'/d*
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Ma = 3. Two jet Mach numbers are shown and all downstream positions. Lines through
the data were drawn with a slope of one-half to illustrate that penetration was still ap-
proximately dependent on pressure ratio to the 0.5 power. Data at a particular down-
stream distance all fall on the same line regardless of the free stream Mach number.
Thus the effective back pressure concept was useful in correlating the effects on penetra-
tion of both tunnel total pressure changes and of pressure variations due to changes in
free stream Mach number. The data for x/d* = 16.7, 17.2, and 17. 8 are shown (fig. 7)
with a common line faired through them indicating little penetration variation over this
x/d* range.

If the penetration data are plotted as a function of momentum flux ratio PV 2/ [ g
as in references 1, 3, 8, and 12 rather than against pressure ratio, there still results a
one-half power dependence as in the pressure ratio presentation. In this study, the pres-
sure ratio has been chosen as a parameter with which to correlate the data since it was

a directly controlled variable.

Correlation of Present Data

From the foregoing discussion it was shown that the jet penetration depended on jet
Mach number, the downstream distance at which the measurements were made, the jet
pressure, and some effective pressure in the free stream. Thus in order to correlate
the data of this study, the following expression containing these variables was assumed:

y' Po A\ b/ x ¢
Lo=c(21) (m) <_ +0. 5) (1)
d Py V \ag*

where the constants C, a, b, and c are to be determined. The value of 0.5 in the last
term results from the fact that the origin of the coordinate system is located at the center
of the jet orifice whereas the upper jet boundary originates at the upstream edge of the
orifice. Similar product-exponent-type correlation forms have been used in references
3, 11, 10, and 14; the latter two of which used dimensional analysis techniques to arrive
at the correlation equation form. A multivariate regression analysis (ref. 16) was used
to obtain those values of the constants C, a, b, and c¢ which gave the best least-squares
fit of the data. The resulting expression was

0.483 0.281

Y_o=1.12(-%d (v,)0: 149 <_ + 0. 5) (2)
d Py ] a*

12
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of this study.

The measured penetration plotted against the penetration calculated from equation (2)
is shown in figure 8 where the solid line is the line of equivalence between measured and
calculated penetration. The agreement was within +10 percent (represented by the dashed
lines) for all but one data point. The limited data for expansion angles other than 17° are
included and fall within the spread of the data. The trends with jet and free stream Mach
number have been accounted for by the correlation equation.

The product-exponent form of correlation assumed in equation (1) and the subsequent
linear regression analysis forced lines of constant slope through each of the independent
variable plots (figs. 5 to 7). The straight lines faired through the data in figure 5 fit the
data fairly well; however, the lines increase in slope with x/d*. The analysis forced
one best slope line (namely, (v'/d*) « (M,)?" 9 from eq. (2)) to fit all of these jet Mach
number data. The dependence of penetration on x/d* shown in figure 6 deviates from a
constant slope relation. The correlation technique forced the best line with slope equal to
0. 281 through the x/d* data. The penetration dependence on pressure ratio was satis-
factorily represented by a constant slope line of approximately 0.5 as shown in figure 7.
The analysis yielded an exponent of 0.483 for P /P ep- The Mach number and x/d*
terms could have been made to fit the data more reallstlcally by using different equation

13



forms as was done in reference 12 where a hyperbolic form was used to improve the fit
for the x/d* data. However, in view of the correlation obtained simply with equation (2),
the added complexity was not warranted.

Comparison with Other Work

The applicability of the correlation obtained for these data to other sets of data in the
literature was tested. Data which used concentration measurements to determine pene-
tration were chosen so the comparisons could all be made at the position of 0.5 percent
concentration. Only one study was found (ref. 8) from which concentration measurements
for supersonic injection could be obtained. Some studies (refs. 6 to 9 and 11) have used
the Mach disk location (a shock feature of an underexpanded jet) as a measure of penetra-
tion. & was difficult to make a direct comparison between Mach disk location and outer
boundary position, and so the Mach disk data of these studies were not included. The fol-
lowing is a brief description of the studies used for comparison; all employed injection
normal to the free siream from a flat plate,

In reference 2 Torrence injected various molecular weight gases at sonic velocity
into a Mach 4. 03 stream having a thick boundary layer. Only the data for hydrogen and
helium were chosen for comparison since Torrence showed an effect of molecular weight
on penetration especially for heavier gases. In the same wind tunnel used by Torrence,
Rogers (ref. 3) studied the effect of the momentum of sonically injected hydrogen on jet
penetration. In reference 8, Orth and Funk determined hydrogen penetration by Mach
disk position and by concentration measurements for sonic and supersonic injection into a
Mach 2.72 airstream. Supersonic injection Mach numbers of 1,31, 1.50, and 1.73 were
used. Some additional unpublished injection studies were made at the Lewis Research
Center by L. Povinelli and R, Ehlers in a 12, 7- by 6. 35-centimeter Mach 2.7 wind tun-
nel. Helium total injection pressure was varied from 435 to 1455 kilonewtons per square
meter, while tunnel pressure varied from 274 to 1033 kilonewtons per square meter.
Concentration measurements were made at x/d* = 5.4.

The penetration data from these four studies have been compared to the penetration
calculated from equation (2). The correlation underpredicted the penetration in all cases.
A least-squares line through the data of reference 8 was within about one jet diameter of
the present data; the least-squares lines of references 2 and 3 were underpredicted by
about two jet diameters; and the unpublished NASA penetration data were underpredicted
by about one to four jet diameters. Thus equation (2) is not widely applicable but applies
only to the set of data obtained under the conditions of the present study. When the data
of all five studies were subjected simultaneously to the regression analysis with equa-
tion (1) as the correlation form, a considerably better correlation resulted but one which

was still unsatisfactory.
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One parameter which has not been taken into consideration in this comparison and
which was significantly different between the experiments was the boundary layer thick-
ness. Schetz and Billig (ref. 5) have introduced the boundary layer thickness as a possi-
ble controlling parameter in the penetration of underexpanded jets. A thick boundary
layer would shield the injected jet from the high momentum free stream for a greater dis-
tance than would a thin boundary layer. Rogers in reference 3 has suggested the different
boundary layer thicknesses as a possible reason for disagreement between his data and
previous correlations in the literature.
widely varied in the experiments considered here, this variation was explored as a possi-
ble reason for the poor agreement when all of the data were compared to equation (2).

Torrence measured the turbulent boundary layer thickness to be three times the jet
diameter (5/d* = 3). Similarly, Rogers measured 2 6/d* of 2.7 in the same tunnel. A
value of approximately 0.2 was reported in reference 17 for the data of Orth and Funk.
The laminar boundary layer thickness for the present study was estimated from
5 =05. SQ/Reg" 5 (ref. 18), and the turbulent thickness for the NASA unpublished data was
estimated from & = 0. 37Q/Re% 2 (ref. 19). These estimates resulted in 5/d* values
ranging from 0.214 to 0.319 and 0. 871 to 1. 11, respectively, for the two studies.

stream momentum is lost due to viscous shear in the boundary layer; since penetration

Since the boundary layer thicknesses were so

Free

depends on the free stream momentum, the momentum thickness ¢ rather than the veloc-
ity thickness & was used as the boundary layer correction term. Values of 0/d* were
calculated from tabulated g/5 values given in reference 20, using a velocity profile ex-
ponent of 1/5 for the laminar data and 1/7 for the turbulent data. Table II presents the
nondimensionalized boundary layer velocity thickness and momentum thickness for the
studies being compared.

TABLE II. - NONDIMENSIONALIZED BOUNDARY LAYER
VELOCITY THICKNESS AND MOMENTUM THICKNESS

FOR VARIOUS STUDIES

Source

Present data

Nondimensional T

velocity thickness,
5/d*

0.214 to 0.319

Nondimensional
momentum thickness,
6/d*

0.020 to 0.025

Ref. 2 3 0. 157
Ref. 3 2.7 0.141
Ref. 8 0.2 0.0165
Unpublished 0.878 to 1.11 0.062 to 0.079

| TASAdata
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The nondimensionalized momentum thickness term (J/d"< was included in the follow-
ing correlation expression in the form:

a d

P . c
Y oo M.b(x +0.5) (i) (3)
ar P, () ar a*

where d was another constant to be determined in the regression analysis. All five sets
of data were included with the result being

0.416
' Po i\ 0. 163
Y_o=3.21{_2d ()0 121 _X_+0.50-2°3<i)
d P b ] d* d*
e

The measured penetrations are plotted as a function of the penetration calculated
from equation (4) in figure 9. The solid line is a line of equivalence between measured
and calculated penetration and the dashed lines are +15 percent variation about the line of
equivalence. The key in figure 9 gives the ranges of variables for each of the studies.
Upon comparison of equations (2) and (4), it is seen that not only was a momentum thick-
ness correction term added but also an alteration in the constants resulted in order to fit
all sets of data. The approximately half-power penetration dependence on pressure ratio
changed to (PO’]./Peb)O‘416 and the exponents of Mfl and x/d* decreased somewhat.
Thus, even though the penetration dependence on each independent variable noted in equa-
tion (4) may not be exactly correct, the simple equation form does correlate (to within
+15 percent) a large amount of data taken in different tunnels over widely varying
conditions.

In an attempt to improve this correlation and recognizing that most of the jet pene-
tration occurred near the injection location, the data were divided into near field
(x/d* <7) and far field (x/d* > 1) regions. This x/d* break point was somewhat arbi-
trary but was based on results given in references 3, 8, 15, and 17 which indicated a
change in penetration behavior at 7 < x/d* <10, and also on the fact that the data avail -
able were conveniently separated at this point. In the far field, all data points but two
agreed to within +10 percent of that calculated by

\0-405 0.141

: P 0. 204
Y_-2.96(_%d ()0 163( X 0. 5) (i) (5)

j Tk *
d Peb d d

The near field correlation resulted in little improvement over that obtained with
equation (4).
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Source Jet Mach  Jet total to Nondimensional Free stream
number, effective back downstream  Mach number,

Mj pressure ratio, distance, M,
Po, j/Peb x/d®
O Present results lt04 7.4t0 41 41018 2t03
O Ref. 8 1t0 1.7 2.81t05.2 lL7to 11 2.72
O Ref, 3 1 1,1103.2 7t 200 4,03
& Ref, 2 1 2to 2.2 7t0 200 4.03
o Unpublished NASA 1 1.5t 19 5.4 2.7
data
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Figure 9. - Comparison of measured and calculated penetration for all sets of data
with boundary layer momentum included in correlation.

SUMMARY OF RESULTS

Helium was injected at various Mach numbers ranging from 1 to 4 into supersonic
crossflows at Mach 2 and 3. Concentration measurements were taken downstream and
the penetration of the helium jets was characterized by the 0.5 mole fraction boundary.
The significant results are summarized as follows:

1. Penetration increased with injection Mach number when mass flows and total pres-
sures were held constant. The effect of injection Mach number on penetration increased

17



with downstream distance. A maximum increase of approximately 30 percent in penetra-
tion was found for Mach 4 injection over sonic injection.

2. Penetration increased with downstream distance. Most of the penetration was ob-
tained close to the injection orifice at nondimensionalized distances of ten or less.

3. Jet penetration was proportional to the jet total to effective back pressure ratio
raised to the one-half power. Effective back pressure correlated penetration data for
changes in tunnel total pressure and Mach number.

4. Penetration data from this study were correlated with an expression containing the
jet total to effective back pressure ratio, jet Mach number, and downstream distance.
The data agreed with the correlation equation to within +10 percent. The equation did not
correlate data from other studies found in the literature because the boundary layer thick-
ness was not considered.

5. Addition of a boundary layer momentum thickness to the equation correlated the
data from four other jet penetration studies. Agreement to within +15 percent was ob-
tained. Separating the data into near field and far field regions improved the correlation
in the far field.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 16, 1971,
722-03.
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