NASA TECHNICAL NOTE N T ASA TN D- -3269

e Y e R
£, N RRNAN)

EESATL {\f ei
Wi L AND AR

im/lumﬁﬁﬁuﬁuﬁlﬁilnuluw1

WN ‘g4v) AHvHE HOaL

NASA TN D-3269

AN INVESTIGATION OF HIGHLY
UNDEREXPANDED EXHAUST PLUMES

IMPINGING UPON A
PERPENDICULAR FLAT SURFACE

-\4-_‘;\{‘;" l ™
by Allen R. Vick and Earl H. Andrews, Jr. 577 f,[':a%,,& Lo
T gl gL ‘\'
Langley Research Center . g9 833 8% }r_;;
Langley Station, Hampton, Va. § 0 JN N 4 o
w r"‘ o F//
m2g (\ rA N

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION e« WASHINGTON, D. C. < FEBRUARY 1966



TECH LIBRARY KAFB, NM

LT

povga32
NASA TN D-3269

AN INVESTIGATION OF HIGHLY UNDEREXPANDED EXHAUST PLUMES
IMPINGING UPON A PERPENDICULAR FLAT SURFACE
By Allen R. Vick and Earl H. Andrews, Jr.

Langley Research Center
Langley Station, Hampton, Va.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Clearinghouse for Federal Scientific and Technical Information
Springfield, Virginia 22151 — Price $3.00



AN INVESTIGATION OF HIGHLY UNDEREXPANDED EXHAUST PLUMES
IMPINGING UPON A PERPENDICULAR FLAT SURFACE

By Allen R. Vick and Earl H. Andrews, Jr.
Langley Research Center

SUMMARY

An investigation has been conducted to determine the effects of highly underexpanded
nozzle exhaust plumes impinging upon a flat surface mounted perpendicular to the nozzle
axis. Impingement-surface static-pressure data were obtained in an experimental pro-
gram conducted in the Langley 41-foot-diameter vacuum sphere. Unheated air having a
pressure of approximately 2400 psia (16.55 x 106 N/m?2) was exhausted from two different
nozzles; a converging nozzle having an exit Mach number of 1.0, and a converging-
diverging nozzle with a nominal design exit Mach number of 5.0. Data were obtained con-
tinuously for ratios of nozzle total pressure to ambient pressure ranging from approxi-
mately 250 x 103 down to 50 X 103 for various separation distances of the nozzle exit
from the impingement surface. Also included is a comparison of the experimental data
with some theoretically calculated results.

The results of this investigation showed three different shock structures within the
exhaust plume which were dependent upon the distances from the nozzle exit to the
impingement surface and the ratio of the nozzle total pressure to the ambient pressure.
The three types of shock structures consisted of (1) a surface shock located at a constant
distance from the surface, (2) a shock acting similar to a Mach disk, which was located
closer to the nozzle exit than it would be if no impingement surface were present and for
which the distance from the nozzle exit decreased as the ratio of nozzle total pressure to
ambient pressure decreased, and (3) a crossed oblique shock with a near-normal shock
adjacent to the impingement surface. The type of shock exerted considerable influence on
the surface-pressure distributions. At small distances from the nozzle exit to the surface
and with the surface shock at a constant standoff distance, maximum surface pressures
occurred on the nozzle axis and decreased in a smooth continuous manner with increasing
radial distances. For these conditions a single curve was found to represent the radial
variation of the ratio of the surface static pressure to the nozzle total pressure for the
entire range of test pressure ratios. As the distance from the nozzle exit to the surface
increased, maximum surface pressures occurred around an annulus followed by an irreg-
ular radial variation in surface pressure. The crossed oblique shock formation was
accompanied by an instantaneous increase in surface pressures. Comparisons of theo-
retical and experimental axial center-line Mach numbers and impingement-surface pres-
sures were in fair agreement.



INTRODUCTION

Nozzles operating in near-vacuum environments produce exhaust gases which
expand to extremely large sizes following expulsion from the nozzle. When any part of
the main vehicle or other adjacent structure becomes either partly or totally submerged
in these plumes, various problems may arise. Many of the problems associated with
these highly expanded exhaust plumes are summarized in reference 1 and include such
items as: (1) exhaust backflow from clusters of nozzles in which the interference between
adjacent plumes causes a reverse flow of hot exhaust gases, which in turn imposes a con-
vective heat load on the exposed vehicle components, (2) the attenuation of electromag-
netic signals, which usually occurs when the exhaust plume becomes large enough to
intercept the line of sight between the vehicle antenna and the ground-tracking stations,
(3) aerodynamic stability and control which can be affected if the jet plume produces
extensive boundary-layer separation so that control surfaces located in the affected area
will be subject to loss in effectiveness, and (4) plume interactions with adjacent surfaces.
The latter item is of particular concern since direct plume impingement results in pres-
sure forces on the affected surfaces, and such pressure forces are usually adverse.
During rocket-stage separation, for example, upper-stage ignition too soon after stage
separation produces interference pressure forces on the upper stage which can adversely
affect the performance of the upper stage (ref. 2).

An additional problem area for which no published information exists concerns
exhaust-gas interference during docking maneuvers between orbiting spacecraft where
the exhaust gases from one maneuvering vehicle impinge upon the other. The impinge-
ment of high velocity gases on the passive member of two docking vehicles will produce
forces which will adversely affect the neutral stability of that vehicle and could necessitate
costly fuel expenditures for corrective measures.

The many unknowns of space flight also include hazards arising during either landing
or take-off from the lunar surface. These hazards depend to some extent on the position
of the vehicle above the impingement surface and include such items as surface erosion
and the subsequent formation of craters, possible damage to surrounding lunar bases as
a result of flying debris, dust-cloud interference with visibility and navigation, and the
reflection of hot gases back onto the vehicle. These problem areas are intensified some
what by the uncertainty as to the exact composition of the lunar surface; this uncertainty
requires that all possibilities be explored fully to insure maximum safety to spacecraft
and personnel. Although a few investigations have been made already, both theoretically
(refs. 3 to 5) and experimentally (refs. 6 to 11), much remains to be investigated and
learned. The present investigation was initiated to supplement the knowledge obtained
from previous investigations. The purpose of the present investigation was to determine



experimentally over a wide range of nozzle-pressure ratios the exhaust-plume impinge-
ment pressures on a flat surface located at various positions normal to the plume axis
and to compare some of these results with those determined theoretically.

The investigation reported herein was conducted in the Langley 41-foot-diameter
vacuum sphere for ratios of nozzle total pressure to ambient pressure varying from about
250 x 103 down to 50 X 103. Two test nozzles with exit Mach numbers of 1.0 and 5.0
(inviscid design) exhausted air at a total temperature and pressure of approximately
90° F (3059 K) and 2400 psia (16.55 x 106 N/m2), respectively, onto a flat surface normal
to the nozzle axis. The location of the impingement surface relative to the nozzle exit
was varied over a range of positions for both nozzles. Data were obtained in the form of
impingement-surface static-pressure measurements and high-speed schlieren motion
pictures.

SYMBOLS

The units used for physical quantities in this paper are given both in the U.S.
Customary Units and in the International System of Units (SI). Factors relating the two
systems are given in reference 12 and those used in the present investigation are pre-
sented in the appendix.

d diameter

dip throat diameter

l distance along nozzle axis from nozzle exit to location of exhaust-jet
Mach disk

M Mach number

p pressure

r radial distance from nozzle axis

X distance downstream of nozzle exit

v ratio of specific heats

On nozzle expansion half-angle

1 angle, used in defining location of pressure orifices, on flat plate, measured

clockwise when viewing plate from upstream side (see fig. 2)



Subscripts:

exp experimental

j nozzle exit

max maximum

min minimum

S impingement surface

t total

1 conditions just upstream of a shock

2 conditions just downstream of a shock
°0 ambient (in 41-foot (12.5 m) sphere)

APPARATUS AND PROCEDURE

Test Setup and Procedure

The experimental investigation was conducted in the Langley 41-foot-diameter
vacuum sphere with the test setup shown in figure 1(a). The unheated air, dried to a dew-
point of about -400 F (2330 K), had a total temperature and pressure of approximately
900 F (3050 K) and 2400 psia (16.55 x 106 N/m2), respectively, and the available air
volume was sufficient to maintain an essentially constant nozzle stagnation pressure
during a test. An enlargement of the test setup, shown in the insert of figure 1(a), shows
the general arrangement of the nozzle, impingement surface, and schlieren mirror.

The impingement surface, a flat rectangular plate, was mounted perpendicular to
the nozzle axis. Surface pressures were measured with the plate located 20, 40, 80, 160,
240, and 400 nozzle exit diameters downstream of the exit of a Mach 1.0 nozzle and 4, 8,
20, 40, and 80 nozzle-exit diameters downstream of the exit of a nominal Mach 5.0 nozzle.
The center point of the impingement surface was alined with the nozzle axis.

Vacuum pumps were utilized to attain initial pretest pressures in the sphere of
approximately 0.4 torr (0.0077 psia or 53.3 N/m2). During a total test time of approxi-
mately 15 seconds the ratio of the nozzle total pressure to ambient pressure was reduced
from about 250 X 103 to 50 x 103. With the test nozzle in operation, the vacuum-sphere
pressure increased linearly with time; therefore, the ratio of total pressure to ambient
pressure decreased hyperbolically with time.



Test Nozzles

The investigation was conducted with two nozzles, one convergent and the other
convergent-divergent, as shown in figure 1(b). The converging nozzle (Mj = 1.0) had
an exit diameter of 0.125 inch (0.318 cm) and the converging-diverging conical nozzle
(Mj = 5.0 based on inviscid flow) had an exit diameter of 0.625 inch (1.588 cm), an
expansion-area ratio of 25, and a half-angle of 150. Previous investigations (refs. 13
and 14), using the same nozzles, showed, by use of a static-pressure orifice installed in
the expansion wall near the exit, that for viscous flow the design nozzle of Mj = 5.0
actually had an indicated exit Mach number of 4.79. Unless otherwise indicated, the
nozzle inviscid-design value of Mj = 5.0 is used throughout this paper.

Instrumentation

Nozzle stagnation pressure was measured by a 3000-psia (20.7 X 106 N/m2) pres-
sure transducer located between the remotely operated solenoid valve and the nozzle
inlet bell (as shown in insert of fig. 1(a)). The sphere ambient pressure was measured
in the vicinity of the nozzle by a small differential pressure transducer with a range of
0.005 to 0.100 psia (34.5 to 689.5 N/m2). The impingement plate was instrumented with
static-pressure orifices 0.040 inch (0.10 cm) in diameter located as shown in the polar
coordinate sketch of figure 2; in some instances as many as six static-pressure orifices
were located at a constant radius from the impingement-surface center point. All static-
pressure orifices were connected to differential pressure transducers (NACA miniature-
type inductive gage) by means of 9-inch (23-cm) lengths of plastic tubing to reduce pos-
sible vibrational effects and yet retain a rapid response time (about 40 milliseconds).
Inasmuch as many of the gages were operating in the lower 20 percent of the range, the
overall accuracy of the data is probably not so good as the rated accuracy of +0.5 percent.
All pressure measurements were continuously recorded on oscillographs for the duration
of each 15-second test.

High-speed double-pass schlieren movies (16 millimeter) were obtained for each
test. Enlargements of individual frames were of poor quality and, therefore, deemed to
be undesirable for reproduction. However, the schlieren movies proved to be very help-
ful in analyzing the data of this investigation.

Impingement Surface

The impingement surface was a rectangular plate with dimensions of 36 inches
(91 cm) by 42 inches (107 cm). One quadrant of the plate is shown outlined in figure 2
with the pressure orifices located along radial lines originating at the center point of the
plate. The radial lines are identified by the value of the angle i, measured in a clock-
wise direction when viewing the plate from the upstream side. Pressure instrumentation
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was limited to only the quadrant shown except for the several orifices located within a
2-inch (5-cm) radius of the plate center point. In some instances as many as six static-
pressure orifices are located at a constant radius.

RESULTS AND DISCUSSION

Jet Boundaries

In order to show the size and shape of the exhaust plumes relative to the
impingement-surface location, theoretical plume boundaries were calculated by the
method of characteristics for quiescent air without a plate in the plume with the use of
three-dimensional irrotational equations of flow and the computer program described in
reference 14. The results of these calculations are presented in figure 3 for each of the
five ratios of nozzle total pressure tq ambient pressure presented in the tables. The
boundary coordinates are presented in nondimensional form as r / dj and x /dj. For
purposes of illustration, the downstream locations of the impingement surface in terms
of nozzle-exit diameter are superimposed on the figure for each of the various test sepa-
ration distances. At impingement-surface locations (indicated by Roman numerals I to VI)
beyond position III in figure 3(a), the plume size is larger than the 36- by 42-inch (91- by
107-cm) plate at some of the higher pressure ratios.

The related experiments of references 13 and 14, conducted with the nozzles used in
this investigation, showed excellent agreement of the experimental boundaries with those
calculated theoretically. However, as stated previously in "Apparatus and Procedure,"
the exit characteristics for the Mach 5.0 nozzle differed considerably from the inviscid-
design values of Mj = 5.0 and 0y = 15°. References 13 and 14 found the effective exit
Mach number M;j to be 4.79 and the effective nozzle half-angle 6, to be 26.50 as
determined from measurements of the initial turning angle of the exhaust flow. The jet-
plume boundaries for these effective exit characteristics are shown in figure 3(b).

Observed Characteristics of Shock Structures

The general quality of the schlieren movies was such that single-frame enlarge-
ments were not suitable for reproduction. Shock formations within the plumes and
adjacent to the impingement surface however were readily evident in viewing the movies;
observations of these movies proved to be of considerable value in analyzing the data.
For example, three basic types of shock structures were found to exist (fig. 4), and are
dependent upon the separation distance from the nozzle exit to the surface and the pres-
sure ratio. The most frequently observed shock system (type I) consists of a surface
shock located at a near-constant standoff distance from the impingement surface. This
condition exists for either the very large pressure ratios experienced in near-vacuum
operation, where the plume size is extremely large, or for small separation distances



from the nozzle to the surface such as those shown for positions I and II for both nozzles
in figure 3. The second type of shock system, in which the surface shock ceases to
remain at a constant standoff distance, is experienced as the pressure ratio p; /poo is
varied for the surface positioned at greater downstream distances (positions III to VI

for the Mj = 1.0 nozzle and I to V for the M; = 5.0 nozzle). For these conditions
(type II shock) the shock appears to act similar to a plume internal Mach disk which
moves toward the nozzle exit as the pressure ratio is decreased. The third shock sys-
tem (type III) is one in which two different types of shocks are present within the exhaust
plume and occurs primarily during low-pressure-ratio operation. Basically, it consists
of crossed oblique shocks followed by a normal shock near the surface. For the range of
pressure ratios investigated, this condition was observed only for the nominal Mach 5.0
nozzle with the surface located at the downstream position of x/dj = 80. These phenom-
ena are covered in more detail in subsequent discussions along with sketches of the
shocks and the resulting pressure distribution (figs. 5 to 8).

Tabulated Data

The pressure data obtained in this investigation are presented in tabular form and
to a limited extent in graphical form. The data obtained from the M; = 1.0 nozzle are
presented in table I for separation distances from the nozzle exit to the surface of 20, 40,
80, 160, 240, and 400 nozzle-exit diameters and the data from the M]- = 5.0 nozzle are
presented in table II for the separation distances from the nozzle exit to the surface of 4,
8, 20, 40, and 80 nozzle-exit diameters. Columns @ to @ of these tables present data
as a nondimensional ratio of the surface static pressure to ambient pressure pg /p00 for
five constant values of the ratio of nozzle total pressure to ambient pressure pt/pc>o
ranging from 50 X 103 to 250 x 103. Columns @ to contain the identical data con-
verted to ratios of surface static pressure to nozzle total pressure ps/pt. In general,
data from the different pressure orifices located at the same radius indicate reasonably
symmetrical pressure distributions for the higher surface pressures; somewhat larger
deviations in the measured pressure at a particular radius occurred for the lower surface
pressures (compare the tabulated data). The pressure-distribution curves included
herein present only the data obtained along the vertical axis through ¢ =00 and
Y = 1800, with the exception of figure 6(e) which presents all data as numerical averages
for each radius.

Experimental Surface Pressure Distributions

The surface static-pressure distributions resulting from the impingement of exhaust
plumes upon a flat surface are presented in figures 5 to 8. The abscissa of these figures
extends over a range of r/dj from 0 to 70 for Mj = 1.0 and from 0 to 14 for Mj = 5.0;
this range is representative of the area of primary interest. One exception to this range
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of r/dj for which curves are shown is figure 6(e), which shows a typical variation of
surface pressure out to the maximum radial positions for which data were obtained. For
radial positions r /dj larger than those shown in the other figures, refer to the tabu-
lated data. The surface-pressure distributions are shown beginning at the impingement-
surface center point and extending outward along the radial line through ¢ =00 and

Y = 1800. Figure 6(e) presents all the data as numerical averages for each r/dj value.

Ratio of surface static pressure to ambient pressure.- The ratios of the surface

static pressure to the ambient pressure for the various ratios of nozzle total pressure to
ambient pressure are presented in figures 5 and 6 for the Mj =1.0 and Mj = 5.0 noz-
zles, respectively. Surface pressures produced by both test nozzles exhibited similar
trends and resulted in systematic families of curves for the different nozzle total-
pressure ratios. The highest values of surface static-pressure ratio ps/p00 attained

in this investigation for the Mj = 1.0 and M;j = 5.0 nozzles were 445 and 1880, respec-
tively; these values were obtained at the two smallest separation distances and at the
highest ratio of total pressure to ambient pressure. Peak surface pressures occur on the
nozzle axis and decrease in a smooth continuous manner with increasing radial distance
r/dj as evidenced in figures 5(a), 5(b), 6(a), and 6(b) for the two smallest separation dis-
tances from the nozzle exit to the surface (the small irregularity of the Pt/P,, = 50 x 103
curve in fig. 5(b) is discussed subsequently). The shock structure associated with this
trend is a surface shock adjacent to the impingement surface which remains at a near
constant standoff distance throughout the range of total-pressure ratios (type I shock
formation shown in fig. 4).

As the separation distance increases, the general trend of the pressure distribution
changes from a smooth continuous curve to an irregularly decreasing one as shown in
figures 5(c) to 5(f) and figures 6(d) to 6(e). For the larger separation distances the peak
pressures occur as an annulus about the axis rather than on the axis as previously indi-~
cated for the small separation distances. This change in pressure-distribution trend is
probably the result of the change in the type of shock formation from a standoff surface
shock (type I) to a type II shock formation shown in figure 4.

Also evident in figures 5(b), 6(c), and 6(d) at a pressure ratio of 50 x 103 is an
increase in the pressure at r/dj ~ 64.0, 10.5, and 12.5, respectively, which corresponds
to the region of impingement of the plume boundary (refer to ordinates of fig. 3(a) at sur-
face position II and fig. 3(b) at positions Il and IV). A similar trend may have occurred
at the other pressure ratios for these impingement-surface positions; however, insuffi-

cient pressure instrumentation at large radial locations prevented detection of this pres-

sure rise. Figure 6(e) also shows this jump in surface pressure at the boundary-
impingement points for each of the four highest nozzle pressure ratios; the theoretical
plume boundary-impingement points are noted at the top of the figure. This rapid




increase is not an entirely unexpected phenomenon in view of the physical characteristics
that exist within an exhaust plume as defined by the contours of theoretical Mach numbers.
Radial Mach number distributions across an exhaust plume, at large values of x/dj, show
that between the plume internal shock and the jet boundary, local Mach numbers may be
lower than those at the plume center line. Therefore, it might be speculated that higher
pressures are possible in the region of the jet boundary.

Figure 6(e) shows yet another peculiarity in that a pressure increase exists over
most of the surface at p; /poo = 50 x 103. Schlieren photographs show that this phenome-
non is associated with type III shock formations characterized by crossed oblique shocks
followed by a surface shock. (A type III shock formation is shown in fig. 4.)

Ratio of surface static pressure to nozzle total pressure.- The ratio of the distribu-

tions of the surface static pressures to the nozzle total pressure pg /pt is presented in
figures 7 and 8 for the Mj =1.0 and Mj = 5.0 nozzles, respectively. For both nozzles
at small to moderate separation distances (figs. 7(a) and 8(a)) a single curve represents
the variation of the ratio of the surface static pressure to the nozzle total pressure for the
entire range of pressure ratios investigated. The single curve obtained by averaging the
narrow bands of data for the variation of pg /pt indicates, for these spacing ratios, that
the surface pressures are directly proportional to the nozzle total pressure p; and inde-
pendent of pt/ p.; however, for large spacing ratios this trend does not necessarily hold
true. A similar trend of constant surface pressures was observed for the impingement

of exhaust plumes on adjacent parallel surfaces in reference 13. This phenomenon is a
result of the fact that the plume internal characteristics for a region bounded by the inter-
nal shock and Mach disk at a given pressure ratio are not altered by increasing plume
expansion (by increasing p; /poo). The pressure distributions for the separation distances
x/dj of 80 and 20 shown in figures 7(a) and 8(a), respectively, are repeated in figures 7(b)
and 8(b) in addition to the distributions for the larger separation distances. Since the
surface pressures at large separation distances are relatively low, the ordinate scale

has been greatly increased in these figures to show more clearly the effects of pt/p00 on
the radial pressure distributions. The data for separation distance x/dj of 240 and 400
are not plotted in figure 7(b); however, the general trend of the curves would be somewhat
similar to the data for x/d]- = 160. (See tables I and II.) The pressure increases shown
in figure 8(b) at r/dj = 10.5 and 12.5 for the separation distances of 20 and 40, respec-
tively, are associated with the impingement of the plume boundaries as previously
discussed. Also evident in figure 8(b) are higher pressures for x/dj =80 at

pt/p°° = 50 X 103; the type of shock structure associated with this separation distance

and pressure ratio is discussed in regard to the next two figures.

Figures 9 and 10 illustrate the shock-formation changes associated with the sur-
face located 80 diameters downstream of the Mj = 5.0 nozzle. Presented infigure 9



are sketches representing the flow and shock structures within the exhaust plume as
observed from the schlieren motion pictures at five different ratios of Pt /poo. The two
locations of the schlieren mirror represent two different tests from which the movies
were correlated as accurately as possible by use of timing marks on the film strips and
the p; /poo measurements. In the sketches for the three highest pressure ratios the
shock structure consists primarily of a near-normal shock, or Mach disk, which moves
upstream toward the nozzle exit and also decreases in diameter as the pressure ratio
decreases. The absence of a surface shock in sketches (a) to (c) of figure 9 indicates
that downstream of the normal shock the flow on the center line may not have expanded
sufficiently to attain supersonic velocities. It is entirely possible, however, that the flow
on the surface some distance away from the center may be supersonic but parallel to the
surface and therefore without shocks. As the pressure ratio decreases from 81.25 x 103
(fig. 9; sketch (c)) to 67 x-103 (fig. 9; sketch (d)), the diameter of the Mach disk decreases
until the Mach disk is eventually replaced by weak oblique (crossed) shocks with a surface
shock adjacent to the impingement plate. Observation of the schlieren movies showed the
change from the Mach disk to the oblique shock and associated surface shock to be rather
instantaneous and to occur at a pressure ratio of approximately 67 x 103, Sketch (d)
represents the first frame of the movies where the oblique crossed shocks and surface
shock combination first appeared; for further decreases in pressure ratio, the internal
shock system becomes more clearly defined, as in sketch (e) of figure 9.

The change in surface pressure associated with the appearance of the oblique and
normal shock structure is shown in figure 10 in the form of a continuous plot of the varia-
tion of the surface-pressure ratio with the nozzle total-pressure ratio. Although this fig-
ure presents only the pressure measured at the surface center-point orifice, it is typical
of the pressure rise experienced by all static~-pressure orifices located within a radius of
approximately 16 nozzle-exit diameters. (See tables I and II). Figure 3(b) shows that
this area is approximately equivalent to the maximum total area influenced by the jet
plume for a ratio of nozzle total pressure to ambient pressure of about 67 X 103. The
lower-case letters at the top of figure 10 correspond to shock-structure sketches (a) to
(e) of figure 9.

Figure 11 presents a comparison of the present data with data for the same type of
nozzle from reference 7. Although the investigation of reference 7 was conducted for
much smaller nozzle-to-surface separation distances than the present investigation, some
overlapping of the test ranges did occur. In general, the agreement of the current data
with data from reference 7 appears to be very good, particularly in the region where

overlapping occurred.
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Comparison of Experimental and Theoretical Data

Before estimations can be made of the effects produced by the impingement of
highly expanded exhaust plumes on a surface, it is helpful to know certain facts about the
plume internal characteristics. A useful tool in obtaining these plume internal character-
istics is the method of characteristics. The characteristics program described in ref-
erence 14 and the interpolation program of reference 15 have been used to obtain the
plume internal Mach number contours shown in figure 12. The contours for the exhaust
plumes with Mj = 1.0 and Mj=4.79 nozzles (figs. 12(a) and 12(b), respectively) are
restricted to the regions of primary interest to this investigation. The contours for only
one ratio of nozzle exit pressure to ambient pressure are shown since it has been previ-
ously noted that the contours bounded by the plume internal shock and Mach disk are
unaffected by additional increases in pressure ratio. Infigure 12(b) radial flow is
assumed to exist between the leading characteristic line and the axial center line of the
nozzle. (See ref. 14.)

Plume center-line Mach number.- The distributions of experimental and theoreti-

cal Mach numbers along the exhaust-plume axis are shown in figure 13(a). Experimental
Mach number distributions were computed from normal-shock relations (ref. 16) by using
the nozzle stagnation pressure and assuming the pressure measured by the surface
center-point orifice at pt/poo = 250 x 103 to be the total pressure behind a normal shock.
It should be noted that the experimental data are plotted at the surface location. If these
data were plotted at the surface-shock location, the symbols would be located at values of
x/dj slightly less than those shown. The present experimental data and those of refer-
ence 7 show good agreement for both nozzles in the region where overlapping of data
exists. Theoretical values of center-line Mach number, obtained from the characteristic
contour plots of figure 12, show satisfactory agreement with the experimental data for the
M; = 1.0 nozzle up to a Mach number of about 36. The agreement between theory and
experimental data for the Mj = 4.79 nozzle was less satisfactory. For comparison pur-
poses, the theoretical results for the My = 5.0, 6, = 150 inviscid-design nozzle are also
shown.

The ratios of surface center-point pressures to the nozzle total pressures obtained
experimentally and theoretically are shown in figure 13(b). The theoretical distributions
of pt,z/pt,l correspond to the theoretical Mach numbers shown in figure 13(a). Two
theoretical curves are shown for each nozzle; one curve is based on the assumption that a
normal shock occurs at the location of the impingement surface (this assumption was made
in ref. 7), and the other curve represents the pressures obtained by accounting for the
normal-shock standoff distance (ref. 17 uses this procedure). The latter assumption
results in a lower Mach number Mj -and thus a larger value of p¢ 2 /Pt,l- The shock
standoff distances were approximated by considering the mass balance through the shock
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as was done in reference 3. The data for Mj = 1.0 appear to be well represented by the
theoretical pressure distribution; however, a lack of agreement for the MJ- =4.79 data
is evident for which no explanation is apparent.

Shock location.- The effects of the nozzle-pressure ratio and nozzle-to-surface
separation distance on the downstream location of the Mach disk (l / dj along the center
line} are shown in figure 14. For convenience, the various impingement-surface loca-
tions are indicated by horizontally dashed lines. The figure also shows representative
theoretical values of the Mach disk location with no impingement surface present in the
plume; these curves were obtained by using the procedure found in reference 18. This
method showed that a Mach disk would be formed at the location along the axial center
line for which the pressure behind the shock is equal to the ambient pressure. The
center-line Mach numbers for obtaining this approximation were obtained from the
method of characteristics (as shown in fig. 12). Other methods for predicting the normal-
shock location are contained in references 19 and 20. Also shown on figure 14(a) is a
solid-line curve representing the experimental values for the location of the Mach disk
for the Mj = 1.0 nozzle with no surface interference which were obtained from refer-
ence 14. The theoretical curves and the experimental curve are essentially linear vari-
ations of separation distance with pressure ratio when plotted on logarithmic scales.
The approximation and the experimental curve are in good agreement for the Mj =1.0
nozzle as shown in figure 14(a); experimental data were not available to make a similar

comparison for the M]- = 5.0 nozzle.

The experimental data obtained in this investigation are represented in figure 14
by the symbols. The flagged symbols indicate data obtained during the investigation but
not presented in the tables. The one solid symbol on figure 14(b) denotes crossed oblique
shocks as shown in sketch (e) of figure 9. The general trend of the fairings indicates that
as the pressure ratio is increased, the shock begins to deviate from the experimental
location of reference 14 (no obstruction within the plume) and approaches the surface
asymptotically. A standoff distance is finally reached at which further increases in the
pressure ratio result in no change in the shock location. (The solid horizontal line
represents calculated constant standoff shock locations obtained by using eq. (A18) of
ref. 3.) Comparisons of the final standoff distance, at a pressure ratio of pj/poo =10%
(fig. 14(a)), for example, reveal that the surface-shock standoff distance decreases as
the separation distance x/dj decreases. By referring to figure 12 it is noted that the
plume center-line Mach number decreases as the nozzle is approached, concurrent with
the decreasing surface-shock standoff distance noted previously. This phenomenon is
exactly opposite to the variation of a blunt-body bow-shock standoff distance which
increases with decreasing stream Mach number. Shown in figure 14(b) for the surface
locations x/ dj of 4 and 8 are some shock-standoff-distance data obtained from refer-
ence 9 which indicate good agreement with the present data.
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Surface static-pressure distributions.- Comparisons of experimental and theoreti-
cal pressure distributions are presented in figure 15 to show the validity of determining
the surface pressure distributions by theoretical methods. The method of reference 17
makes use of exhaust-plume internal characteristics such as those presented in figure 12.
For a given plate location the position of the surface shock is determined either by meas-
urements from schlieren photographs or by some theoretical method, and the shock shape

is then superimposed on the characteristic Mach number contours. The pressure ratios
Pt 2 /pt,l are calculated from the Mach numbers associated with the Mach contours
crossed by the superimposed surface shock. The resulting pressure ratios are then
multiplied by the cosine squared of the angle the flow direction makes with the plume
axis at the point where the surface shock crosses a Mach number contour. Also shown
in these figures is an additional curve which was obtained by using the method described
in reference 17 but assuming the shock to be located at and synonymous with the plate
position and utilizing the Mach contours of figure 12. Although the surface pressure dis-
tributions obtained by the method of reference 17 compare favorably with experimental
data, there are some apparent limitations in that prior knowledge of the plume internal
characteristics, including the surface shock shape and location, is required.

The second method (ref. 3) is a simpler means of determining the pressure distri-
bution in that only the exit Mach number and distance from the nozzle exit to the surface
are required. Since this method is not applicable for low nozzle-exit Mach numbers, a
comparison with experimental data is shown in figure 15 only for the Mj = 5.0 data.

As indicated in the figure, this method shows the least agreement with the experimental
data. References 3 and 9 show a much closer agreement between theory and experiment
than is indicated in this investigation; however, in both references the nozzle was located
much closer to the impingement surface than was shown in figure 15.

The methods of both references 3 and 17 assume that the pressure ratios pt/poo
are high enough to assure a shock adjacent to the surface. For the M]- = 1.0 nozzle
(fig. 15(a)) the surface is located sufficiently close to the nozzle exit to assure that the
surface shock for the pressure ratio of 250 X 103 is at a constant standoff distance. Fair
agreement of the theoretical and experimental pressure data is apparent for this standoff
separation distance. However, for the Mj = 5.0 nozzle, also at a relatively close
spacing (fig. 15(b)), the fair agreement of the experimental data with theory is less favor-
able on the plume axis, and better agreement exists a short distance from the axis.

Included at the top of figure 15 are the theoretical plume boundaries and internal
shocks for both test nozzles at a pressure ratio of 250 X 103. Also shown are the asso-
ciated surface shocks. Reference 3 gives a method for determining the surface shock
location and shape; however, the results agree with the current experimental shock-
formation data only on the plume axis. Consequently, the shock formation shown used
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the method of reference 3 only for finding the shock location on the axis; the remainder of
the shock shape was approximated from the schlieren movies. Another analytical method
for determining surface shock location and shape is presented in reference 21. A com-
parison of these two methods (refs. 3 and 21) was made in reference 9 and showed reason-
able agreement of the surface shock shape on the plume axis; however, they deviated from
one another at points farther from the center of impingement.

Postulated Shock Formations for a Lunar Landing

Since an actual lunar landing would probably be made with the nozzle-pressure
ratio held constant as the vehicle approached the surface, it is of interest to know what
kind of shock formation might be expected under these conditions. It is initially assumed
that the separation distance is sufficiently large to prevent any influence on the Mach
disk by the surface. In decreasing the separation distance the Mach disk approaches the
impingement surface until some critical shock-standoff distance is reached where the
Mach disk becomes what is termed herein as a surface shock. Continued descent essen-
tially pushes the surface shock closer to the nozzle exit and slowly decreases the standoff
distance between the shock and the surface. (See fig. 14.) Furthermore, decreasing the
separation distance, at a constant pressure ratio, increases the maximum surface pres-
sures and therefore greatly intensifies possible erosion problems.

SUMMARY OF RESULTS

An investigation has been conducted to determine the effects of highly underexpanded
nozzle exhaust plumes impinging upon a flat surface placed perpendicular to the nozzle
axis. The experimental tests were conducted in the Langley 41-foot-diameter vacuum
sphere, and pressure measurements and high-speed schlieren photographs were obtained.
Unheated air at a pressure of approximately 2400 psia (16.55 x 106 N/m2) was exhausted
from two different nozzles, a converging nozzle (with an exit Mach number of 1.0) and a
converging-diverging nozzle (with a nominal design exit Mach number of 5.0). The
results obtained in the investigation are as follows:

1. Three shock formations were found to exist which were dependent upon the dis-
tance from the nozzle exit to the impingement surface and the ratio of the nozzle total
pressure to ambient pressure. The most frequently observed shock formation in these
tests consisted of a surface shock located at a standoff distance from the surface which
remained constant over a large range of pressure ratios; this condition was predominant
for relatively small distances from the nozzle exit to the surface. For large separation
distances the surface shock acts similar to a Mach disk but is located closer to the nozzle
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exit than it would normally be if no surface were present in the plume; the shock standoff
distance from the surface increases as the pressure ratio decreases. The third shock
formation is evident for larger separation distances and low pressure ratios and is
characterized by crossed oblique shocks followed by a surface shock adjacent to the
plate.

2. When the distances between the nozzle exit and the surface were small, the sur-
face pressures produced by both nozzles exhibited similar trends over the range of
nozzle total-pressure ratios investigated; maximum surface pressures occurred on the
nozzle axis and decreased in a smooth continuous manner with increasing radial dis-
tance. A single-curve representation of the variation of the ratio of surface static
pressure to nozzle total pressure showed the surface pressure to be directly propor-
tional to the nozzle total pressure and independent of the ratio of nozzle total pressure
to ambient pressure for low and medium nozzle separation distances.

3. For large separation distances, the maximum pressures occurred as an annulus
about the axis; at the same time the radial pressure distribution changed from a smoothly
decreasing curve to one with some oscillations. Under some test conditions maximum
surface pressures were recorded near the plume-boundary impingement location.

4. As the ratio of nozzle total pressure to ambient pressure was decreased for the
Mach 5.0 nozzle located at the largest separation distance, a crossed oblique shock forma-
tion occurred instantaneously with an associated normal shock adjacent to the surface.
This shock formation was accompanied by an instantaneous increase in pressure over all
the surface area influenced by the plume impingement.

5. Experimental and theoretical center-line Mach number distributions for the
Mach 1.0 nozzle were in good agreement up to a plume center-line Mach number of
about 36. The agreement between theoretical and experimental data for the nominal
Mach 5.0 nozzle was less satisfactory.

6. Semiempirically calculated impingement-surface pressures (prior knowledge of
the shock shape being necessary) compare favorably with experimental data. Use of a
much simpler theoretical method of obtaining the surface pressures resulted in somewhat
less favorable agreement with the experimental data.

Langley Research Center,

National Aeronautics and Space Administration,
Langley Station, Hampton, Va., October 9, 1965.
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Conference on Weights and Measures, Paris, October 1960, in Resolution No. 12 (ref. 12).
Conversion factors for the units used herein are given in the following table:
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APPENDIX

CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS

The International System of Units (SI) was adopted by the Eleventh General

Physical quantity | U5 Qlistomary | Conversion SI Unit

(*
Length in. 0.0254 meters (m)
Pressure psi = 1bf/in2 6894.7 newton/meter2 (N/m2)
Pressure torr (00 C) 133.32 newton/meter2 (N/m2)
Temperature OF + 459.67 5/9 degrees Kelvin (OK)

*Multiply value given in U.S. Customary Unit by conversion factor to obtain

equivalent value in SI unit.
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TABLE 1- SURFACE-PRESSURE-DATA RESULTS OF Mj =1.0 NOZZLE EXHAUST PLUME
IMPINGING UPON A PERPENDICULAR FLAT SURFACE

(2) x/dl =20
olo oo o
ps/pm for values of pt/pm of -

50 x 103 | 200 x 103 | 150 x 103 | 200 x 103 [ 250 x 103 | 50 x 103
88.0 180.0 270.0 357.0 445.0 |1.760 x 10-3
59.0 120.0 180.0 238.0 296.0 |1.180
57.0 115.0 172.0 220.0 286.0 |1.140
57.0 115.0 172.0 229.0 286.0 |1.140
59.0 120.0 180.0 238.0 296.0 |1.180
21.0 44.0 67.0 88.0 110.0 .420
21.0 44.0 67.0 88.0 110.0 .420
20.0 42.0 63.0 84.0 105.0 .400
20.0 42.0 63.0 84.0 105.0 .400
20.0 42.0 63.0 84.0 105.0 .400
20.0 42.0 63.0 84.0 105.0 .400

6.40 13.70 20.60 27.10 33.50 | .128
2.30 5.80 9.00 12.20 15.40 | .046
2.30 5.20 8.00 10.60 13.30 | .046
.20 1.40 2.30 3.00 3.70 | .004
.20 1.10 2.00 2.80 3,70 | .004
.20 .50 .90 1.10 1.40 | .004
.20 .50 1.00 1.40 1.90 | .004
——— .32 .53 .68 K3 R PR
.50 .10 .10 .70
.50 .70 .10 .70
.33 .43 .70 .76 .83
.77 .42 .81 .14 .68 | .015
.70 .61 .86 .83 .80 | .014
.85 .43 .82 .83 .84 | .o017
.36 .64 .6 .76 15| .007
- 1.09 .86 .83 I T R
(b) x/dj = 40
@ ® ® ® ® ®
Ps/P for values of P(/Pm of —

50 x 103 | 100 x 103 | 150 x 103 | 200 x 103 | 250 x 103 | 50 x 103
20.5 42.5 64.5 86.1 107.7 | 0.410 x 103
20.1 41.2 61.7 82.1 102.5 .402
18.8 38.3 57.5 76.8 95.8 .376
18.7 38.3 58.5 7.8 97.0 374
19.5 39.5 59.4 78.8 98.2 .390
19.2 38.8 58.5 1.5 96.7 .384
12.9 27.0 41.0 55.0 69.0 .258
12.3 26.0 40.4 54.2 68.0 .248
13.8 27.7 41.8 55.7 69.6 .276
12.3 26.0 40.6 55.4 69.6 .248
14.2 29.2 44.3 59.2 74.2 .284
13.4 27.7 42.2 56.7 71.2 .268

8.6 17.5 26.4 35.2 44.0 172
4.9 10.4 15.9 21.4 26.8 .098
4.80 9.90 15.25 20.40 2550 | .096
1.60 3.40 - 5,50 .50 9.50 | .032
1.00 5.00 5.10 7.15 3.30 | .020
2.50 1.40 2.30 3.30 4.30 | .050
2.50 1.10 2.00 3.00 3.90 | .050
1.40 1.63 1.08 1.37 1.68 | .028
.37 1.28 1.08 .92 1.24 | .007
.31 1.28 1,08 .92 124 | .007
47 .64 1.00 14 .68 | .009
.69 .54 13 .89 .98 | .014
.78 .83 .73 .89 .98 | .016
1.09 .61 12 . 10 | .022
.90 13 .85 .97 109 | .018
17 .84 .78 .88 .98 | .003

| o | | ©
Ps/pt for values of p‘/pﬂo of ~
100 x 103 150 x 103 200 x 103 250 x 103
1.800 x 10~3 | 1.800 x 10-3 | 1,785 x 10~3 | 1.780 x 10-3
1.200 1.200 1.190 1.184
1.150 1.147 1.145 1.144
1.150 1.147 1.145 1.144
1.200 1.200 1.190 1.184
.440 .447 .440 440
.440 .447 .440 .440
.420 .420 .420 .420
.420 .420 .420 .420
.420 .420 .420 .420
.420 .420 .420 .420
.137 137 .136 .134
.058 .080 .061 .062
.052 .053 .053 .053
.014 .015 .015 .015
.011 .013 .014 .015
,005 .008 .008 .006
.005 .007 .007 .008
.003 .004 .003 ,003
.005 .005 .004 .003
.005 .005 .004 .003
.004 ,005 .004 .003
.004 .005 .004 .003
.008 .006 .004 .003
.004 .005 .004 .003
.008 .005 .004 .003
.011 .006 .004 .003
@ ®
Ps/pt for values of Pt/Po of —
100 x 103 150 x 103 200 x 103 250 x 103
0.425 x 10-3 | 0.430 x 10-3| 0.431 x 10-3 | 0.431 x 10-3
.412 .411 .411 .410
.383 .383 .384 .383
.383 ..390 .389 .388
.395 .396 .394 .393
.388 .390 .388 .387
.270 .273 .275 .276
.260 .269 .2m .272
277 .279 .279 .278
.260 271 .27 .278
.292 .295 .296 .297
277 .281 .284 .285
175 .178 176 176
.104 .106 .107 .107
.099 .102 .102 .102
.034 .037 .038 .038
.030 .034 .036 .037
.014 .015 017 017
.011 .013 .015 .016
.016 .007 .007 .007
.013 .007 .005 .005
.013 .007 .005 .005
.006 .007 .004 .003
.005 .005 .004 .004
.008 .005 .004 .004
.006 .005 .004 .003
.007 .006 .005 .004
.008 .005 .004 004

19



20

TABLE L. - SURFACE-PRESSURE-DATA RESULTS OF Mj =1.0 NOZZLE EXHAUST PLUME
IMPINGING UPON A PERPENDICULAR FLAT SURFACE — Continued

{c) x/dj =80
ole|o|o|o| o | o
- ¥,
Orifice r/d] deg ps/pm for values of pt/Fm of - ps/pt for
50 x 103 | 100 x 103 | 150 x 103 | 200 x 103 [ 250 x 103 | 50 x 103 100 x 103

1 0)-—-] 4.40 8.80 13.50 18.20 22.90 | 0.088 x 10-3 | 0.088 x 10-3
2 4| o] a0 9.70 14.90 20.10 25.40 .092 .097

3 8| of 415 9.70 14.80 19.75 24.70 .095 .097

4 8| 90| 4.60 9.75 15.10 20.50 25.90 .092 .098

5 8|180| 4.75 9.40 14.40 19.40 24.40 .095 .094

6 8 {270 4.715 9.70 14.80 19.75 24.70 .095 .097

7 16| of 3.80 8.10 12.90 17.75 22.65 .076 .081

8 16 | 45| 3.60 8.10 13,55 19.10 24.15 072 .081

9 16 | 135 | 4.40 8.80 13.20 17.60 22.00 .088 .088
10 16 (180 | 3.10 7.00 11.70 16.75 21.70 .062 .070
11 16 | 225} 4.40 9.00 14.00 19.10 24.28 .088 .090
12 16 |315 | 4.00 8.45 13.65 19.00 24.33 .080 .085
13 241 0] 3.77 7.37 11.33 15.25 19.20 .075 074
14 32| of 3.60 6.90 10.65 14.35 18.06 .072 .069
15 32| 90| 3.60 6.73 10.28 13.76 17.30 072 067
16 48| 0| 274 4.08 6.45 9.00 11.55 .055 .041
17 48| 45| 215 3.77 6.10 8.87 11.13 .043 .038
18 64| o0 2.33 2.32 3.76 5.35 6.65 .047 .023
19 64 90 1.86 1.90 3.35 5.00 6.35 .037 .019
20 80 | 45| 2.22 2.74 2.30 3.20 4.10 .044 .027
21 96| 0] 130 2.80 2.35 1.80 2.00 026 .028
22 96 | 90| 1.30 2.80 2.35 1.80 2.00 .026 .028
23 112 | 45| .68 2,05 2.36 1.67 1.17 .014 .020
24 |128] o .55 113 2.35 2.44 1.44 011 .011
25 |128 | 90| .77 1.43 3.11 3.37 2.23 .015 .014
26 {144 | 45| M .60 1.44 2.05 2.28 .014 .006
27 [160| o 1.00 .81 .81 1.28 1.76 .020 .008
28 |176 | 45| .16 .48 M .62 .56 .003 .005

@ x/d; =160
o|le|o|o|e]| o | o
Orifice r/dj clllgg Ps/Pa for values of Pt/Pw of — pg/pt for
50 x 103 | 100 x 103 | 150 x 103 | 200 x 103 | 250 x 103 | 50 x 103 100 x 103

1 0|---1 127 1.76 2.44 3.33 4.25 |0.025% 10-3 0.018 x 1073

2 4| o L7 2.56 3.55 4.63 5.63 .035 .026

3 8l of 186 2.72 3.75 4.78 5.82 .037 .027

4 8| 90| 166 2.50 3.54 4.65 5.70 .033 .025

5 8180 [ 1.78 2.66 3.67 4.80 5.74 .036 027

6 8270 1.8 2.72 3.70 4.70 5.70 .037 .027

7 16| 0 143 2.20 3.26 4.45 5.57 .029 .022

8 16| 45| 1.27 2.24 3.51 4,96 6.30 .025 .022

9 16 {135 | 1.85 2.70 3.62 4.58 5.44 .037 .027
10 16 (180 | .66 1.54 2.94 4.14 5.47 .013 .015
11 16 {225 | 1.77 2.76 3.87 5.22 6.10 .035 .028
12 16 {315 | 1.28 2.22 3.38 4.73 5.92 .026 .022
13 24| 0] 180 2.50 3.30 4.14 4.88 .036 .025
14 32| o} 186 2.80 3.80 4.70 5.50 .037 .028
15 32| 90| 186 2.64 3.53 4.38 5.15 .037 026
16 48| o] 162 2.40 3.24 4.06 4.78 .032 .024
17 48 | 45| 1.20 2.00 3.00 3.76 4.47 .024 .020
18 64| o Leo 2.20 2.94 3.54 4.07 .032 .022
19 64 | 90 | 120 1.80 2.58 3.32 3.7 .024 .018
20 80 | 45 | 1.81 2.23 2.71 3.18 3.66 .036 .022
21 96| ol 150 1.85 2.30 2.75 3.00 030 019
22 96 | 90 | 1.80 2.10 2.40 2.75 3,00 .036 .021
23 |112 | 45 | 1.68 1.93 2.20 2,48 2.75 .034 .019
24 |128 | 0] L29 1.97 2.29 2.57 2.88 .026 .020
25 {128 90 | 1.19 1.82 2.09 2.34 2.60 .024 .018
26 [144 | 45| .88 1.85 2.27 2.40 2.54 .018 .018
27 160 | o .75 1.29 1.81 2.13 2.42 .015 .013
28 176 | 45| .21 .40 1.04 1.76 2.50 .004 .004

® |
values of pt/p°° of —
150 x 103 200 x 103
0.090 X 10-3 | 0.091 x 10-3
.099 .101
.099 .099
.101 .103
.096 .097
.099 .099
.086 .089
.090 .091
.088 .088
.078 .084
.093 .096
.091 ,.095
.076 .076
.071 072
.069 .069
.043 045
.041 ,044
.025 ,027
.022 ,025
.015 ,018
.016 008
.018 009
.016 .008
.0186 012
.021 o017
.010 010
.005 .006
.005 .003
| © |
values of pt/pn of —
150 x 103 | 200 x 103
0.016 x 10-3 | 0.017 % 10-3
.024 .023
.025 .024
.024 .023
.024 .024
.025 .024
.022 .022
.023 .025
.024 .023
.020 .021
.026 026
.023 .024
022 ,021
.025 .024
024 022
.022 .020
020 .019
.020 .018
017 017
.018 .016
015 .014
.016 .014
.015 012
.015 .013
.014 .012
015 .012
012 011
.007 .009

©

250 x 103

0.092 x 10-3
.102
.099
.104
.098
.099
.01
.097
.088
.087
097
.097
077
.072
.069
.046
.045
.027
.025
.016
.008
.008
.005
.006
.009
.009
.007
.002

©

250 x 103

0.017 % 1073
.023
.023
.023
.023
.023
.022
.025
.022
.022
.024
.024
.020
.022
.021
.019
.018
.016
.015
.015
.012
.012
.011
.012
.010
.010
.010
.010
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112
128
128
144
160
176

TABLE I.- SURFACE-PRESSURE-DATA RESULTS OF M; = 1.0 NOZZLE EXHAUST PLUME
IMPINGING UPON A PERPENDICULAR FLAT SURFACE - Concluded

(e) x/d; = 240

®

250 x 103

1.600
2.220
2.773
2.440
2.660
3.042
2.430
3.192
2.735
2,760
2.940
3.100
2.760
3.132
2.845
2.783
2.563
2.538
2,453
2.468
2.100
2.330
1.900
2.025
1.800
1.970
1.750
1.800

@]@]\0@

) x/dj =400

| ©

oo || a|
é‘z’g pg/P,, for values of pt/pm of —
50 x 103 | 100 x 103 | 150 x 103 | 200 x 103
--- | 0.840 0.861 1.010 1.292
0| 1180 1.494 1.743 1.981
o| 357 1.750 2.076 2.423
90| 1.235 1.587 1.875 2.155
180 | 1.360 1.720 2.010 2.340
270 | 1.450 1.920 2.285 2.663
o| .o11 1.223 1.613 2.010
45| .762 1.348 1.980 2.585
135 | 1.470 1.800 2,113 2,426
180 | .500 1.053 1.675 2.228
225 | 1.200 1.660 2,085 2.510
315 | .960 1.500 2,030 2.564
0| 1.408 1.753 2.088 2.423
0| L452 1.977 2.434 2.815
90 | 1.483 1.885 2.205 2.526
0 1.280 1.723 2.075 2.430
45| .831 1.323 1.753 2.160
0| 1312 1.668 1.955 2.245
90 | .932 1.311 1.673 2.066
45 | 1.483 1.827 2.040 2.253
0| 1.540 1.580 1.850 2.020
90 | 1.880 1.800 2.000 2.200
45| 1.925 1.700 1.750 1.825
0| 1925 1.950 1.950 1.990
90 | 1.440 1.625 1.550 1.680
45 | 1.150 1.890 1.880 1.920
o| .s00 1.535 1.660 1.700
45| 0 750 1.530 1.725
® ® ® ®
¥,
deg Ps/Pw for values of Pt[Pe of —
50 x 103 | 100 x 103 | 150 x 103 | 200 x 108
--- | 0.168 0.890 1.075 1.260
o] 1.053 1.250 1.459 1.668
0| 1.126 1.331 1.547 1.763
90 | 1.014 1.163 1.347 1.528
180 | 1.092 1.250 1.459 1.668
270 | 1.150 1.331 1.547 1.763
o .s10 1.170 1.496 1.820
45 | .800 1.120 1.480 1.841
135 | 1.138 1.282 1.458 1.632
180 | .580 .950 1.351 1.754
225 | 1.114 1.350 1.629 1.906
315 | .898 1.210 1.573 1.932
0| 1.070 1.281 1.512 1.744
o | 1.190 1.443 1.736 2.030
90 { 1.175 1.298 1.448 1.600
o | 1.090 1.377 1.734 2.091
45 | ---- ——- a——- —
0| 1.084 1.293 1.531 1.764
90 | .830 1.088 1.362 1.636
45 | 1.200 1.358 1.562 1.768
0| 1.320 1.400 1.470 1.550
90 | amm — — J—.
45 | 1.400 1.460 1.530 1.600
0| 1.600 1.680 1.710 1.730
90 | 1.260 1.530 1.530 1.500
45 | 1.425 1.880 2.140 2.400
0| 1180 1.580 1.950 2.320
45 | .400 1.170 1.700 2.230

250 x 108 [ 50 x 103

ps/pt for values of pt/pw aof —

50 x 103 100x 103 | 150x 103 | 200x10% | 250x 103
0.017 x 10-3 | 0.009 x 10-3 |0.007 x 10-3 | 0.006 x 10-3 | 0.006 x 10-3
.024 .015 .012 .010 .009
.027 .018 .014 012 .011
.025 .016 .012 .o11 010
.027 017 .013 .012 011
.029 .o19 .015 .013 .012
.018 012 .011 .010 .010
.015 013 .013 .013 .013
.029 018 .014 012 .o11
.010 .o11 .o11 .011 .011
024 .017 .014 .013 012
.019 .015 .014 .013 .012
.028 .018 .014 .012 .011
.029 .020 .016 .014 .013
.030 .019 .015 .013 .011
.026 .017 .014 .012 011
017 .013 012 .011 .010
.026 011 .013 011 010
.019 .013 .011 .010 .010
.030 018 .014 011 .010
.031 .016 .012 .010 .008
.038 .018 .013 .011 .009
.038 017 .012 .009 .008
.038 .020 .013 .010 .008
.029 .016 .010 .008 ,007
.023 .019 .013 .010 .008
.018 .015 .o11 .008 .007
0 .008 .010 .009 007
o | @ © | ®
pS/pt for values of pt/pm of —
100 x 103 150 x 103 200 x 103|250 x 103
0.015 % 10-3| 0,009 x 10-3 | 0.007 x 10-3 | 0.006 x 10-3 -
.021 .012 .010 .008 e
.023 .013 .010 .009 -
.020 .012 .009 013 .
.022 .012 .010 .008 -
.023 .013 .010 .009 .
.018 .012 .010 .009 .-
.016 .011 .010 .009 -
.023 .013 .010 .008 .
.012 .010 .009 .009 -
.022 .013 .011 .010 —--
.018 .012 .010 .010 -
.021 .013 .010 .009 —--
.024 .014 .012 .010 .
024 .013 .010 .008 .
.022 .014 .012 .010 -
022 .013 .010 .009 -
.017 .ot1 .009 ,008 -
.024 .014 .010 .009 -—-
.026 014 .010 ,008 -
.028 .015 .010 .008 -
.032 017 .o11 .009 -
.025 .015 .010 .008 -
.028 .o19 014 012 ---
024 .016 .013 012 e
.008 .012 011 .o11 -
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TABLE IL - SURFACE-PRESSURE-DATA RESULTS OF Mj = 5.0 NOZZLE EXHAUST PLUME
IMPINGING UPON A PERPENDICULAR FLAT SURFACE

Orifice | rfd; c‘fe’g
1 0 1
2 .8 0
3 1.6 [}
4 1.6] 90
5 1.6 | 180
6 1.6 | 270
7 3.2 0
8 3.2 45
9 3.2 (135

10 3.2 (180
11 3.2 225
12 3.2 1315
13 4.8 [
14 6.4 0
15 6.4 | 90
16 9.6 0
17 9.6 | 45
18 12.8 0
19 12.8 | 90
20 16 45
21 19.2 0
22 19.2 | 90
23 22.4 45
24 25.6 0
25 25.6 20
26 28.8 | 45
27 32.0 [
28 35,2 | 45
v,

Orifice r/dj deg
1 [0 |-
2 .8 0
3 1.6 0
4 1.6 90
5 1.6 |180
6 1.6 | 270
7 3.2 0
8 3.2 45
9 3.2 |135

10 3.2 |180
11 3.2 |225
12 3.2 |315
13 4.8 0
14 6.4 0
15 6.4 | 90
16 9.6 [
17 9.6 | 45
18 12.8 0
19 12.8 | 90
20 16 435
21 19.2 0
22 19.2 | 90
23 22.4 | 45
24 25.6 0
25 25.6 | 90
26 28.8 | 45
27 32.0 0
28 35.2 | 45

® @ ® @
Ps/Po for values of P/Pes of -
50 x 103 | 100 x 103 {150 x 103 | 200 x 103
376 750 1127 1499
225 460 700 944
100 202 304 407
100 198 296 391
120 241 362 482
86 170 254 338
17.0 35.0 55.0 75.0
17.0 35.0 55.0 5.0
17.0 35.0 55.0 75.0
17.0 35.0 55.0 75.0
17.0 35.0 55.0 75.0
17.0 35.0 55.0 75.0
3.94 8.22 12.67 17.14
1.90 3.31 4.90 6.51
1.00 2.29 3.88 5.39
.45 .75 1.07 1.53
.45 .75 1.07 1.38
.40 .60 .58 .62
.40 .60 .58 .62
.40 .75 .80 .80
.45 K3 .82 .92
.13 .82 .90 .92
.63 .78 .83 .88
.72 .18 .81 .78
.66 .18 .81 .88
.10 .80 .85 .90
.32 .M .15 .80
.57 .64 .75 .80
® @ ® ®
ps/p“° for values of pt/pn of —
50 x 103 | 100 x 103 | 150 x 103 | 200 x 103
93.0 186.0 278.0 368.0
56.0 113.0 171.0 229.0
56.0 113.0 169.0 224.0
58.0 117.0 177.0 238.0
58.0 117.0 177.0 236.0
25.0 52.0 79.0 106.0
25.0 50.5 76.0 102.0
25.0 52.0 9.0 106.0
25.0 52.0 79.0 106.0
25.0 52.0 79.0 106.0
25.0 52,0 79.0 106.0
11.50 22.90 34.20 45.20
5.00 10.00 14.90 19.80
5.00 10.00 14.90 19.80
1.30 3.20 3.60 4.90
1.30 3.20 3.60 4.90
.20 .80 1.40 1.60
.20 .80 1.40 1.60
.20 .50 .65 .70
.20 .8 .84 .89
.35 .98 .98 .98
.20 2 .80 .80
.33 .80 .83 .87
.40 .80 .83 .87
1.38 .19 .86 .92
1.05 .62 .74 .78
.61 .70 .82 .87

(a) x/clj =4
® ® l I ® ' @
Ps/Py for values of pt/pw of -

250 x 103 | 50 x 103 100 x 103 150 x 103 200 x 103 250 x 103
1880 7.520 % 10-3 | 7.500 x 10-3 | 7,510 x 10-3 | 7.500 x 10-3 { 7.520 x 10-3
1190 4.500 4,600 4.670 4.720 4.760

509 2.000 2.015 2.027 2.035 2.036
481 2.000 1.980 1.973 1.953 1.924
597 2.400 2,410 2.413 2.410 2.388
422 1.720 1.700 1.693 1.690 1.688
97.5 | .340 .350 .367 .350 .390
97.5 | .340 .350 .367 .350 .390
97.5 | .340 .350 .367 .350 .390
97.5 | .340 .350 .367 .350 .390
97.5 | .340 .350 .367 .350 .390
97.5 | .340 .350 .367 .350 .390
21.82 | .079 .082 .084 .086 .087
8.03 | .038 .033 .033 .033 .032
6.98 | .020 .023 .026 ,027 .028
1.67 | .009 ,008 .007 .008 .007
1.67 | .009 .008 .007 .007 .007
.82 | .008 .006 .004 .003 .003
.82 | .008 006 .004 .003 .003
.80 | .008 .008 .005 .004 .003
.92 | .00 .007 005 .005 .004
.92 | .015 .008 .006 .005 .004
.90 | .013 .008 .008 .004 .004
.80 | .014 .008 .005 .004 .003
.91 | .013 .008 .005 .004 .004
.90 | .014 .008 .006 .004 ,004
.82 | .006 .007 .005 .004 .003
.82 | .o11 .006 .005 .004 .003
) x /d5=8
® ® @ ® ®
Ps /Py for values of P/Pe of -

250 x 103 | 50 x 108 100x 103 | 150 % 103 | 200 x 103 250 x 103
458.0 | 1.860 x 10-3 | 1.860 x 10-3 | 1.853 x 10-3 | 1.840 x 10-3 [ 1,832 % 10-3
287.0 | 1.120 .130 .140 1.145 .148
280.0 | 1.120 .130 127 1.120 .120
300.0 | 1.160 170 .180 1.190 .200
295.0 | 1.160 170 .180 1.180 .180
133.0 .500 ,520 .527 .530 .532
128.0 .500 .505 .507 .510 .512
133.0 .500 .520 .527 .530 .532
133.0 .500 .520 .527 ,530 .532
133.0 .500 .520 .527 .530 .532
133.0 .500 .520 .527 .530 .532

56.00 | .230 .229 .228 .226 .224
24.80 | .100 .100 .099 .099 .099
24.80 | .100 .100 .099 .099 .089
6.25 | .026 .032 .024 .025 .025
6.25 | .026 .032 .024 .025 .025
1.80 | .004 .008 .009 .008 .007
1.80 | .004 .008 .009 .008 .007
.80 | .004 .005 .004 .004 003
.94 | .004 .008 .006 .004 .004
.99 | .007 .010 .007 .005 .004
.80 | .004 .007 005 .004 .003
.80 | .007 .008 .006 004 .004
.90 | .008 .008 .006 .004 .004
.98 | .028 .008 .006 .005 .004
.82 | .021 .006 .005 .004 .003
.92 | .012 .007 .005 .004 .004




Orifice
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Orifice
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25.6
25.1
28.8
32.0
35.2

28.8
32.0
85.2

315

90

45

90
45

90
45

90
45

45

¥,
deg

315

90

45

90
45

90
45

90
45

45

TABLE IL - SURFACE-PRESSURE-DATA RESULTS OF Mj = 5.0 NOZZLE EXHAUST PLUME
IMPINGING UPON A PERPENDICULAR FLAT SURFACE — Continued

@

50 x 103

8.40
9.60
8.00
9.20
1.55
.00
1.90
17.00
1.00
6.10
8.50
8.10
6.20
6.80
6.40
6.00
4.00
4.00

.30

.25
.27
.72
.52
.88
.50
.50

©)

50 x 103

2.60
3.17
3.15
2.98
3.11
3.15
2.76
2.60
2.98
1,53
3.26
2.68
2.96
3.13
3.21
3.18
2.62
5.90
5.90
3.32

.60
1,00

.36

.50

.50

.92
1.08

.82

@ |o|ao|
ps/pw for values of pt/p_, of -
100 x 108 | 150 x 108 | 200 x 103
17.00 27.00 317.00
19.45 30.15 41.10
16.50 25.90 36.00
18.40 28.00 37.85
16.20 25.60 36.40
15.00 23.70 33.10
15.60 24.30 33.40
14,70 23.30 32.60
14.70 23.30 32.60
13.40 22.00 31.30
16.50 25.00 34.10
15.10 22.60 30.30
11.10 16.80 22.50
12.10 17.80 23.50
.00 9.50 12.80
6.60 9.00 12.00
5,00 6.00 6.70
5.00 6.00 6.20
1.90 4.27 6.05
.47 1.50 2.88
.88 1.82 2.98
.57 .67 1.18
.80 .70 .64
.80 .94 .90
.70 .83 .85
.52 .70 .75

.10 .83 .85
e |o|ao|
ps/pm for values of pt/pm of —
100 x 103 | 150 x 103 [ 200 x 108
4,00 5.77 7.82
5.15 7.40 9.67
5.05 7.10 9.12
4.88 7.10 9.12
4.90 6.92 8.93
4.97 6.92 8.93
4.52 6.60 8.70
4.67 717 9.58
4.61 6.40 8.20
3.26 5.50 7.70
5.30 7.56 9.70
4,72 7.7 9.58
4.47 6.26 7.77
4.83 6.75 8.68
4.67 6.39 8.12
4.36 5.86 7.38
3.82 5.53 7.26
4.24 5.20 6.30
3.66 4.67 5.97
5.90 6.69 7.35
4.22 5.80 6.35
4.22 5.80 6.70
1,90 3.88 5.88
.93 2.00 3.22
.82 1.83 3.0t
.61 1.13 1.69
Kii .80 1.00
17 .80 1.00

(c) x/d:I =20
o| o | o o | ®
ps/pt for values of p‘/pm of —

250 x 103 | 50 x 103 100103 | 150x10% | 200x10% | 250 103
47.70 | 0.168 x 10-3 | 0.170 x 10~3 | 0.180 x 10-3 | 0.185 x 10-3 | 0.181 x 10-3
52.30 .192 .195 .201 .206 .209
47.00 .160 .165 173 .180 .188

- 48.00 .184 .184 187 .189 .192
48.40 .15 .162 an .182 .194
43.10 .140 .150 .158 .166 112
43.10 .158 .156 .162 167 172
43.00 .140 .147 .155 .163 172
43.00 .140 .147 .155 .163 172
41.60 .122 .134 147 .157 .166
43.90 .170 .165 .187 171 .178
37.80 .162 .151 .151 .151 ,151
28.20 124 111 .112 113 113
28.80 .136 121 .119 .118 .115
16.00 .128 .070 .063 .064 .064
15.00 .120 .066 .060 .060 .060

8.40 .080 .050 .040 .034 .034
8.40 .080 .050 .040 .031 .034
6.45 .006 .019 .028 .030 .026
415 foooomee .005 .010 .014 .017
4.15 .005 .009 012 .015 .017
1.68 .005 .006 .004 .006 .007
.64 .014 .008 .005 .003 .003
.87 .010 ,008 .008 ,004 .003
.80 .018 .007 .006 ,004 .003
.80 .010 .005 .005 .004 .003
.90 .010 .007 .006 .004 .004
@ x/dj =40
| o | o © | ®
ps/pt for values of Pt/Po of —

250 x 103 | 50 x 103 100 x 103 150 x 108 200 x 103 250 x 103

9.98 [ 0.052 x 1073 | 0.040 x 103 | 0.038 x 10~3 | 0.039 x 10~3 | 0.040 x 10-3
11.93 .063 ,052 .049 .048 .048
11.16 .063 .051 .047 .046 .045
11.16 .060 .049 .047 .046 .045
10.96 .062 .049 .046 .045 .044
10.96 .063 .050 .046 .045 .044
10.80 .055 .045 .044 .044 .043
12.03 .052 .047 .048 .048 .048
10,00 .060 .046 .043 .041 .040

9.92 .031 .033 .037 .039 ,040
12.08 065 .053 .050 .049 .048
12.03 .054 .047 .048 .048 .048

9.42 .059 .045 .042 .039 .038
10.60 .063 .048 .045 .043 .042

9.85 .064 .047 .043 .041 .039

8.91 .064 .044 .039 .037 .036

9.00 .052 .038 .037 .036 .036

7.40 118 .042 .035 .032 .030

7.27 .118 .037 .031 .030 .029

8.01 .066 .059 .045 .037 .032

7.10 .012 .042 .039 .032 .028

7.65 .020 .042 .039 .034 .031

7.90 .007 .019 .026 .029 032

4.48 .010 .009 ,013 .016 .018

4.19 .010 .008 .009 .015 017

2.24 .018 .008 .008 .008 .009

1.20 .022 .008 .005 .005 .005

1.20 .018 .008 .005 .005 005
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TABLE II. - SURFACE-PRESSURE-DATA RESULTS OF Mj = 5.0 NOZZLE EXHAUST PLUME
IMPINGING UPON A PERPENDICULAR FLAT SURFACE - Concluded

(e) x/dj =80
o|le|lolo|lo| o | o | © | @
Orifice r/dj ;:a’g ps/pn for values of pt/pm of — ps/pt for values of pt/p“o of —
50 x 103 100 x 103 | 150 x 103 | 200 x 103 | 250 x 103| 50 x 103 100 x 103 150 x 103 200 x 103 250 x 103

1 o |---| 9.00 1.00 1.00 1.00 1.00 | 0.180 x 10-3 | 0.010 x 10-3 0.007 x 10-3 | 0.005 x 10-3 | 0.004 x 10-3
2 8| o 855 1.60 1.94 2.28 2.62 an .016 .013 .o11 .010
3 1.6] 0| 880 2.00 2.40 2.88 3.32 176 020 016 .014 .013
4 1.6 90| 9.20 1.90 2.35 2.80 3.28 .184 .019 .018 .014 .013
5 1.6 {180 | 8.40 1.98 2.34 2.70 3.06 .168 .020 .016 .014 .012
[ 1.6 [270 | 9.25 2.05 2.48 2.90 3.36 .185 .02t .17 .015 .013
7 3.2] 0| 838 1.40 1.90 2.45 3.00 .168 .014 .013 .012 012
8 3.2 45| 7.85 1.61 2.26 2.94 3.61 .153 016 .015 .015 .014
9 3.2(135 | 8.90 2.16 2.60 3.05 3.48 118 .022 .017 .015 .014
10 3.2 |180 | 10.43 1.60 2.63 3.62 4.60 .209 ,016 .018 .018 .018
11 3.2{225 | 775 1.91 2.40 2.88 3.35 .155 .019 .016 .014 .013
12 3.2315| 8.25 1.55 2.18 2.82 3.45 165 .016 .015 014 .014
13 48| ol 827 2.00 2.45 2.98 3.52 .165 .020 .016 .015 .014
14 64| 0| 1725 2.05 2.77 3.25 3.61 .145 .021 .018 .016 014
15 64| 90 690 2.20 2.60 3.15 3.70 138 .022 017 .016 .015
16 96| 0| 4.78 1.76 2.42 3.14 3.85 .096 .018 .016 .016 .015
17 9.6| 45| 3.82 1.50 2.25 2.83 3.40 .076 015 .015 .014 014
18 |12.8{ 0] 2.55 2.22 2.72 3.25 3.78 .051 .022 .018 .016 .015
19 (12.8| 90| 207 1.57 2.23 2.88 3.56 041 .016 015 .014 014
20 [16 | 45| 1.27 2.25 2.60 3.15 3.70 .025 022 017 .016 .015
21 [19.2] o .30 5.00 2.50 2.60 2,66 .006 .050 017 .013 .o11
22 [19.2] 90 .80 2.50 3,50 3.30 3.50 .016 .025 .023 017 014
23 {224 45 .40 4.00 4.20 2.92 2.57 .008 .040 .028 .015 .010
24 (256 o .60 2.95 4.35 5.70 3.60 .012 .030 .029 .028 .014
25 |[25.6| 90 .60 2.80 5.85 3.76 3.10 .012 .028 039 .019 012
26 [28.8] 45| 1.00 2.20 4.45 5.60 4.30 020 .022 .030 .028 .017
27 (32.0] © .90 .90 2.10 3.80 5.52 .018 .009 014 .019 .022
28 |35.2] 45 .90 .90 1.33 2,12 3.10 .018 .009 .009 011 012
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(a) Overali test setup.

Figure 1.- Test facility and nozzles used in impingement investigation,
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(b) Test nozzles. All linear dimensions are given in inches and parenthetically in centimeters,

Figure 1.- Concluded.



Outline of first quadrant of 36- by 42-
inch (91- by 107-cm) impingement surface
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Figure 2.- Static-pressure orifice locations on impingement surface. Linear dimensions are given in inches and parenthetically in centimeters.
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Figure 3,- Correlation of surface positions with nozzle exhaust-plume boundaries. Plume boundary values obtained from theoretical calculations of reference 14.
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Figure 3,- Concluded.
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Figure 4.- Sketches of three types of shock formations,
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Figure 5.- Distribution of ratio of impingement-surface static pressure to ambient pressure for various ratios
of nozzle total pressure to ambient pressure, My = LO; dj = 0.125 in, (0.318 cm); ¢ = 0%,
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Figure 6.- Distribution of ratio of impingement-surface static pressure to ambient pressure for various ratios
of nozzle total pressure to ambient pressure. Mj = 5.0; dj = 0.625 in. (L588 cm).
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