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ABSTRACT

Experimental plume impingement pressure and heat-transfer-rate distributions on a
flat plate with and without an external Mach number 18 stream are described. The plume
was generated by expanding helium through a 1.61 area ratio nozzle, which simulated
the initial shape of a rocket exhaust plume produced by a nozzle with an area ratio of
25 operating at an altitude of 262,000 ft. Although the plume generator nozzle conditions
were not varied, the quiescent environment conditions and external stream conditions were
adjusted so that the general shape and size of the plume remained the same. A higher
quiescent pressure environment was required to produce a plume of the same size as the
plume obtained in an cxternal stream. In the immediate vicinity of the plume impingement
on the flat plate within the plume boundary, the pressure distributions obtained with
and without external flow were identical, but the overall change in surface loading produced
by the plume was significantly affected by thc external stream. The external stream also
caused the local heat-transfer rates to increase significantly in the immediate vicinity of
the plume boundary impingement point on the flat plate. Therefore, any general assumption
that aerodynamic external flow-field effects on plumes and on plume impingement loading
and heat-transfer rates is negligible, even at an altitude of 262,000 ft, should be carefully
examined.
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SECTION I
INTRODUCTION

One of the problems associated with the abort and normal staging maneuvers of the
orbiter and booster vehicles of the Space Transportation System (STS) concerns the plume
impingement pressure and thermal loadings imposed on the vehicles as they separate. Even
under normal conditions, the orbiter engines may be ignited before the vehicles separate;
and, during the separation maneuver, the rocket exhaust of the orbiter may impinge upon
the surface of the booster. Therefore, the analytical techniques (for example, see Ref.
1) and ground testing simulations employed to evaluate this plume impingement problem
must be carefully examined,

A Captive Trajectory System (CTS) is being designed and fabricated by the von
Kirman Gas Dynamics Facility (VKF), AEDC, for use in the continuous Wind Tunnels
A/B and C. One proposed use of this CTS system will be to evaluate the aerodynamic
staging characteristics of the Space Transportation System configurations. Therefore, one
purpose of this investigation was to determine whether or not an auxiliary gas supply
system should be included in the CTS system to simulate aerodynamic plume effects.

It seems reasonable to expect that at extremely high altitudes (200,000 ft or more),
most of the loading generated can be attributed to the rocket exhaust plume impingement.
This suggests that the plume impingement can be evaluated in the absence of an external
stream if the plume size and momentum distribution are properly simulated. Some attempt
must be made however, to determine the altitude at which external flow-field effects on
the plume size and shape are negligible or, more precisely, the altitude above which the
plume -impingement loading is not affected by an external stream.

Therefore, the second purpose of this test was to examine some of the loading
characteristics generated on a flat surface by a plume in the presence and absence of
an external stream. Without external flow, the plume expanded into a quiescent
environment with a pressure of 310 to 395 uHg, whereas with external flow (a Mach
number 18.2 stream), the plume expanded into a flow field with a static pressure of
6 pHg The plume was produced by exhausting helium through a nozzle with an area
ratio of 1.61 into the Low Density Hypersonic Wind Tunnel (M) of the von Kiarmin
Gas Dynamics Facility. A flat plate was supported in close proximity to the plume generator
(within 1.25 to 5.0 plume nozzle exit diameters). Test data in the form of flat plate
heat-transfer-rate and pressure measurements were obtained with and without the
free-stream flow.

SECTION 1I
TEST EQUIPMENT AND PROCEDURES

2.1 WIND TUNNEL
Tunnel M, shown schematically in Fig. 1, is a continudus, arc-heated, low density,

free jet, hypersonic wind tunnel normally using nitrogen as the test gas. A rotating-arc-type
d-c arc heater of VKF design with a 200-kw power supply is used to raise the tunnel
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gas reservoir temperature to about 2900°K at a pressure of approximately 19 atm. The
gas expands through an axisymmetric, aerodynamically contoured nozzle with an 0.181-in.
throat diameter and a 35.1-in. exit diameter. The flow leaves the nozzle as a free jet
exhausting into an 8-ft-diam test chamber containing a diffuser consisting of a convergent
inlet, a constant area throat section, and a divergent outlet. The resulting test core of
uniform flow is 6 to 10 in. in diameter and about 50 in. long with a nominal Mach
number of 18.2 and unit Reynolds number of 1250 per inch. The pumping required to
operate this test unit is provided by three stages of air ejectors which are located in series
and exhaust into the VKF main compressor system through the VKF Tunnel C test section.

2.2 MODEL

The model (Fig. 2) was a copper plate (7.5 by 11.5 in.) with a brass sharp leading
edge. The model leading edge and flat plate surface containing the instrumentation were
water cooled by means of the cooling lines. This cooling system maintained the model
wall temperature at 315°K during the test.

The relative size and nominal location of the pressure taps and the heat-transfer gages
are shown schematically in Fig. 2a. The solid symbols locate the pressure taps, and the
larger open circles represent the heat gage locations. A view of the compartment containing
the instrumentation leads and the water cooling lines in the flat plate is shown in Fig.
2b, which is a photograph of the lower surface of the flat plate.

A schematic of the plume generator is shown in Fig. 3a. This is a cone-cylinder
boat-tailed body with a low area ratio nozzle located in the base. The plume generator
support consisted of two cylindrical tubes, one of which was used to supply heated helium
gas to the body. The other tube was connected to the transducer for measuring the chamber
pressure and contained the thermocouple leads for measurement of the gas temperature.
The area ratio of the nozzle was 1.61 with a nominal exit angle of 10 deg and an
0.314-in.-diam nozzle throat.

The orientation of the plume generator relative to the flat plate, and the associated
coordinate system for this test installation, is shown in Fig. 3b. An electric drive system
was used to remotely position the flat plate leading edge relative to the plume generator
exit, that is, X,, was varied with the tunnel running. The variation in displacement of
the flat plate surface from the plume generator axis (variation in y) was accomplished
by moving the flat plate and reattaching the vertical model support in a new position
with the tunnel off.

A schematic and a photograph of the test installation are shown in Fig. 4. This figure
also summarizes the type of measurements made during this test program. As shown in
Fig. 4b, the original size of the plate was 10 by 11.5 in., but because of tunnel blockage
problems, the plate span was reduced by 2.5 in.
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2.3 PLUME GENERATOR GAS SUPPLY

Helium gas was selected to generate the plume because it has a very low condensation
temperature. The gas originated from a 2000-psia source and was heated initially by
passing the gas through two parallel-connected, single-pass, hot core, Kanthal® element
resistance heaters. The tunnel flow (total temperature of 2900°K) impinging on the gas
supply line supporting the plume generator provided an additional heat input which elevated
the helium plume gas temperature to about 680°K. The total pressure of the gas in the
plume generator reservoir was maintained at 5.50 psia during the test program. At these
test conditions, the helium plume simulated the plume produced by a nozzle with an
exit area ratio of 25, a chamber pressure of 440 psia, and using a gas with a ratio of
specific heat of 1.27 at an altitude of 262,000 ft (see Ref 2).

24 INSTRUMENTATION AND 'ESTIMATED REPEATABILITY

The Tunnel M instrumentation used to determine tunnel flow conditions consists
of power supply control monitors and stilling chamber pressure measurements, which are
used to-determine the tunnel mass flow rates, and an impact pressure probe located at
the tunnel nozzle exit. As indicated in Fig. 4a, the model measurements consisted of
monitors to record model position, a model pressure measuring system using 3- and 30-mm
Hg MKS Baratron® pressure meters, and high sensitivity steady-state heat-transfer gages.

Tunnel stilling chamber conditions are determined by a direct reading of the reservoir
pressure and the pressure upstream of the sonic or mass flow orifices, with 500- and
1500-psid transducers, respectively. These tunnel reservoir measurements, along with the
impact pressure measurement at the tunnel nozzle exit and equilibrium thermodynamic
properties of the gas, were used to define the free-stream conditions. The tunnel mass
flow rate, the reservoir pressure, the sonic orifice discharge coefficient, and the real gas
thermodynamic properties for nitrogen are used to deduce the stilling chamber bulk
temperature. The estimated repeatability of the free-stream flow field properties are given
in Table I (Appendix II).

The model pressure measuring system consists of three high sensitivity transducers
mounted within the tunnel test cell. The pressure ranges varied from 10 uHg to 30 mm
Hg, depending on transducer sensitivity. Each transducer was individually calibrated during
each operating shift using a U-tube oil manometer with a resolution of *1.5 uHg

The model heat-transfer rates. were recorded by high sensitivity transducers which
were developed in the VKF and derive their basic principle of operation from the Gardon
gage (Ref. 3), but have a sensitivity to incident heat flux which is more than an order
of magnitude higher. The nominal dimensions of these heat flux units are 0.25-in. O.D.
by 0.38 in. and because of material considerations are limited to a maximum service
temperature of less than 450°K.

Experimental calibration of the high sensitivity transducer is accomplished with a
radiant heat source. Calibration is achieved by exposing one or more test transducers to
the same incident heat flux and measuring the output from each simultaneously. This
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procedure is repeated at different heat flux levels. Heat flux measurement standards are
slug calorimeters which are designed and manufactured at the VKF. All VKF transducer
calibrations are traceable to slug calorimeter standards. Heat-transfer standards used with
the radiant heat flux calibration facility are conventional Gardon-type transducers. In
addition to calibration against slug calorimeter standards, calibration checks were also
performed on three heat-transfer, standard Gardon-type transducers at two independent
calibration facilities. Calibration agreement was within four percent for the three
heat-transfer standards checked. The good agreement of VKF calibrations with those
performed at two other calibration facilities enhanced the credibility of VKF heat flux
calibration techniques and standards. Absolute accuracy of heat flux calibrations is believed
to be within t5 percent, and repeatability and linearity are 3 percent.

The flat plate position was adjusted by a mechanism which has two degrees of
freedom, providing a remotely controlled rotational and translational motion. With the
translational motion and a manual adjustment of the arm length of the rotational
component (see Fig. 4a), the model could be positioned within +0.01 in. in the axial
position and *0.05 in. in the Y or radial arm position.

The plume generator plenum pressure was measured with a 5-psid transducer and
the temperature with a Chromel® Alumel® thermocouple.

These temperature, pressure, and heat-transfer measuring systems result in uncertainty
or repeatability in the flat plate test parameters as deduced in some cases from a Taylor
series method of error propagation (Table II).

SECTION 1l
TEST CONDITIONS

In the absence of an external strcam. the helium plume expanded into a nearly
quiescent environment in Tunnel M in which the pressure generally varied from 315 to
395 uHg. The external flow condition was produced by expanding arc-heated nitrogen
gas through the Tunnel M contour nozzle to produce a Mach number 18.2 stream with
a static pressure of 6 pHg. The Mach number 18.2 external stream flow properties are
listed in Table III. The corresponding helium plume generator conditions are listed in
Table IV. The internal properties and boundary characteristics of the helium plume
expanding into the Tunnel M Mach number 18 external stream in the absence of the
flat plate were evaluated experimentally and reported in Ref. 3 by Norman, Kinslow,
and Lewis.

The flat plate plume impingement pressure and heat-transfer-rate data were obtained
with the model leading edge located at various positions from 5 in. upstream to 10 in.
downstream of the plume generator exit plane. The flat plate was moved parallel to the
plume generator axis at vertical displacements (y/d.) of 1.25, 2.5, 3.75, and 5.0 from
the plume axis. At the y/d. locations of 1.25 and 5.0, plume impingement data were
obtained only for the quiescent condition. One set of data was obtained with the flat
plate at y/d, of 2.5, with the external flow on and the plume generator off. A test summary
is given in Table V.
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SECTION IV
RESULTS AND DISCUSSION

Initially, a set of flat plate pressure and heat-transfer-rate distributions was obtained
with the external stream on and the plume generator off. These data were obtained to
define the effects of the wake produced by the cone-cylinder plume generator on the
flat plate distributions. The results obtained with the flat plate at y/d, = 2.5 and X,,
= 0 are shown in Fig 5. Although the plume is not present, the plume properties such
as the nozzle chamber pressure (poj) and the plume mass flow and stagnation enthalpy
were used to normalize the pressure and heat-transfer-rate data in order to simplify
comparisons with data taken with the plume on.

An estimate of the heat-transfer-rate and pressure distributions on a flat plate with
a sharp leading edge in an undisturbed hypersonic stream based on the analytical results
of Rudman and Rubin (Ref. 4) is included in Fig. 5. In comparison to these theoretical
results and some previously unpublished flat platc data obtained in the undisturbed flow
of Tunnel M, the present data indicate that the plume generator wake increased the
heat-transfer rates by a factor of 5.2 to 6.3, and increased the pressure loading by a
factor of 1.3 to 2.0.

The theoretical locations of the plume boundary with and without external flow
shown in Fig. 6 were obtained from the method-of-characteristics plume computer program
of Lockheed Space and Missile Company (Ref. 5). These computations were made using
the experimental test conditions as program inputs. The results indicate that the general
size and initial shape of the plume are similar for the cases of a plume expanding into
a quiescent environment with a plume boundary pressure of 4.63 x 10-3 psia (240 uHg)
and into a hypersonic stream at a Mach number of 18 and a free-stream static pressure
of 1.2 x 104 psia (6.2 pHg). The range of positions of the flat plate in thc plume during
this test is also shown. As the flat plate is displaced further from the plume axis (increase
in the y coordinate), the plume boundary impingement point on the plate becomes a
more sensitive function of the plume boundary shape. Thus, small differences in plume
boundary shape can have significant effects on the plume impingement loading distribution.

Figure 7 gives the flat plate pressure distribution along the ray of taps located in
the vertical plane of .symmetry of the plume, which was always perpendicular to the flat
plate surface. The measured flat plate wall pressures (py) are normalized by the plume
generator chamber pressure (po.). The distributions with no external flow and the plate
located 2.5 and 3.75 nozzle exit diameters above the plume axis are given in Figs. 7a
and b. Figures 7c and d give the corresponding results with the external free-stream flow.

The flat plate instrumentation was limited by the small number of channels that
can be recorded in Tunnel M; consequently the pressure and heat-transfer-rate distributions
presented were obtained by recording all instrumentation outputs with the plate leading
edge at various axial locations relative to the exit plane of the plume generator nozzle
for fixed y/d. positions. The assumption was made and somewhat borne out by these
results that the plume impingement loading is primarily a function of the distance from
the plume generator nozzle exit. Thus, it was expected that the location of the flat plate
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leading edge in the flow field would have a negligible effect on the resulting plume induced
impingement flow field.

As indicated in Figs. 7a and b, in the absence of an external stream, there is a small
but measurable effect on the flat plate pressure and heat-transfer-rate distributions produced
by varying the location of the plate leading edge. With the plate leading edge forward
of the plume boundary (i.e., according to Fig. 6, X, < 2 in. at y/de = 2.5 and X,
< 4 in. at y/d, = 3.75), the flow along the flat plate overexpands and then recompresses
to the quiescent pressure. With the leading edge downstream or aft of the plume boundary
(solid symbols), the pressure distribution shows an additional pressure peak before the
pressure decays to the quiescent value.

Apparently, for this quiescent condition, the Mach disc usually present in an
underexpanded plume is located close to the aft section of the flat plate. When the leading
edge is located within the plume boundary, the Mach disc moves upstream toward the
plume generator nozzle. Obviously, the presence of the flat plate in the plume will alter
the expanding flow field of the plume, and this will cause the Mach disc to move upstream.
The presence of the plume Mach disc on the flat plate would cause the additional pressure
peak (solid symbols) noted in Figs. 7a and b.

The effect of the Mach disc location on the impingement pressure loading could
be eliminated by decreasing the pressure of the quiescent environment which would move
the Mach disc downstream of the flat plate. However, a reduction in the plume boundary
pressure would produce a larger plume and alter the plume impingement loading. Once
the leading edge of the plate is within the plume boundary, the plume impingement loading
becomes a function of the flat plate location in the plume (i.e., py = f (X ) when Xq
> 1.3 at y/d, = 2.5 and X, > 2.4 at y/d, = 3.75).

In an external stream as shown in Figs. 7c and d, the variation in the model leading
edge location did not affect the plume impingement pressure loading on the flat plate
when plotted as a function of the distance aft of the nozzle exit plane. Eventually, the
plume boundary pressure approaches the external stream static pressure which in the
present test was nearly two orders of magnitude smaller than the back pressure needed
to produce the same size plume in a quiescent environment.

The theoretical estimates of the plume impingement pressure loading (solid curves
in Figs. 7a and b) were obtained by using the theoretical inviscid method-of-characteristics
solutions of the helium plume flow field (Ref. 1). This solution provides values for the
local Mach number, flow direction, and static pressure in the plume flow field. The local
impact pressure was obtained by using the oblique shock relationships which relate the
approaching stream Mach number and flow deflection angle to the static pressure rise
through an oblique shock wave. The flow deflection angle was defined as the angle between
the plate and the local impinging plume flow field direction.

Thus, the pressure law used corresponds to the tangent wedge approximation. In
part, the purpose of these tests was to determine the applicability of this law to the
nonuniform flow fields present in a plume. An examination of Fig. 7 shows that the
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agreement between theory and experiment is satisfactory for a region aft of the maximum
pressure peak. Forward or upstream of this peak, the experimental pressure distributions
are more rounded, whereas further downstream of the peak the distributions obtained
in the absence of an external stream are affected by the Mach disc location in the plume,
as discussed earlier, which is not accounted for in this theory.

In the case of an external stream, the theoretical analysis of the plume flow field
assumes that the pressure along the plume boundary varies in a manner prescribed by
the Newtonian impact theory. The external stream pressure based on the free-stream Mach
number, ratio of specific heats, static pressure, and local slope of the plume boundary
is matched to the internal plume boundary pressure as evaluated by the plume flow field
method-of-characteristics solution. As shown in Figs. 7c and d, in this case the theory
does not provide a very good estimate of the plume boundary impingement point and
also underestimates the region of plume impingement loading for these conditions.

The discontinuity in the theoretical pressure distribution, that is, the decrease in
pressure as one moves rearward of the peak pressure, is due to an internal shock within
the plume. This discontinuity was not observed in any of the present experimental
distributions. Also, intuition suggests that in the presence of an external stream there
should be a pressure peak immediately upstream of the plume impingement point,
indicating the presence of a plume bow wave impinging on the flat plate. There is a smaller
pressure peak at x = -1.0 in, in Fig. 7c, but this peak corresponds more closely to the
point where the plume generator bow wave would theoretically impinge on the flat plate.
Probably, the mixing region of the plume boundary has smeared out not only the internal
plume compression wave but also the external stream plume bow wave.

As expected, the discrepancy between the theory and the experimental results
increases as the plate is displaced further from the plume axis, as may be seen in comparing
Figs. 7c and d. The sensitivity of the actual location of the impingement point on the
plate is a stronger function of the plume shape as the plate is displaced further from
the plume axis. In fact, a slight change in the plume boundary conditions will alter the
plume impingement point and possibly the plume impingement pressure distributions; for
example, note that the repeatability of the distributions at y/d. of 3.75 is poorer than
those obtained at a y/d. of 2.50. In this case, the repeatability of the distributions is
related to the repeatability of establishing the same nozzle chamber to external plume
boundary properties such as Po; /de O Po j/pl,.

In the region of the peak pressure point, the experimental distributions obtained
with and without external flow match as shown in Fig. 8a which compares the data
from Figs. 7a and c¢. A similar, but poorer, comparison exists for the distributions obtained
at y/d, of 3.75 (Fig. 8b). This suggests that the plume size and shape are in better agreement
than indicated by the theoretical estimates of the plume boundary locations shown
previously in Fig. 6.

Although the pressure distributions in the immediate vicinity of the peak pressure
point were not affected by the presence of an external stream (Fig. 8), the net change
in loading on the flat plate is different as shown in Fig. 9. Also, these two centerline
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load distributions (obtained with and without external flow) suggest that the moments
would be significantly different. In the case of the external flow condition, the pressure
differential or surface loading was referenced to the pressure distribution generated on
the flat plate with the plume generator off and located at a y/d. value of 2.5. The
assumption was made that this pressure distribution would not change significantly with
a variation in y/d. from 2.5 to 3.75. For the case with no external stream, the pressure
differential was referenced to the quiescent environment pressure [py (P, i T 0) = pyl.

A summary of the graphically integrated experimental and theoretical centerline
pressure distributions is presented in Table VI and shown graphically in Fig. 10. These
integrated pressure distributions represent local centerline loading factors produced by the
impinging plume flow on the flat plate. The limits of the integration as indicated in Table
V extend from 2 in. upstream to 10 in. downstream of the nozzle exit plane (i.e., a
hypothetical flat plate 1 ft long). As noted previously for the case of a plume expanding
into a quiescent environment (M. = 0), the agreement between the predicted and
experimental plume impingement loading is fairly good with differences of 15 percent
or less for these test conditions. For the case pertaining to an external stream, the predicted
values are significantly smaller than the experimental values.

A comparison of the load factors obtained with and without an external stream for
these plume conditions indicates that the plume-induced impingement loading with the
external stream is more than three times larger. In this particular comparison at these
test conditions, most of this difference in the loading factor could be attributed to the
difference between the plume boundary pressure (py) for the case without external flow
to the free-stream static pressure for the case with external flow. A higher quiescent plume
boundary pressure was required to keep the size and shape of the initial portion of the
expanding plume in a quiescent environment equal to the plume which was formed in
the Mach number 18 external stream. However, in a quiescent environment, if the plume
boundary pressure is reduced to the free-stream static pressure of the Mach number 18
external flow field, theoretically the plume size would increase; the plume impingement
point would move upstream along the flat plate surface; and, based on the inviscid
theoretical plume calculations, the maximum or peak impingement pressure would increase.
In any case for these test conditions, the presence of the external stream can cause a
significant change in the resultant impingement loading on the flat plate.

The heat-transfer-rate distributions generated by the impinging helium plume on the
flat plate in the presence and absence of an external stream are shown in Fig. 11. The
Stanton number is defined in terms of the helium plume mass flow rate and total enthalpy.
In general, the trends in the heat-transfer rates are similar to the trends observed in the
plume impingement pressure distributions. However, while the peak heat-transfer rate
decreased as the plate was displaced further (vertically) from the plume axis in a quiescent
environment (Figs. 11a and b), this trend was reversed when the external stream was
present. The presence of the external stream also caused the peak heat-transfer rates to
increase; compare Figs. 11c and d.

The general shape of the spanwise plume impingement heat-transfer and pressure
distributions on the flat plate with and without external flow are shown, respectively,
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in Figs. 12 and 13. These distributions are presented in the form of lines of constant
heat-transfer rates and lines of constant pressure (isopiestic lines). Superimposed on these
results is the theoretical estimate of the intersection of the inviscid plume boundary with
the flat plate. In general, the loadings produced in the absence of an external stream
generate lines of constant pressure and heat transfer which originate on the flat plate
centerline and extend outward over the plate surface and then return to the center of
the load distribution.

In the case with the external stream (Fig. 13), the line denoting the theoretical
intersection of the plume with the plate is more nearly parabolic in shape. Although the
lines of constant pressure form closed loops originating and, in most cases, terminating
on the centerline of the impingement loading, some of the heat-transfer-rate lines do not
form closed loops. For example (see Fig. 13a), some peak heat- transfer rates are generated
off-axis and outside of the theoretical plume impingement boundary. This is consistent
with the trend in the centerline data previously noted in that the peak heat-transfer rates
tended to increase as the surface was displaced further from the plume axis. Although
additional test data may be required to confirm this trend, these results indicate that
the deflection of the external stream by the plume toward the plate can cause an increase
in the heat-transfer rates which differ from the rates produced when the plume expands
into a quiescent environment.

Figures 14 and 15 are plots of the heat-transfer-rate and pressure distributions across
the span of the flat plate at various model stations. In the absence of an external stream
and along the centerline (Fig. 14), the heat-transfer rate and pressure decay) and also
at each of the succeeding model stations, higher peak heat-transfer rates occur outboard
of the centerline. A similar trend is observed in the distributions presented for the case
with external flow (Fig. 15) except that the heat-transfer rates were larger and the peak
off-axis heat-transfer rate increased slightly at each successive model station (x/de value).
Apparently this outboard, or off-axis, heat-transfer rate must eventually decay somewhere
aft of the x/d. model station of 12.5 and outboard of the spanwise coordinate z'/d,
of 8.25. No heat-transfer gages were located beyond z'/d. value of 8.25.

SECTION VvV
CONCLUDING REMARKS

The observable effects of the external stream on the plume impingement loading
were as follows:

1. The local pressure distribution in the immediate vicinity of the intersection
of the plume boundary with the flat plate was not influenced by the external
stream.

2. If the internal distribution of the plume properties and the plume size are
nominally the same, then the net change in loading imposed on the flat
plate is significantly altered by the presence of the external stream.
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3. In the present tests, the local heat-transfer rates were significantly higher
in the region where the plume boundary intersected the flat plate when
the external stream was present. Peak heating occurred off-centerline.

Since these results indicate that plume impingement effects are significant and should
be simulated in the presence of an external stream, the Captive Trajectory System now
under development for Wind Tunnels A, B, and C should have the capability to supply
high pressure gases to the model for plume simulation.
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TABLE |
REPEATABILITY OF TUNNEL STREAM PROPERTIES
Measurements:
Parameter - Repeatability Percent
Po 1.5 psia 0.5
m,, +0.001 Ibm/sec +2.0
po +100 pHg 2.0

Inferred Values:*

To +120°K +4.0
M. +0.26 t1.5
T, +2.3°K +5.0
Peo 0.6 uHg +10.0
Re/in. 92 8.0
Peclles +1.6 x 105 1bom/(ft2-sec) 8.0

*These values based on ideal gas relationships and a Taylor series propagation in the error.
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Nominal
Parameter Values
Po; 5.6 paia
To; 300°K
Pj 0.6 psia
Pw (min) 260 uHg
Pw (max) 2350 uHg
q (min) 0.36
q (max) 55.0
Tw 315°K
Ppw/pj (min) 0.0009
St; (min) 0.00001
Pj/ Qe 22.0

TABLE i

Repeatability
+0.06 psia
+3.0°K
+310 uHg
+10 uHg
+20 uHg
+0.10 Btii/(ft2-sec)
+1.50 Btu/(ft2-sec)
+5°K
+0.000045
+0.00000074

t1.6
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REPEATABILITY OF TEST PARAMETERS

Percent
Nominal Value
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TABLE Il
NOMINAL TUNNEL M CONTOURED NOZZLE OPERATING CONDITIONS
WITH NITROGEN GAS

m,, lbm/sec 0.0515

Po, atm 19.0 (279.0 psia)

To, K 2900

hy, Btu/lbm 1500

p'y, mm Hg 2.55 (4.83 x 102 psia)
M, 18.2

Re/in. 1250 (Reg = 1.44 x 10%)
P, #Hg 6.0 (1.16 x 104 psia)
T., °’K 45.0

u,, ft/sec 8165

A, in. 0.022

., 1bf/ft? 3.90 (2.71 x 102 psia)
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TABLE IV
NOMINAL HELIUM PLUME GENERATOR OPERATING CONDITIONS
Simulated*
Parameter Nominal Value Plume
A/A* 1.61 - 25.0
m;, Ibm/sec 0.0024 -
Poj; psia 5.56 440
Toj» K 680 ~
hoj, Btu/lbm 1520 -
% 1.67 1.27
M; 2.07 4.26
T;, K 280 -
pj, psia 0.597 —
Dj/P 5.15 x 103 -
Pi/Qe 22.0 —

*The formulation of the similarity parameters which are a function of the plume size and momentum distribution
is described in detail in Ref. 2, In this instance, the test program using helium gas simulates a plume at a pressure
altitude of 262,000 ft.
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TABLE V
TEST SUMMARY

Plume External Stream
y/de Xm/de Range On Off On Off
1.25* -3.2 to 25.0 X X
2.50 0 X X
2.50 -13.1 to 25.5 X X
2.50 -12.5 to 25.0 X X
3.75 -12.5 to 25.0 X X '
3.75 -12.5 to 5.0 X X
5.00* 4,2 to 23.1 | X X

*Test data not discussed in this report.
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TABLE VI _
COMPARISON OF CENTERLINE PLUME IMPINGEMENT
LOADING FACTORS

No External Flow, M_, = 0

w - Pb
fN-f(D ) ()L—loom
2L po,

y/de fn (Theory) fn (Experiment) Percent Difference
2.5 4.84 x 104 5.83 x 104 12.0
3.5 2.02 x 104 3.04 x 104 15.0

External Flow, M, = 18.2 and (poj/q.,) ~ 210.0

x
N —f '(p , L= 10.0in.
Poj

y/d. fx (Theory) fn (Experiment) Percent Difference
2.5 8.08 x 104 19.7 x 104 144.0
35 5.72 x 104 13.3 x 104 134.0

L '
Note:  Afy =f (p"’ p))_ d(x—)= 10.4 x 104
0.2\ Poj £

Percent Difference = ([fy (Exp.)/fN (Theory)] -1) - 100
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