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COOLANT FLOW EFFECTS ON THE PERFORMANCE OF A CONICAL PLUG
NOZZLE AT MACH NUMBERS FROM 0o 2. 0
by Robert J. Jeracki and Francis C. Chenoweth

Lewis Research Center

SUMMARY

An experimental investigation was conducted in the Lewis 8- by 6-Foot Supersonic
Wind Tunnel to determine coolant flow effects on the performance of a low-angle conical
plug nozzle designed for a supersonic cruise aircraft. The primary throat area was
fixed in the maximum afterburning position with a throat to nacelle area ratio of 0. 36.
Film coolant slots were evaluated at three locations on the plug surface, one upstream
and two downstream of the nozzle throat. An additional configuration simulated a con-
vectively cooled plug truncated to half-length with the coolant flow dumped into the plug
base. These configurations were evaluated over a Mach number range from 0 to 1. 97
using room temperature air for both the primary and coolant flows.

At takeoff and at three typical acceleration conditions (Mach 0.9, 1.2, and 1. 97) all
configurations had nozzle efficiencies within 1.5 percent of each other for a corrected
coolant flow rate of 2 percent. The coolant slot upstream of the nozzle throat generally
provided the highest nozzle efficiency but also required the highest coolant pressures.
For a typical turbojet acceleration schedule all cooling configurations provided high
nozzle efficiency at Mach numbers from 0 to 1.97. For example, nozzle efficiencies
varied from about 99 percent at takeoff to a minimum of 95 percent at Mach 1.2 and then
increased to about 97 percent at Mach 1. 97.

All coolant slots downstream of the throat generally were choked (except for the
truncated plug at subsonic Mach numbers) and required coolant total pressures of about
75 percent of the primary total pressure to provide a corrected coolant flow rate of
2 percent. A slot of similar size located upstream of the throat was not choked for the
same coolant flow and required a total pressure about equal to the primary total pres-
sure. This coolant pressure was reduced to about 80 percent of the primary total pres-
sure by increasing the coolant flow area by 70 percent. This increase in slot area re-
sulted in a slight loss in nozzle efficiency.




INTRODUCTION

The Lewis Research Center is evaluating various exhaust nozzle concepts for appli-
cation to supersonic cruise aircraft. Results from this continuing program (ref. 1) in-
dicate that a low angle conical plug nozzle with a translating external cylindrical shroud
can provide high nozzle efficiency over a wide range of flight conditions. This nozzle
consists of a rigid plug and varies primary throat area with an iris flap. The plug is
immersed in the hot exhaust stream of the afterburning engine. Cooling the plug, there-
fore, represents a significant problem in that various cooling techniques and their effect
on nozzle performance must be optimized. Numerous schemes have been proposed for
cooling a surface imbedded in a hot gas (ref. 2). These include convection, film, tran-
spiration, and regenerative cooling techniques. Both liquids and gases are used as the
cooling mediums.

The 8. 5-inch- (21.6-cm-~) diameter plug nozzle of reference 1 was used in the cur-
rent test program to evaluate the effect of several cooling configurations on nozzle ef-

ficiency and coolant pumping characteristics. Dry air at room temperature was used
for both the primary and coolant flows. Variations in the coolant flow rate were studied
up to a maximum value of 20 percent of the primary flow. The test was conducted in the
Lewis Research Center 8- by 6-Foot Supersonic Wind Tunnel at Mach numbers from 0
to 1.97. The external shroud was retracted for Mach numbers from 0 to 1.2 and ex-
tended at Mach numbers of 1.2 to 1. 97.

APPARATUS AND PROCEDURE
Installation

The nozzles were evaluated on an 8.5-inch jet exit model mounted in the transonic
test section of the Lewis 8- by 6-Foot Supersonic Wind Tunnel as shown in figure 1. The
grounded portion of the model (fig. 2) was supported from the tunnel ceiling by a thin
vertical strut with a 50.25-inch (127.63-cm) chord and a thickness-to-chord ratio of
0.035. This straight strut had leading and trailing edge wedge angles of 10°. Symbols
used in this report are defined in appendix A. The model uses a closed nose with an
l /dmax of 3.0 followed by a cylindrical section back to the nozzle attachment station.

The forebody was composed of a 15° half-angle conical tip which was faired into the
cylindrical section with a circular arc whose radius was approximately 8.0 drnax' The
floating portion of the model, which includes the horizontal primary and secondary
(coolant) air bottles and exhaust nozzle, was cantilevered by flow tubes from supply




Figure 1. - Installation of model in 8- by 6-Foot Supersonic Wind Tunnel.
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manifolds located outside of the test section. The air bottles were supported by front
and rear bearings. The axial forces acting on the floating portions of the model were
transmitted to the load cell located in the nose of the model. A water cooled jacket
surrounded the load cell and maintained a constant temperature of 90° F {805.5 K) to
eliminate errors in the calibration caused by variations in model temperature from aero-
dynamic heating. A static calibration of the load cell was obtained by applying known
forces to the floating section and measuring the output of the load cell.

The load cell readings were corrected for internal tare forces using the measured
tare pressures (pl, P9, and p3) shown in figure 2. The load cell measured the axial
force acting on the floating section of the model. This force included internal thrust and
the external drag acting downstream of station 93. 65, the location of the skin break.
The model was tested only at zero angle of attack.

The nozzle performance excludes the friction drag on the cylindrical portion of the
floating section between stations 93.65 and 113. 49. The downstream end of this section
was arbitrarily selected as being 0. 75 model diameter upstream of the nozzle throat

and was, therefore, considered to be the nozzle attachment station. The friction drag
on the model between stations 93.65 and 113. 49 was calculated using the semiempirical,
flat-plate, local skin-friction coefficient from reference 3. The coefficient accounts
for variations in boundary layer thickness and flow profile with Reynolds number and
free stream Mach number. Previous measurements of the boundary layer characteris-
tics at the aft end of this jet exit model (ref. 4) indicated that the profile and thickness
were essentially the same as that computed for a flat plate of equal length. The ratio
of measured boundary layer momentum thickness to model diameter was about 0. 020 for
the jet exit model over the range of Mach numbers. The strut wake appeared to affect
only a localized region near the top of the model and resulted in a lower local free
stream velocity than measured on the side and the bottom. Therefore, the results of
reference 3 were used without corrections for three-dimensional flow or strut inter-
ference effects. The calculated friction drag was, therefore, added to the load cell
reading to obtain the overall thrust minus drag of the exhause nozzle.

Primary and coolant air were provided by means of air-flow supply lines which
entered the model through the hollow support strut (fig. 2). Both flow rates were meas-
ured by means of standard ASME sharp edge flow metering orifices located in the ex-
ternal supply lines. These flows were brought through the strut at high pressure and
velocity to minimize tube diameters and thus to maintain a thin strut. Both flows
entered the model at right angles to the force axis, which eliminated the need to account
for any inlet momentum forces. A uniform primary flow was maintained by using choke



plates and screens upstream of the nozzle inlet station. An ideal primary flow was also
calculated as that passing through the choked geometric area at the measured total pres-
sure and temperature. The ideal flow was compared to the measured primary flow to
determine a discharge coefficient for this primary configuration. The results indicated
that the discharge coefficient was constant, over the range of pressure ratios tested, at
a value of C 4,8~ 0.975, except with the coolant slot located upstream of the primary
throat. Even with no coolant injection the primary pressure distribution was different
for the upstream slot location and yielded a lower discharge coefficient. Both the coolant
flow rate and the ratio of coolant exit area to primary throat area affected the coefficient
(fig. 3). Coolant injection reduced C d,8 below the value it had with no injection. This
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Figure 3, - Effect of coolant weight flow on primary flow coefficient for coolant slots located at
xt=-0,10,

injection effect was greater for the larger coolant exit area than for the smaller exit

area. The secondary air in the central air bottles was ducted to the nozzle plug and was
used to simulate the coolant flow. No secondary air was provided in the annulus between
the primary flap and external cylindrical shroud, as is usually done with a nozzle of this
type (ref. 1). Both the primary and coolant flows were maintained at room temperature.

Since the ambient pressure is constant in the wind tunnel for a given free stream
Mach number, nozzle pressure is varied by changing the internal total pressure up to a
maximum based on model strength. Maximum nozzle pressure ratios varied from 4.0
at Mach 0 to about 20 at Mach 1.97. Coolant flows were varied during the test up to a
maximum value of 20 percent of the primary flow rate.

The ideal thrust for both the primary and coolant flow was calculated from the meas-
ured mass flow rates expanded from their measured total pressures to Po- Nozzle effi-
ciency is defined as the ratio of the measured thrust minus drag to the ideal thrust of
both the primary and coolant flows:

F-D

Fip*Fic

nozzle efficiency =




Nozzle Configuration

The basic configuration used in the coolant study was a 10° half-angle conical plug
a rigid plug with variations in nozzle throat
area for an afterburning turbojet engine provided by an iris-type primary flap. This
nozzle was designed for a supersonic cruise aircraft and had an overall design pressure
ratio of 26. 3 with the afterburner off. The primary throat was only tested in the maxi-
mum afterburning position in the current test. This fixed area was 40 percent larger
than the afterburner off area and had a ratio of throat to maximum model area of 0. 36.

Basic model dimensions are shown in figure 4. 1In the afterburning position the conical
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Figure 4. - Plug nozzle configuration details,

primary flap had a boattail angle of 7936" and a ratio of flap area to model area of 0. 13.

A secondary flow area was provided between the primary and outer shrouds. The mini-
mum secondary flow area was constant and equal to about 8. 3 percent of the model area.
No secondary flow was provided in this test. The results presented in reference 1 have
shown that secondary flow in this nozzle type can significantly improve nozzle perform-
ance at all Mach numbers. However, since this jet exit model only provided two flows,

the secondary flow was used to simulate coolant flow to the central plug.

A simulated translating outer cylindrical shroud was used to vary the internal ex-
pansion ratio of this plug nozzle. The shroud is retracted at takeoff and at subsonic
speeds but is extended for higher speeds and pressure ratios. The results of reference 1
have indicated that a two position shroud can provide near optimum nozzle efficiency over
a Mach number range from 0 to 2.0. Therefore, in the current test program the ex-
ternal shroud was only tested in two positions. The shroud was retracted at Mach num-



bers from 0 to 1.2 and extended at Mach numbers from 1.2 to 1.97. The two shroud
locations tested are shown in figure 4. The shroud location is referenced to the nozzle
throat station. The internal area and pressure ratios for the two locations tested are
shown in table I for this afterburning configuration. The outer shrouds were provided
with circular arc boattails to minimize drag and had a ratio of boatiail to model area of
0.115,

TABLE I. - SHROUD VARIABLES

[Overall design: pressure ratio, 26.3; area ratio, 3.43.]

Ratio of shroud axial | Internal expansion | Internal area ratio,
length to diameter, pressure ratio, A9/A8
X/dmax P’?/PQ
-0.235 1.89% 1.00
. 618 11.93 2.13 1

Coolant Configurations

Details of the coolant configurations tested are shown in figure 4. Coolant slots
were tested at three locations on the plug surface, two downstream of the throat
(figs. 5(a) and (b)), and one upstream of the throat (fig. 5(c)). Effective flow area ratios
(Ac/Ap) for these slots were calculated from the data when the slots were choked. The
film coolant slot located at the 50 percent point on the plug (fig. 5(@)), had an effective
flow area equal to 2. 8 percent of the primary flow area. For this slot location an alter-
nate configuration was also used to simulate a convectively cooled plug truncated to
half-length with the coolant flow dumped into the plug base. The conical tip insert was
removed, and a flat base insert was added (fig. 5@)). The effective flow area of this
configuration was 3. 4 percent of the primary flow area. The effective flow area of the
film coolant slot located at a point 10 percent downstream of the throat (fig. 5(b)) was
3.4 percent of the primary flow area. Two film coolant slots were tested upstream of
the nozzle throat. Both slots were located at the same station (fig. 5(c)) and had effec-
tive flow areas equal to 3.9 and 6.7 percent of the primary flow area. Coolant total
pressures were measured inside the plug at the locations shown in figure 5. Internal
flow passages were such that the minimum flow area downstream of the secondary total
pressure measuring station occurred at the coolant discharge point, which allowed the
assumption of negligible secondary total pressure loss within the flow passages. Photo-
graphs of the various coolant configurations tested are shown in figure 6. A summary of
the cooling configuration variables tested is presented in table IL
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TABLE II. - COOLING CONFIGURATION VARIABLES

Type of cooling | Coolant slot | Effective coolant
location. ilow area ratio.

x/1 AC/A8
Convective 0.50 0.034
Film .50 .028
Film .10 . 034
Film -. 10 . 039
Film -. 10 . 067

4]

e Static pressure tube CD-10058-01

(a) Primary rake.
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(b) Typical primary rake pressure profile (ref. 1)

Figure 7. - Primary flow instrumentation and pressure profile.




Instrumentation

The primary total pressure was obtained by the use of the total pressure rake shown
in figure 7(@). The two primary rakes were area weighted to facilitate the calculation of
the average total pressure. With the afterburner on, the calculated one-dimensional
Mach number at the rake station was 0.46. A typical primary pressure profile is shown
in figure 7(b).

RESULTS AND DISCUSSION

The basic data, consisting of nozzle efficiencies and pumping characteristics, are
presented in appendix B for the five coolant configurations tested. These basic data plots
were then used in conjunction with an assumed typical pressure ratio schedule (fig. 8) to

I

|

Nozzle total pressure ratio, P7/pg

| | I I |
0 4 .8 1.2 1.6 2.0
Free-stream Mach number, Mg

Figure 8. - Assumed nozzle pressure ratio schedule for
typical afterburning turbojet engine,

present the nozzle performance and comparisons in the remaining figures. These pres-
entations are further limited to an assumed coolant corrected flow of 2 percent. Per-

formance characteristics at other coolant flow rates can be obtained from the basic data
shown in appendix B.

Effect of Coolant Location on Nozzie Performance

The effect of coolant slot location is shown in figure 9 at takeoff and at three typical
acceleration conditions, Mach numbers 0.9, 1.2, and 1.97. Nozzle efficiency and pump-
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ing requirements are shown for the specified nozzle pressure ratio and a corrected cool-
ant flow ratio of 2 percent. The external cylindrical shroud was retracted at Mach num-
bers of 0, 0.9, and 1.2 and extended at Mach 1. 97.

At takeoff and at the three typical acceleration conditions, all coolant configurations
had nozzle efficiencies within 1.5 percent of each other. The coolant slots located up-
stream of the nozzle throat generally provided the highest nozzle efficiency but also re-
quired the highest coolant pressures. Nozzle efficiencies were generally high at these
four flight conditions. For example, nozzle efficiencies were generally 99 percent or
better at takeoff, between 94 and 95.5 percent at transonic acceleration, and between 96
and 97.5 percent at Mach 1.97. It is suggested that secondary flow between the primary
and outer shrouds would have improved the nozzle efficiency, based on results presented
in reference 1. The convection cooled truncated plug generally had performance equal fo
or slightly lower than a film cooled configuration at the same location.

In figure 9 the coolant total pressure ratios at subsonic Mach numbers were very
nearly equal for the convection and film cooling slots at the 50 percent location, though
the effective flow areas differed by about 20 percent. Examination of the data plots in
appendix B (figs. 11 and 12) indicates that the coolant slot was not choked for the trun-
cated plug at subsonic conditions. Otherwise all coolant slots downstream of the throat
were generally choked with a corrected weight flow ratio of 2 percent.

Coolant total pressures required at these locations were generally equal to 70 to
75 percent of the primary total pressure. A similar sized slot upstream of the throat
was not choked and required a total pressure about equal to the primary total pressure.
This coolant pressure was reduced to about 80 percent of the primary total pressure by
increasing the effective coolant flow area by 70 percent. This increase in slot area re-
sulted in a slight loss in nozzle efficiency, generally less than 1/2 percent.

Effect of Mach Number on Performance

The nozzle efficiency and pumping characteristics are shown in figure 10 (at Mach
numbers from 0 to 1. 97) for each of the five coolant configurations. This performance
also is for the assumed pressure ratio schedule shown in figure 8 and for a corrected
coolant weight flow ratio of 2 percent. The external cylindrical shroud was retracted for
Mach numbers from 0 to 1.2 and extended for Mach numbers from 1.2 to 1. 97.

For the typical turbojet acceleration schedule, all cooling configurations provided
high nozzle efficiency at Mach numbers from 0 to 1.97. For example, nozzle efficiency
typically varied from 99 percent at takeoff to a minimum of about 95 percent at Mach 1.2
and then increased to about 97 percent at Mach 1. 97. The efficiencies at takeoff and
Mach 1.77 were obtained at pressure ratios near the internal expansion pressure ratio

13
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values with the external shroud retracted and extended, respectively.

Peak nozzle efficiency at Mach 1.2 was obtained with the shroud retracted rather than
extended. An intermediate shroud location may have provided higher efficiency at this
Mach number based on results presented in reference 1.

Data from reference 1 are included in figure 9 for comparison. The wind tunnel
model used in reference 1 was modified for the present plug cooling investigations. With
zero secondary flow it corresponds closely to the configurations in the present test. The
shroud positions for the results of reference 1 which are plotted here were identical to
the shroud positions in the present test. A configuration with afterburner on and 50 per-
cent truncated plug was not tested in reference 1, however, so the full length plug data
are plotted for all configurations in figure 10.

The present data generally agreed with the data of reference 1 within 1.5 percent for
all configurations. At subsonic conditions they tend to be higher than the reference 1
data, and at supersonic conditions they tend to be lower. ,

Coolant total pressure requirements were generally insensitive to free stream Mach
number variations for any specified coolant location. As discussed in the preceding para-
graphs, coolant pressure requirements increased when the slots were moved upstream
of the nozzle throat. Also, the configurations with slots upstream of the throat station
generally provided the optimum nozzle efficiency over the range of Mach numbers tested
(figs. 10(d) and (e)).

SUMMARY OF RESULTS

An experimental investigation was conducted to determine the coolant flow effects on
the performance of a low angle conical plug nozzle designed for a supersonic cruise air-
craft. The primary throat area was fixed in the maximum afterburning position with a
throat to nacelle area ratio of 0.36. Film coolant slots were evaluated at three locations
on the plug surface, one upstream of the nozzle throat and two downstream. An alternate
configuration simulated a convectively cooled plug truncated to half-length with the cool-
ant flow dumped into the plug base. The following results were obtained over a range of
Mach number from 0 to 1. 97 at a constant corrected coolant flow rate of 2 percent of the
primary flow and no secondary flow between the primary nozzle and the cylindrical
shroud:

1. At takeoff and at three typical acceleration conditions (Mach 0.9, 1.2, and 1. 97)
all configurations had nozzle efficiencies within 1.5 percent of each other. The coolant
slot upstream of the nozzle throat generally provided the highest nozzle efficiency but
also required the highest coolant pressures.
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2. For a typical turbojet acceleration schedule all cooling configurations provided
high nozzle efficiency at Mach numbers from 0 to 1.97. For example, nozzle efficiency
typically varied from 99 percent at takeoff to a minimum of about 95 percent at Mach 1.2
and then increased to about 97 percent at Mach 1. 97.

3. All coolant slots downstream of the throat were generally choked and required
coolant total pressures of about 75 percent of the primary total pressure. A similar
sized slot upstream of the throat was not choked for 2 percent cooling flow and required
a total pressure about equal to the primary total pressure. This coolant pressure was
reduced to about 80 percent of the primary total pressure by increasing the effective
coolant flow area by 70 percent. This increase in slot area resulted in a slight loss in
nozzle efficiency.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 7, 1970,
720-03.
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SYMBOLS

Subscripts:
c
i
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= o Mg

coolant
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fig. 2)
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APPENDIX B

NOZZLE EFFICIENCY AND PUMPING CHARACTERISTICS

This appendix contains all of the nozzle efficiency and pumping data for all five
coolant configurations tested. For each configuration data are presented as a function
of corrected coolant weight flow ratio, which ranged from zero to 20 percent of the pri-
mary flow. Results are shown for several Mach numbers between 0 and 1. 2 with the ex-
ternal shroud retracted and from 1.2 to 1. 97 with the shroud extended. At each Mach
number tested the nozzle pressure ratio was varied about values corresponding to a
typical schedule assumed for an afterburning turbojet engine (fig. 7). The following
table summarizes the data presented in this section:

Figure Coolant Slot Effective coolant
configuration | location, | flow area ratio,

x/1 A, /A 8
11 Convective 0.50 0.034
12 Film .50 . 028
13 Film .10 . 034
14 Film -.10 . 039
15 Film -.10 . 067
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Figure 12, - Performance and pumping data. Full length plug; slot
location X, 0.50; effective flow area ratio A./Ag, 0.028.
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Figure 13, - Performance and pumping data. Full length plug; slot
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