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XV Abstract

Clusters of up to ten converging-diverging supersonic
nozzles were cold flow tested at ambient conditions to deter-
mine their thrust performance as compared to a single nozzle
of the same total throat area. The nozzles were operated at
both underexpanded and overexpanded conditions, and no
significant thrust difference was detected between the clusters
and single nozzles. Schlieren photographs verified no inter-
ference between the jets of different nozzles. Clusters with
various patterns of flowing and non-flowing nozzles were also
tested. The non-flowing nozzles had no effect on the flowing
nozzles except when, due to the sealed nozzles, the base plate
area was greatly increased. The increased base plate area
resulted in a noticeable improvement of thrust over theoretical
throughout the pressure ratio range tested with the greatest
increase in the underexpanded region The locations or
patterns ggwngnglgg;ng/nezztés were of no consequence.
Fiﬁ&lly;ié;rodynamic shrouding gjih.n67spacin§lbetwaa§wthe
shrouding aﬂﬁ_the%hg;zlegf&ggzglaced on the clusters and
tested. There was a very slight decrease in thrust performance

associated with a decrease in the base plate effect.
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I Introduction

The Air Force Rocket Propulsion Laboratcry (AFRPL),
Edwards A.F.B., California, is looking into the possibility
of using clustered R1-10 rocket engines to power single
stage orbital vehicles. They hope to obtain better perfor-
mance out of a multi-nozzle assembly than a single large
nozzle engine. The expected increase in performance should
not only be due to better specific impulse but also due to
better aerodynamic characteristics in the atmospheric

portion of the flight.

Background

A rocket engine nozzle acts to accelerate or expand
the combustion gases to a very high velocity, which with
the mass flow creates the desired thrust. The amount the
gases are expanded is determined by the physical geometry
of the nozzle, but due to various chamber pressures, the
pressure at the exit of the nozzle can vary. The total
thrust of an engine is not only a function of the exit
velocity of the gases, but also the difference between the
exit gas pressure and the ambient pressure. For a single

nozzle conservation of momentum gives:

T = We | (pe-p3) Ae (1)
9c¢
where
T = thrust (lbf)
f = mass flow (lbm/s)
Ve = exit velocity (£f/s)

- .
.............................
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exit pressure (psi)

ra =

P3 = ambient pressure (psi)
Ae = exit area (in2)

gc = conversion factor

32.2 (1bm - £)/(lbg - s2)

If the exit pressure is lower than the ambient pressure,
a negative pressure thrust results. This operating condition
is referred to as overexpansion. Overexpansion causes the
exhaust jet to contract. Fig. la shows the resulting con-
traction, along with the oblique shock waves required to
increase the exhaust pressure to ambient pressure.

If the exit and ambient pressures are equal, then the
nozzle is perfectly expanded. This is the optimal flow
condition and there is no contraction or oblique shocks in
the plume.

The final case is when the exit pressure is greater
than the ambient pressure and this is called underexpansion.
The pressure thrust is a positive value, but the velocity
term is not at its maximum, and, therefore, the thrust is
not at its optimal value. The exhaust jet expands outwards
as shown in Fig. 1lb. The expansion waves required to reduce
the pressure to ambient conditions are also present.

For this study, the effect of nozzle jet shape is of
significance due to the potential of one jet from a nozzle
interfering with a jet from another nozzle in a cluster as
reported by Goethert (Ref. 3). The interaction of two or more
jets will affect the performance of the cluster as a whole.

The interaction effect was first noticed on the Polaris
missile (Ref. 2), which used a four-nozzle cluster. At
high altitudes, a noticeable thrust augmentation would

2
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a) Overexpanded Flow
(PR = 11)

b) Underexpanded Flow
(PR = 25)

Figure 1. Schlieren Photographs of Flow
from a Single Nozzle (Nozzle 03)
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occur. Goethert (Ref. 3) studied the Polaris case in detail
and concluded that at high altitudes (greater than 60,000
feet), the four jets would intersect due to underexpansion.
The intersection would cause a pressure build up in the
area between the nozzles which exerted a force on the base
area of the rocket. The jets would act as walls preventing
the pressure from escaping. The thrust augmentation of .3
to .4 percent was measured. Unfortunately, Goethert limited
his study to just the Polaris configuration. Harper (Ref. 4)
confirmed Goethert's work with the Black Knight rocket of
similar configuration. Harper also looked into the increased
heating problems of the base area due to the pressure rise.
Rudov (Ref. 7) used shadow photographs to examine the flow
contours of two-nozzle and four-nozzle configurations. In
this work, he did not directly address any performance
changes due to the flow conditions.

Hibson (Ref. 5) studied the performance characteristics
of two-nozzle, four-nozzle and six-nozzle configurations
at sea level. His configurations were very similar to what
the AFRPL was proposing to use for single stage orbital
vehicles. His results, at the pressures tested, were that
the two-nozzle configuration performed slightly better than
the rest. The results were only preliminary, and more

research is required.

Objectives

As a continuation of Hibson's work, this study had two

main objectives:




LS.

1. To experimentally determine the effect of non-
flowing nozzles on the performance of the rest of the nozzles
in a cluster. Special emphasis was placed on the effects
due to patterns and locations of non-flowing nozzles.

2, To experimentally determine the effect of an
aerodynamic shroud on the performance of a multi-nozzle

cluster.

Approach

Cold flow scale model testing using compressed air
was done to meet this study's particular objectives. Though
the thrust was the main parameter measured, the thrust
coefficient was used to compare different configurations.

The thrust coefficient is defined by:

Cg = T/PoAt (2)
where
Cf = thrust coefficient
T = thrust (lbg)
Po = chamber or tank pressure (psi)
At - throat area (in2)

The thrust coefficient allows a comparison of configurations
of different throat areas. The throat area used was the
total throat area of the flowing nozzles in a configuration.
For a more direct comparison, the multi-nozzle configurations
were compared to single nozzle of the same total throat area.
The performance of each nozzle was also compared to the theo-
retical value of thrust coefficient. The theoretical thrust
coefficient is based on isentropic flow and ignores viscous
or base pressure effects. The theoretical value is given by

(Ref. 8):
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theoretical thrust coefficient
ratio of specific heats
1.4
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The viscous effects can be determined by comparing the
actual data with the theoretical values calculated by the

above equation.
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IT Experimental Apparatus

In order to compare thrust coefficients of various

3; nozzle configurations, the thrust must be measured as accu-
rately as possible. The stilling chamber and gas supply

}} system was designed as a pendulum type assembly to permit

Eé accurate thrust measurement. An overall schematic is given

‘ in Fig. 2, and an overall photograph is given in Fig. B-1.

a8 o
e
.

1

The thrust was measured directly by the use of a strain gauge

~t r'.l.
Eha

2y mounted on a cantilever beam, but thrust also can be calculated
éj using the mass flow and the tank conditions (pressure and
temperature). The apparatus included the necessary instru-
mentation for temperature and pressure measurement that made

L the indirect calculation possible. The calculation method

does not account for any thrust changes due to interactions

PR RIOLEA
5 R

outside the nozzle due to choke flow condition.

»
. LRLN

Table I lists the main instrumentation equipment used

18,

in this study. The experimental apparatus has four parts:

e

LA

the flow system, the thrust measuring system, the flow instru-

5

mentation and the test articles. The test articles are the

-

single and clustered nozzles necessary for the study.

» "}__l’

v
277

I,

e

he Flow System

The flow medium was compressed air supplied by a gas
trailer containing 36 interconnectable cylinders which could
be filled to 2,300 psig. The flow system is shown schematically

in Fig. 3. A Grove regulator in combination with a dome

......
...........
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Legend A K:)
A - hing;T\
B - mass flow meter
C - feed line
D - cantilever beam
with strain gauge
E - stilling chamber By
F - nozzle extension
G - nozzle
51 c ~ mounting
T plate
6.5" strain gauge
_JL — thrust bolt
D
D
& 'E A
— G
F
‘(— Gu_i

k 24 9‘

Figure 2. Thrust Measurement System
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Table 1

Test Equipment

Item Model No. Serial No.
Grove Regulator 15-L L34138
Dome Regulator WBX205-K3 105040-7
Power Supply 6205B 1949A1664
(Hewlett-Packard)

Power Supply 6205B 1949A1665
(Hewlett-Packard)

Pressure Transducer 206 662567
(Statham) (0-500 vsiq)

Pressure Transducer 206 662568
(Statham) (0-500 psig)

Pressure Transducer 2301 0671553
(Statham) (0-1000 psig)

Pressure Transducer 551 PM280TC+5-350
(Statham) (+5 PSID)

Visicorder 1508 15-2882
(Honeywell)

Mass Flow Meter Orifice

...............
........

Load Cell Strain Gauge
Bridge
Thermocouple Cu/Const.
9
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............
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regulator, was used to adjust the pressure from 150 psig to
350 psig in the stilling tank. A stilling chamber was used
to provide a uniform, well defined condition at the inlet to
the nozzle assembly. The flow was passed through a perforated

cvlinder to minimize the size and weight of the hinged flow

assembly. An extension was used on the tank to eliminate any
base pressure effect due to the close proximity of the tank to
the nozzle exit plane. The nozzles were attached to the end
of the extension, which was big enough to provide a negligible
approach velocity on the nozzle inlet. An oval extension was
used for the bigger clusters, while a smaller round extension
was used for the single nozzles and smaller clusters. An
o-ring made the connection air tight. The tank had a single

tap for both pressure and temperature measurements.

Thrust Measuring System

The stilling chamber was on a five-foot arm that could
rotate about a hinge point. To provide a smooth transition
at the hinge point, the flow passed through slots in the
horizontal pipe to go into the vertical pipe. Design details
are presented in Ref. 5. O-ring seals were used to seal the
hinge point. At the bottom of the hinge arm, the chamber
rested against a round headed bolt attached to an aluminum
cantilever beam located at the opposite end of the chamber
from the nozzles. See Fig. 2 for details. When a thrust
was applied, the pendulum assembly was free to rotate about
the hinge point causing the force to be applied to the bolt,

which in turn would cause the aluminum beam to bend slightly.

10
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A strain gauge mounted on the beam converted the bending to
an electrical signal proportional to the applied force. The
rotation was small enough that the force still acted in a
horizontal direction. Though the movement at the hinge
point was very small, any binding due to friction would
cause erroneous thrust measurements. To help alleviate this
problem, bearings were installed, and the pivot arm was

vibrated to minimize friction due to the o-ring seals.

Flow Instrumentation

A thin plate orifice meter was used to measure the mass
flow. The orifice was located in the vertical arm to elimi-
nate any effects of a leak at the hinge point on the mass
flow measurement. The meter was built using ASME standards
(Ref. 1) with a diameter ratio of .50. ASME guidelines
for pressure and thermocouple taps were followed. Fig. B-2
gives the details.

The mass flow meter required pressure readings before
and after the orifice. A 0-1000 psig Statham pressure
transducer measured the upstream pressure and a 0-500 psig
Statham pressure transducer measured the downstream pressure.
For very low mass flows, a +5.0 psid Statham pressure trans-
ducer was used in conjunction with the 0-500 psig transducer
for greater accuracy. A copper-constantan thermocouple was
located downstream to complete the mass flow meter
instrumentation.

The stilling chamber pressure was measured using a

0-500 psig Statham transducer and a copper-constantan
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thermocouple measured the chamber temperature. For the
thermocouples, an ice bath was used as a reference junction.
A pressure gauge was also connected to provide an easy-to-
see indication for adjusting the pressure during runs. The
atmospheric or ambient pressure was given by a barometer
located in the test room.

A Honeywell visicorder, model 1508, was used to record
the six channels of data. Each channel was wired separately
with the required series and shunt resistors hardwired into
the visicorder. M100-350 galvonmeters were used on all
channels, and the data was recorded on eight-inch, light

sensitive paper.

Clustered Nozzles

The nozzles were designed in the previous study (Ref. 5)
using one-dimensional nozzle theory. Each nozzle had a
nozzle area ratio of 3.0 which corresponds to an exit mach
number of 2.63 and an exit-to-chamber pressure ratio of
.0478 (see Fig. B-3).

For ease of comparison, the total throat area was held
constant for the original study (Ref. 5) where two-nozzle,
four-nozzle and sixkx-nozzle clusters were considered. For
this study, four additional nozzles of the six cluster size
were added to form a ten-nozzle cluster. Table II lists the
fully flowing nozzle configurations tested in this study.

An explanation of the numbering system is given below the

table. The total throat area of the ten-nozzle cluster was

g

1.67 times the total throat area of the other clusters.
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This allowed some nozzles to be sealed and yet maintain the
standard total throat area. The ten-nozzle cluster was only
tested at low pressures in the full-flowing condition due to
compressed air requirements. Each nozzle was machined
separately and attached to a back plate with screws. Single
nozzles of each individual nozzle size and a large single
nozzles of the same total throat area as the clusters were
used to establish baseline data.

To determine the effects of an inoperable nozzle on
the performance of a cluster, nozzle plugs were made for each
individual nozzle size. The details were shown in Fig. B-3.
The plug was held in place by a screw running through the
throat area with an o-ring sealing the high pressure side.
For each cluster configuration the location of sealed nozzles
could be varied. Table III lists the cluster configurations
tested. The X-prefix indicates the configuration contains
at least one sealed nozzle.

Aerodynamic shrouding was studied by using clay to
mold an aerodynamic shroud around the two-nozzle, four-
nozzle and six-nozzle clusters. This provided a smooth
transition from the back plate to the exit of the nozzles.

No gap was allowed between the shroud and the nozzles for

air to flow into. Fig. 4 shows the shrouds.

14




E Table IT Fully Operating Nozzle Configurations
Nozzle Name Configurations At (in2)
01 O .2945
02 O .1472
Y 03 C) .0736
04 O .0491
.b 2-2 w .2944
3-4 % .2944
Z
‘ ﬁ. 4-6 % .2945
4-10 88 .4908
52-2 CD .2944
S3-4 % .2944
S4-6 & .2945

Notation:
S 4 - 6
I L— number of nozzles in configuration
single nozzle size
S = shroud
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Table IITI Nozzle Configuration

with Non-Operating Nozzles

Nozzle Name Configuration At (in2)
X2-2 @, ] .1472
X3-4 a .0736
XX3-4-2 & .1472
XX3-4-2 @ .1472
X4-10-1 % .2945
X4-10-2 W .2945
\_ 34
XX4-10-1 m .0982
XX4-10-2 m .0982
XX4-10-3 “ .0982
XX4-10-4 m .0982
O - operating nozzle
@® - non-operating nozzle
Notation:
XX4-10-t_-
L_ number of configuration in particular series
o number of nozzles in configuration

single

nozzle size

X or XX implies configuration has inoperable nozzle
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III Experimental Procedure

The experimental procedure consisted of calibrating
the instrumentation and running the tests. Calibration was

performed approximately every two weeks.

Calibration

All the psig pressure transducers were calibrated
using an Ashcroft dead weight tester. The calibration was
done in 50 psi increments from zero to 450 psig. The 450
psig limit was required for the upstream flowmeter transducer.
The psid transducer was calibrated using a specially built
pressurization system, which is shown in Fig. B-4. The
system allowed a 0 - 15 psi pressure differential across
the transducer while maintaining a line pressure of 350 psig.
This permitted simulating the actual test conditions at the
highest pressure used in the investigation.

The copper-constantan thermocouples were calibrated
using 32F as one reference point and the temperature of boil-
ing water as the other. A slopeofmillivolts versus chart
deflection was determined from the calibration. The milli-
volts were converted to degrees by using a thermocouple con-
version table.

The thrust measuring system was calibrated using
calibrated weights. The cantilever aluminum force beam was
removed from the thrust stand and clamped in a horizontal
position with the thrust bolt point upwards. The weights

were hung directly on the bolt by the use of a specially

18
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built weight holder. This eliminated friction as a factor.

A slight hystersis effect was noticed when a data point was
approached from the high side as opposed to being approached
from the low side. The thrust measurement system was calibrated
at several different excitation voltages, in order to obtain
the greatest accuracy as possible for the particular nozzle
configuration being tested. The output was linear with
excitation voltage. The excitation voltages used were 3.0,
5.0 and 8.0 volts, and the output slopes were 21.33, 12.80

and 8.0 1lbg/in respectively.

Test Procedure

For each configuration to be tested, the correct
transducer set-up had to be selected. For most cases, this
was the 0-1000 psig and 0-500 psig transducer set-up for
the pressure differential measurement at the mass flowmeter.
Only the Lwo small single nozzles required the psid transducer
instead of the 0-1000 psig transducer. The correct strain
gauge excitation voltage was selected depending on the
configuration and testing pressure. Testing was done in a
series of five runs. Data was taken at tank pressures of
150, 200, 250, 300 and 350 psig. This pressure range caused
the nozzles to be operated at both overexpanded and under-
expanded conditions. At least two series of runs were
accomplished for each configuration. Each pressure data
point was approached from below to avoid the hystersis
effect in thrust measurement. At the start of each test

day, the pressure transducers were exercised by quickly




running up the pressure and then venting it several times.
This made the transducers' response more repeatable.

After the six data channels were recorded by the
visicorder, the five runs would be reduced together. The
data was reduced as quickly as possible to reduce the effect
of paper aging on the deflection readings. The actual
deflections were converted to physical data (psig, F, 1lbgf)
by the use of calibration slopes. A programmable calculater

reduced the data into mass flows and thrust coefficients.
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IV Results and Discussions

Twenty-one different nozzle configurations were tested.
For each nozzle configuration the thrust coefficient was
plotted against the pressure ratio as an indication of the
performance. Appendix A contains a separate plot for each
configuration along with the curve based on theory. Appendix
A also includes some additional comparisons of different
nozzle configurations. A computer generated second-order curve
fit was used to draw the measured thrust coefficient data
curve. The theoretical curve is based on equation (3). Table
IV lists the measured thrust coefficient for all the con-
figurations at the optimum expansion ratio and compares them

to theory.

Single Nozzles

The single nozzles are compared to each other in Fig.
A-1 and individually to theory in Fig. A-10 through Fig. A-13.
The single nozzles performed within 2% of the theoretical
values through the pressure ratio range tested. Viscous
effects would be the greatest at nozzle 04 due to it being
the smallest, but as Fig. A-13 shows, the actual performance
matches up very well with the predicted theoretical performance.
Therefore, viscous effects can be assumed to be negligible.
Except for one point for nozzle 03, all the data points are
within a 2% spread. This indicated a very high degree of

repeatibility (98%). Along with the good agreement with theory,
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the repeatability of the data provides a good basis for

confidence in the data.

Full Flow Nozzle Clusters

Fig. 5 compares the three fully operating clusters
with the large single nozzle, nozzle 01. Nozzle 2-2 shows
a 2% increase in the performance at the lowest pressure
ratio but drew nearer to the single nozzle as the pressure
ratio increased. Throughout the pressure ratio range tested,
there was no noticeable difference between nozzle 3-4 and
nozzle 01. A comparison of nozzle 4-6 and nozzle 01 shows
a single nozzle outperformed the cluster by up to 2% at
the higher pressure ratios. Nozzle 4-10 could only be tested
up to a pressure ratio of fifteen and was not included in the
comparison. Overall, the clusters did not perform consis-
tantly better or worse than the single nozzle and the
differences were within the error margin of approximately
two percent. Fig. 6 contains Schlieren photographs of
nozzle 3-4 operating with two nozzles sealed for a clearer
picture. 1In both the overexpanded and underexpanded cases,
the two flows do not interact with each other. Each indi-
vidual flow stream appears to be acting as a single nozzle.
This would agree with the Goethert study (Ref. 3) which said
a nozzle-exit-to-ambient pressure ratio of ten or more is
required for the interaction of two flow streams, which is
necessary for an effect on performance. The highest run

pressure, 350 psig, only provided a nozzle-exit-to-ambient
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a) Overexpanded Flow
(PR=11)
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b) Underexpanded Flow
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Figure 6. Schlieren Photographs of Nozzle XX3-4-2
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v . pressure ratio of 1.20 due to the high ambient pressure

’

at sea level.

) Comparing a cluster to the single nozzle of the same

N individual nozzle size (i.e. nozzle 3-4 vs. nozzle 03) yields
basically the same result the comparison with nozzle 01 did.
The comparisons are shown in Fig. A-1 through Fig. A-3. The

jé only major difference was the large amount nozzle 04 outper-

32 formed nozzle 4-6 in the underexpanded region. The reason

for the seven percent difference is unclear, but the difference

was repeatable.

:J Cluster Configuration with Non-Operating Nozzles

{? Comparisons of a cluster configuration with only a
single nozzle flowing (nozzles X2-2 and X3-4) to a single

ii; nozzle of the same total flowing throat area (nozzles 02 and

tﬁ 03) are given in Fig. A-5 and Fig. A-6. They show the

zﬁ cluster configuration and the single nozzle perform equally

well at the lower pressure ratios (greatly overexpanded),

but the cluster falls behind as the pressure is increased.

(]
)

This causes the thrust coefficient curves for the clusters

’ f‘_ r.'_

- to be flatter.
‘ Nozzles XX3-4-1 and XX3-4-2 were tested to see the
effect of location of inoperable nozzles on a cluster. Nozzle
-8 XX3-4-1 had sealed diagonal nozzles, while nozzle XX3-4-2 had
- adjacent sealed nozzles. As Fig. A-7 shows, there was very

little difference in the performance of the two configurations

. except for a slight difference in slopes in the overexpanded

regime. If there is no interaction taking place, the two

SRR

configurations should be equal in performance.

'
g
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Nozzles X4-10-1 and X4-10-2 had the same total throat
area as nozzle 4-6. Nozzle X4-10-1 had all six flowing
nozzles together to maximize any potential clustering effects,
while nozzle X4-10-2 separates the open nozzles from each
other by placing the sealed nozzles in between the open
nozzles and thereby minimizing the clustering effect. Com-
paring the two nozzles in Fig. 7 indicates no appreciable
difference in performance hetween the two configurations.
This verified the results that clustering doesn't have any
effect at the pressure ratios tested at ambient pressure.

The ten nozzle clusters with only two flowing nozzles
(nozzles XX4-10-1, XX4-10-2, XX4-10-3 and XX4-10-4) showed
a'significant increase in performance over theory. The
four nozzle clusters are compared to theory in Fig. 8. The
difference in performance increases with pressure and reaches
its maximum in the underexpanded region. At a pressure ratio
of 24, the clusters outperform theory from 3.6% (XX4-10-1)
up to 5.4% (XX4-10-3). The error margin cannot account for
such a great increase in performance, and the incr;ase is
consistant with all four clusters. Fig. 9 shows Schlieren
photographs of this basic configuration (actually XX4-10-3),
and, as before, there is no interaction of individual jets.
There is a must greater amount of base plate area right at
the nozzle exit plane with this configuration. The physical
phenomenon responsible for the increase is not known at the

present time.
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a) Overexpanded Flow
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b) Underexpanded Flow
(PR=25)

. Figure 9. Schlieren Photographs of
L. Nozzle XX4-10-3
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Shrouded Cluster Configurations

The placing of an aerodynamic shroud on the cluster
configurations seem to slightly decrease their performance.
Fig. 10 shows the performance decrease by comparing nozzle
S3-4 and nozzle 3-4. Fig. A-8 and Fig. A-9 compares the
other two shrouded nozzles to their unshrouded counterparts.
The decrease in performance only ranges from 1.0% (nozzle
S4-6) to 3.6% (nozzles S3-4), but the fact that all three
cases show a decline in performance is significant.

A possible explanation is that the aerodynamic
shrouding decreases the effect of the nozzle base plate area
on the performance by allowing a smoother transition to the
base plate. This would modify the flow at base plate and

could léad to a thrust decrease.
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V Conclusions

Nozzle clusters containing up to ten nozzles were cold
flow tested and compared with a single nozzle of the same
total throat area. Then individual nozzles in clusters
were sealed, and the partially operating nozzle clusters
tested. Finally, the effect of aerodynamic shrouding on
nozzle clusters was experimentally studied. Results of
these tests conducted at ambient conditions lead to the
following conclusions:

1. At ambient conditions, the clustering of nozzles
does not effect the performance of the individual nozzles to
any significant degree at the pressure ratios tested. The
nozzle-exit-to-ambient pressure ratio is not large enough
for any interaction between individual jets.

2. An inoperable nozzle in a cluster does not effect
the performance of the remaining flowing nozzles in a cluster
except when the base plate area has been significantly

increased. It also follows that the location or pattern of

sealed or operable nozzles has no effect on the flowing nozzles
performance due to lack of interaction.

3. The placing of an aerodynamic shroud (with no
open space between the nozzle and shroud) results in a

slight decrease in performance as it does decrease any poten-

tial effect of the base plate on the flow.
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VI Recommendations

Nozzle clusters were tested at sea level conditions
and at moderate pressures (150-350 psig) for this study.
The effects of inoperable nozzles and aerodynamic shrouded
nozzles were also investigated. The above testing and
examination of the results of the testing gives rise to the
following recommendations for further work in the study of
cluster nozzles.

1. The above testing should be done at simulated
hiy.. altitude (above 60,000 feet). At high altitude, the
exhaust will be greatly underexpanded and will cause the
jets from different nozzles to interact. To accomplish this
at sea level, a tank pressure of over 2500 psi would be
required. If simulated high altitude cannot be done, no
further testing is warranted. The following recommendations
are based on being able to test at simulated high altitude.

2, Various patterns of nozzles should be tested.
Potential patterns include circular, oval and circular with
a center nozzles.

3. Shrouding with spacing between the shroud and the
nozzle should be tested to see the effect of the shroud on
the entrapment of air caused by the interaction of exhaust
jets at high altitudes.

4. Testing of shrouding that would allow the thrust
of individual nozzles or the entire cluster to be vectored

would be of great interest. This would require a thrust
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stand capable of measuring loads in more than one
direction.

5. For any particular application, the exact con-
figuration should be tested as the performance of a

cluster is heavily configuration geometry dependent.
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> Figure B-l. Pendulum Structure with
Stilling Chamber
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A thrust value can be calculated'using the mass
flow through the nozzle and nozzle flow theory. This cal-
!i culated thrust may then be compared to the measured thrust.
ii For the single nozzles, this provided a way of verifying

the thrust measurement. Unfortunately, the calculated

thrust will not reflect any potential thrust change due
to clustering or inoperable nozzles because these effects
are due to events outside the nozzle and will not effect

the mass flow.

Mass Flow Calculation Methods

The mass flow can be calculated from measured data in
two ways. Method I uses an orifice flow meter and is based
on the pressure drop across the orifice. Method II uses
the tank pressure and temperature along with isentropic flow
theory to expand the gas out the nozzle.

Method I - Orifice Flow Meter. Reference 1 gives the

following equation for calculating the mass flow from an

orifice meter:

f=n/4(d)2 K 2g¢p (4p) (c-1)
where

f = mass flow (lbm/sec)

d = orifice diameter
= .75 in

K = flow constant

dc = gravity constant
= 32.2 (lbm - £)/(lbf - s2)

p = density (lbm/ft-~)

Ap = pressure drop across orifice (psi)
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The equation of state gives:

p = Pa/(Rcta 2) (c-2)
where
Pa = pressure prior to orifice (psia)
Rc = gas constant for air
= 53.35 (lbf ft)/(R 1lbm)
ta = air temperature
Z = compressibility factor

.99 for 150-350 psia

Substituting equation (C-1) into equation (C-2):
= n/4a2 K_\/Zgg _\/Pa(A@ (c-3)
R ta

combining constants

R‘[ = Cl a AE (C-4)
ta

Since K is a function of the flow conditions, therefore,

C; is a function of the flow conditions. The K value is

taken from a K versus Reynolds Number (Re) plot (Ref. 1:147).

Each mass flow value has a corresponding Reynolds Number,
and since K is constant for a range of Reynolds Number, a
value of K can be selected for a range of mass flow.

Table C-I provides the values of K for a given range cf the

corresponding values of the constant, Cj.

Table C-I Values of Cl (Mass Flow Constant)

m lbm/sec Re K C1
1> .3 1.7 x 10°= 5.1 x 105 .6005 .2913
.35 .8 5.1 x 105> 1.4 x 106 .5967 .2895
.8 1.4 x 106> .5958 .2891
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With the constants given in Table C-I and the
pressure and temperature data at the orifice, a mass flow
can be calculated using eguation (C-4).

Method II. 1Isentropic Flow. The principal of con-

tinuity gives at the throat:

f= ot At V¢ (C-5)
where

pt = pt/Rctt

Vit = Mg Ag

mach number

1.0 at the throat

speed of sound at throat
+/Jc ¥ Rtt (y= 1.4)

where: M¢

At

Isentropic flow tables (Ref. 6) gives at M = 1.0;

Py = .52828 P,
tt = .8333 to
where
Po = chamber pressure (psia)
to = chamber temperature (R)

Substituting constants:
fi = .522 (Po At ~/To) lbm/s (C-6)

Therefore, if the chamber conditions are known, the
mass flow can be calculated.

Method I was used for configurations that had a mass
flow of over .5 1lbm/s, which included the two large single
nozzles, all fully flowing clusters (both shrouded and
unshrouded) and most of the clusters with inoperable nozzles.
The second method (Method II) was used as a back-up for the
first method and was the primary method for the smaller

nozzle configurations due to extremely low pressure differen-

tials across orifice.
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Thrust Calculations

Once the mass flow was calculated, the basic thrust
equation (equation (1) in the main text) was used to cal-
culate the thrust. The equation is given again below.

Te = mVe + (Pe - P3) Ag (c-7)

where

Tc calculated thrust

The isentropic flow tables allows us to write the equation
in terms of the stilling chamber parameters. The flow
tables (Ref. 6) provides the following relationships for

a nozzle exit area ratio of 3.0:

Me = 2,63
te = .4198 to
Pe = .0478 Po

Combining the constants, the thrust equation becomes:

Tc = 2.60 & ~/t5 + (.0478 Po - P3) Ae (c-8)
All the parameters on the right side of equation (C-8) are
measured or known, and, therefore, the thrust can be calcu-
lated. Finally, for comparison purposes, the thrust
coefficient is determined by:

Cfe = Tc/Po At (C-9)

Comparison of Calculated and Measured Thrust

Table C~II compares the calculated thrust coefficient
to the measured thrust coefficient for several nozzle
configurations. The values are given for the optimum

expansion condition.
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¥ Table C-II Thrust Coefficient Comparison
b (Calculated vs Measured)
X
. Nozzle Cfm Cfc A%
01 1.38 1.32 4.3
02 1.37 1.40 -2,2
03 1.37 1.38* -0.7
04 1.37 1.38% 0
2-2 1.38 1.32 4.3
3-4 1.38 1.32 4.3
4-6 1.34 1.31 2.6
XX3-4-2 1.32 1.35 -2.3
X4-10-1 1.38 1.37 0.7
XX4-10-3 1.47 1,.39* 5.4
S3-4 1.33 1.29 3.0
*Cfo Calculated using Method II.
A% = Cgp-Cf,
Cfm
1
|
1
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