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Flow area between primary nozzle exit and secondary
chamber wall as defined in Figure 31
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NOMENCLATURE (cont.)

Definition

Expansion coefficient (ratio of heat capacities -
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Plume expansion angle, defined as the nozzle. Tip
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Av in Section IV.B.2 (Figure 35)
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defined in Section IV.B.3.c.
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in Figure 3
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in Figure 3
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in Section IV.B.3.c
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I. SUMMARY
A. STUDY OBJECTIVES AND SCOPE

The major objectives of this program were to: (1) evaluate the
results of dual throat thruster cold flow tests, generated on a joint NASA-
MSFC and ALRC effort, (2) conduct additional tests where required to complete
the data matrix, (3) defire the operating characteristics of the MSFC dual
throat thruster concept, and (4) generate a computer model that adequately
represents the dual throat aerodynamics and allows the prediction of per-
formance for dual throat configurations.

To accompiish the objectives, a four task program, summarized in
Figure 1, was conducted.

Test data were analyzed for a total of 69 tests conducted with
the dual throat hardware supplied by the Marshall Space Flight Center. The
first 40 tests were conducted under ALRC IR&D funding. The configurations
tested on the IR&D program are shown in Figure 2. An additional 29 Mode II
pTume attachment tests were complieted on this contract. The Mode IT hard-
ware configurations tested are illustrated in Figure 3.

An aerodynamic mixing model was formulated to correlate the
test data. The logic used to develop the aerodynamic model and to incor-
porate it into a performance model for dual-throat engine performance is
illustrated in Figure 4. The cold flow test data was used to gain basic
understanding of dual throat operating characteristics and to identify the
most important design concept variables. The data were also used to iden-
tify the influencing physical mechanisms such as shear mixing, piume
shape and impingement, weak compression shocks, and secondary wall two-
dimensional expansion. Identification of the important physical mechanisms
led to selection of analytical methods of problem solution.

The methodology was established for predicting the performance of
dual throat thrusters and for making a preliminary performance prediction
for a hot firing type test. This methodology incorporated the aerodynamic
model and utilized existing simplified JANNAF models for performance pre-
diction,

A preliminary engine system model was defined utilizing the
design criteria generated in this program.

B.  RESULTS AND CONCLUSIONS

The most important conclusion from this study is that the dual
throat concept is aerodynamically feasible. The performance loss obtained
during cold flow was as low as 0.5 percent. The loss is minimized by an
optimum nozzle spacing corresponding to an AfF/ATS ratio of about 1.5, or an
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I, B, Results and Conclusions {cont.)

Le/Rtp ratio of 3 for the dual-throat hardware tested. Bleed flow require-
ment at this condition is only 4 percent. The results indicate that the
Mode I and Mode II geometry requirements are compatible and pose no signi-
ficant design problems.

C. CONTRIBUTION TO THE DEFINITION OF HIGH PERFORMANCE ENGINES

This study has been successful in confirming, from a performance
viewpoint, that the dual throat thruster concept can be competitive with
other tripropeliant and mixed mode engines being considered for single-
stage-to-orbit (SSTO) missions. It remains for these study results to be
used in an engine system analysis to determine the performance/weight trade-
offs and the vehicie/engine integration requirements.



IT. INTRODUCTION
A.  BACKGROUND

Based on both Apollo and Space Shuttle experience, the Tead
time from an "Authority to Proceed" to an operational system is of the
order of eight to ten years, and the planning for, and the development of
the necessary technology base for such programs precedes this time by ten
to fifteen years. Utilizing this knowledge, NASA has made the assumption
that a follow-on to the present Space Shuttle system wiil be required in
the 1995 time frame, and since 1973 has conducted studies directed toward
the examination of potentially attractive earth-orbit transportation
systems as a means of identifying the associated technology requirements.

Advanced high pressure bipropellant engine and tri-propeliant
gngine (TPE) concepts have emerged from these studies. These propulsion
systems meet the unique requirement of high performance density demanded by
the single-stage-to-orbit and heavy 1ift launch vehicle concepts, and thus
offer a means to achieve an economical space transportation system.

One of the major propulsion system candidates that is being
studied is the dual throat concept, proposed earlier by NASA-MSFC to obtain
a large area ratio adjustment within a single thrust chamber assembly,
without the need for extendible nozzles. The concept is readily adaptable
to TPE applications, and preiiminary analysis has indicated a high nozzle
efficiency.

B.  PURPOSE AND SCOPE

The feasibility of an economical space transportation system is
heavily dependent on the delivered performance of the engine system. The
first step in evaluating a new engine concept for this application, there-
fore, is to determine the performance. It is the purpose of this study to
correlate the results of nozzle cold flow tests conducted with a NASA-MSFC
designed dual-throat thruster at the Aerojet Liquid Rocket Company, and to
provide a means for determining the performance of a dual-throat engine.

C.  GENERAL REQUIREMENTS

For purposes of this program both parallel burn and series
burn conditions were assumed as requirements for the engine during Mode I
operation. Mode I of the mixed-mode propulsion concept involves the
sequential or paraliel use of high density impulse propellants and high
specific impulse propellants in a single stage -to increase vehicle per-
formance and reduce vehicle weight. The concept has been described in the
Titerature (e.g., see Reference 26)and theoretically provides the per-
formance necessary for a VTOHL-SSTO Space Transportation Vehicle.



11, C, General Requirements (cont.)
Mode II operation is assumed to involve only the high specific
impulse propellant.
D.  APPROACH

To accomplish the program objectives, an effort involving
four technical tasks was conducted. Tasks accomplished were:

1. Task I: Dual Throat Cold Flow Test Data

Additional tests were conducted and the nozzle cold flow
test data were analyzed to determine the performance potentla] of the dual-
throat thruster,

2. Task II: Aerodynamic Mixing Model

Significant theories concerning plume shape and piume
attachment were reviewed and compared with the results of the cold flow
test data. An aerodynamic mixing model was formulated, a computer program
was written, and the program was utilized to correlate the test data.

3. Task III: Performance Methodology

A method for predicting the performance of dual-throat
thrusters was established and a preliminary performance prediction for a hot
firing type test was made.

rd

4, Task IV: Preliminary Engine .System Model

A preliminary engine system model was defined utilizing
the design criteria generated on this program.



I1I. DUAL-THROAT COLD FLOW TEST DATA

A. OBJECTIVES AND GUIDELINES

A total of 69 tests were conducted with the dual throat hardware
supplied by the Marshall Space Flight Center. The tests were divided into
three series: (1) plume attachment; {2) secondary only flow, and (3) parallel
fiow. A pictorial description of the tests and corresponding objectives are
shown in Figure 2. Dual throat terminology is iliustrated in Figure 5, which
also includes a comparison between typical high pressure TPE design parameters
and those for the dual throat cold flow test hardware.

The major objectives of this study are to: (1) substantiate
previous analytical results, (2) provide data concerning dual throat per-
formance, and (3) correlate the test-results to actual engine design
conditions.

B. EXPERIMENTAL APPARATUS

1. Bual Throat Assembly

The dual throat assembly supplied by Marshall Space Flight
Center consists of two concentric nozzles, spacers for changing their rela-
tive axial positions, an injector for hot firing the inner nozzle, and mani-
folding for injecting bleed flow into the annulus between the inner {pri-
mary) and the outer (secondary)} nozzles. The secondary nozzle is equipped
with 48 pressure taps in 21 axial positions. Thirty-six of the 48 avail-
able pressure taps were used during this test program.

The Dual Throat Assembly was modified to allow the high
voTume flows required for cold flow testing with gaseous nitrogen. To
increase the flow capacity of the primary circuit the injecior was removed;
a new end cap with a two inch diameter inlet pipe was fabricated; and a
sleeve was installed between the end cap and the chamber to fair the inside
diameter of the inlet pipe to the inside diameter of the chamber. The capa-
city of the secondary circuit was increased by removing the diffuser ring,
drilling a 1.031 cm {(.406 in.) diameter hole between each of the .3175 cm
(.125 in.) diameter holes in the secondary manifold, and replacing the four
1.588 cm (.625 in.) tubes on the secondary manifold cover with six 2.54 cm
(one-inch)} diameter tubes. Figure 6 shows the configuration of the dual
throat assembly as it was tested.

The primary nozzle was modified late in the program to
allow testing with two primary nozzle area ratios, and to verify the back
pressure measurement obtained initially with secondary wall pressure measure-
ments (cf. Figures 7 and 8). Six additional pressure taps were added to the
primary nozzle outer wall. These measurements agreed well with the secon-
dary wall measurements, substantiating the early test data.
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111, B, Experimental Apparatus (cont.)

2. Test Facility

Figure 9 shows a schematic diagram of the test set up. The
major components were the gaseous nitrogen storage tank, tank safety valve,
pressure regulators, pebble bed heat storage device, electric heater, flow
measurement nozzles, thrust chamber valves, and the test engine. Two flow
circuits were provided, a low flow circuit with a run line fabricated from
3.81 cm (1.5 in.) stainless steel tubing, and a high flow circuit which
used 5.08 cm (two-inch) stainless pipe upstream of the flow measurement
nozzle and 7.62 cm (three-inch) pipe downstream. The high flow circuit
contained a pebble bed heat storage device which heated the nitrogen to
prevent condensation shocks from occurring in the nozzle. The pebble bed
could maintain the temperature at the inlet to the engine at 355.6 + 18°K
(180 + 10°F) for 15 sec, at a flow rate of 4.54 Kg/s (10 1b/sec). Figures
10 agd 11 show front and rear views of the dual throat assembly on the test
stand.

3. Instrumentation

The engine was instrumented for measuring the flow in both
primary and secondary circuits, gas temperature and pressure in both circuits,
primary and secondary chamber pressure, and 36 wall pressure measurements
connected to two scanivalves. FEach scanivalve consisted of a pressure trans-
ducer close coupled to a solenoid operated pneumatic switch. The pneumatic
switch had 48 input ports and the system was capable of stepping from one
port to the next at rates up to 30 steps per second. For this investiga-
tion two scanivalves were used; one for low pressure and one for high pres-
sure. The pressure taps were connected to the scanivalves with plastic
tubing. Each pressure tap was connected to two scanivalve ports so that
two separate readings could be obtained each time the scanivalve made a
complete cycle (see Figure 12). An ambient pressure and a reference pres-
sure were also connected to each scanivalve. Table I lists the instrumen-
tation.

The heart of the instrumentation system was a mini-computer.
This computer controlled the test, and gathered and processed the test data.
Two special computer programs were written for the dual throat testing.
"APLME" was a special data reduction program and "ASCAN" was a modified
sequencing program. ASCAN performed the normal sequencing functions such
as operating the thrust chamber valves and turning on the oscillograph at
operator selected times, checking for malfunctions, and acquiring data and
converting it to engineering units based on calibration information; but had
the additional capability of operating the scanivalves. The number of pressure
measurements connected to each scanivalve, number of data records obtained,
and the time between completion of a scanivalve step and reading the pressures
were input variables to the program.

14
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Figure 12. Secondary Chamber Pressure Instrumentation




IIT, Dual-Throat Cold Flow Test Data {(cont.)

C. TEST PROCEDURE

Three test series (40 tests) were conducted under ALRC IR&D
funding. The configurations tested are shown in Figure 2. An additional
29 Mode II (Series IA) tests were completed on this contract. The hardware
configurations for these tests are illustrated in Figure 3. Cold flow
test history is summarized in Figure 13.

For Series I and IA (Plume Attachment Tests) the high flow cir-
cuit was connected to the primary chamber. The primary flow rate was 4.54
kg/s (10 1bm/sec) for the entire series, and the bleed flow was varied from
zero to 0.681 kg/s (1.5 lbm/sec) for various primary nozzle positions.

For Test Series II and III the high flow circuit was connected
to the secondary chamber. A secondary flow of 6.36 kg/s (14 1bm/sec) was
used for Test Series II (Secondary Blockage Tests). There was no flow
in the primary circuit for this series and five nozzle positions were used.

Test Series III (Paraliel Flow Tests) was conducted at a single
nozzle position with a total flow of 6.81 kg/s (15 1bwm/sec) and primary flow
fractions of 12 to 29%. For this series both primary and secondary flow
Teads were investigated.

A1l test series were conducted according to the following basic
procedure. First the electric heater was turned on and heated nitrogen was
allowed to flow through the pebble bed heat storage device. Approximately
one hour was required to heat the pebble bed. Two seven second tests could be
run on each heating. While the pebble bed was heating, the primary nozzle
was adjusted to the proper position as specified in the test plan, and final
instrumentation calibrations were obtained. When the pebble bed had reached
367°K (200°F) the electric heater was turned off and the preheat valves
closed. The tank safety valve was then opened, and the pressure regulators
set to give the required fiow in each circuit. The arm and fire switches
were then depressed which turned control over to the mini-computer. One
half second after the fire switch was pushed, the computer turned on the
oscillograph and the digital data system. Another half second later the
thrust chamber valves were opened. (For Test Series III the valves were
opened sequentially two seconds apart, for Series Il only the high fiow
valve was opened, and for Series I the valves were opened simultaneously.)
The pressures were allowed to stabilize for two seconds after opening the
valves, before the computer called for the first data record. For each
data record all important parameters were recorded including one pressure
measurement for each scanivalve. After each record was obtained the scani-
valve was advanced one step. When the computer received a signal from the
scanivalve indicating the step had been completed and the scanivalve was in
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Figure 13. Dual Throat Cold Flow Test History



I1I, C, Test Procedure {cont.)

position for the next pressure reading, the computer waited 80 milliseconds
for the pressure reading to stabilize before calling for another data record.
(Prior to starting the test program, the scanivalve was connected to two
known pressure sources and stepped from one to the other while the output
signal was recorded on an oscillograph. The results indicated a delay of
80 milliseconds was sufficient to insure accurate pressure readings.] After
stepping through the scanivalve channels, the computer terminated the test
by closing the thrust chamber valves. The computer then printed a summary
of the test data and transferred the average value of each parameter to the
data reduction program "APLME". APLME first corrected all the scanivalve
measurements based on the reference pressure readings, and tabulated the
results according to axial distance from the inlet of the secondary chamber
as shown in Table II. (This was effectively calibrating the scanivalve
transducers during each test run, and eliminated any errors due to instru-
mentation drift.) APLME next calculated the flow rate for each circuit and
for Test Series I also computed the thrust coefficient and gpecific impulse
from the pressure measurements. A sample printoud is given in Table III.

D.  DATA ANALYSIS

1. Series I and IA - Plume Attachment Test Results

The wall pressure integration technique shown in Figure 14
for calculating thrust is estimated to have an accuracy of + 0.5 percent.
For this reason and in an effort to reduce program scope, no direct thrust
measuremenis were made. As indicated in the figure, the total engine thrust
is the summation of the primary nozzle thrust (which was obtained-using the
thrust coefficient equation) and the integrated wall pressure thrust. The
engine specific impulse is the total engine thrust divided by the total
gas flow rate {(primary flow plus bleed flow).

A procedure was developed to isnlate the losses asscciated
with the dual throat engine concept, i.e., the plume attachment losses and
bleed flow losses. The test one-dimensional engine specific impuise (ISDODE)
was calculated as the mass average of the primary and bleed flow circuits
Ispong values. The ISPQDE for each circuit was based upon a calculation for
expanding nitrogen gas to an area ratio of 20 to 1 using the respective
circuit gas chamber temperatures. (The dual throat hardware Mode II area
ratio was 20:1.) The percent Igy Toss due fo the dual throat concept was
then taken to be the Igpppy for a conventional nozzle with the same conical
half angle as the dual ghroat hardware (8 = 12.5°) minus the measured test
Isp divided by the Ispyne minus the percent Igp Toss due to the viscous
drag within the boundagy layer of the nozzie a% the cold flow test condi-
tions. This loss was calculated using the TBL chart program and was found
to be less than 0.1% and, therefore, was <ignored in this analysis. This cal-
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TEST NO,
TEST DATE
BAROMETRIC PRESSURE

TABLE II

CORRECTED WALL PRESSURES

DUAL THROAT AaRDwARF N2 COLD FLOW TEST PROGRAM

CFRE&=T27=109 o
02=0R=TE 12,30,43

14,483

SECTION 3 =- SECONDARY CHAMBER WALL PRESSURE FROM SCANIVALVE INPUT

REFERENCE PRESSURE

L01938

01934

e e ——

1ST SCAN
X R TIME Pi1 PCH PwI1/PCH  TIME TTH PCH PWa/PCH  TIME W3 PCH FaI/PCH
(IN) (IN) (SFC) (PSIA) (PSIa) (SEC)  (PSIA)_  (PSIA) (SEC) (PSIAY (PSIA) _

2,940 2.925 2.089 11,650 323,815 L0360 3.150 11,669 324,846 .0359 LP00 000 L0080 L0000

4,437 2.872 2.239 11,700 324,053 0361 L 000 000 T OLT0é TT J6000 T Jgoa T T Joen T TTLA0eT L0880

5.190 2.621 2,361 11.726 324,370 L0361 3,300 11,759 325.375 L0361 L000 L000 L0000 L0000

5.939 2.197 2,497 11,709 324,688 L0361 T.422 11,764 325.719 L0351 3,830 11.739 S26.406 L0360

6,429 1,971 2,089 11,596 323,815 L035P L0040 L0000 _ _ L000 L0000 .000 000 L9000 L0000

6980 1.837 2,239 11,413 324,053 L0352 3,681 11.519 326,433 L0353 4,361 11,407 ~327.754 L0348

7.189 1.806 2,361 11,305 324,370 L0309 2000 2000 L000 _ .0000 __ .000 L0008 000 0000

7,440 1.79% 2.497 11.301 324,688 L0348 3,830 11,372 326,406 LOLLB 4,483 10,9035 32&,09R L0332

7,691 1.808 2,620 10,429 324,688 L0321 .000 . 000 L0040 L0000 L000 000 L 000 L.N000

7.940 1,837 2.769 8,970 324,529 02Tk 3.955 B,790 326,404 L 4,619 8,791 32A,07¢ L0268

A, 401 1,944 2.892 6.272 324,420 _,Ni93 4,089 6.263 327,120 .0191 _ _ ,000 L0000 L000  ,0000

B.9Un 2.055 3,028 5,073 324,A8A .N156 L000 L000 00D pOnYi L0nn L0000 LOa0 - 000G ©

9,440 2.166 3,150 4.380 324,806 0135 4000 000 ___ L,000 L0000 _ _.000 L000  .noa L000 33

9,939 2.276 3,300 3,998 325,375 L0f2% 4,271 3,969 327,437 L0121 G,7481 T,832 31°8.G08 0117 C
10,438 2.387 3.022 3,365 325,719 20103 000 L 000 000 L0000 L000 000 .000 .ooooﬂgg Ez
10,938 2,497 3,558 2.B36 326,300 LODB7 .000 L000 L 000 L0000 000 L000 L 000 L0000 \&
11,437 2.608 2,420 2.466 324,688 0076 #000 £000 000 L0000 _  ,000 00D _ _.00f L0000 ?;
11.937 2.719 2,769 2.075 324,529 L0064 3,558 2.148277326,300 0064 1,953 2,106 326,004 L0085 T W
12,8386 2,830 L000 L0040 L8000 0000 3,681 1,781 326,433 .005% w000 000 000 L0000 O v
13,927 ?.939 2.892 1.604 324,820 L0049 008 000 L000 L6606 T L ane T 000 T T ,000 L0000 & W
13,508 3,067 3,02¢8 1,315 324,688 L0041 000 L00C 000 L0000 L000 L000 000 0000 %%

eND SCAN %ﬁ

2.940 2.925 4,877 11.776 328,.7RS +0358 5.938 11.820 329,78¢ .0358 T oW0n0 w000 000 20000

4,437 2.872 5,013 11,830 328,891 0360 . 000 .000 000 L0000 L0080 L0000 000 L0000

5,190 2.621 5,149 11,837 329,024 0360 6,061 11.902 329,975 L0361 LO00 L0007 L000 L0000

5,939 2.197 5,272 11,833 329,261 0359 6,197 11,887 330,6B9 N359 6,591 11,886 331,176 L0359
“b.429 1,977 4,81 T 11,715 T2R,7AS T 03560 0 L000 000 LONC L0000 000 L000° L) Loon0e

5,940 1.A37 5,013 11,551 328,891 . 0351 6,469 1§.656 330,557 0353 7.121 11,535 331,800 L0348

7.189 1,806 5,149 11,442 329,024 0348 .000 L0060 000 0000 L0600 L8007 L0070 L0000

T 040 1.795 5,272 11,350 329,261 L0345 6.591 11.580 331,376 L0349 7.257 11,050 331,905 0333

7.691 1,806 5,.,u08 10.627 329,288 L0323 L6000 L0G0 TTT G060 ogo0 T T 7,800 0 T G000 “Le60 T L0060

7,940 1,837 5,530 9.122 329,420 « L0277 6.727 B.968 331,958 L0270 7.380 8,913 332,355 0269

B 481 1,900 "§eB0"T " 8,362 329,790 L0193 6. Rd9 5,359  331.694 Lo19e L U00 ] L oun DL

B.540 ' 2,055 5,802 5.156 329,473 L0156 L000 .000 000 L0000 .N00 L000 000 L0000

9,440 2.166 5,934 4,453 379,764 0535 L000 000 LOD0 TUTU,UmgeT T ULOOwT T T L AfnT T ,oun L0000
. 9,939 2.276 6.061 4,082 329,975 L0124 6,985 4,0t6 331,376 0121 7.516 3,869 332,619 «0116

10,438 2.3R7 6.197 3,418 330,689 L0103 “.000 L0007 OO0 T JWe00 T T L oo L0007 T T Jo00 T LOT0D

10.938 2.097 6,319 2.870 330,716 0087 LN00 .000 L0n0 L0000 LO00 L000 000 0000

T1.537 7608 5, 008~ 2,494 329.288 076 2000 L 0nT SO00 LT L000 DY L0000 Ton0n

11.937 2.719% 5,530 2.103 329,420 L0064 6.319 2.168 330,716 L0066 6.727 2,147 331.958 L0065

12,436 2.830 LN00 000 L000 LN000 6,065 1.,A07 330,557 L0055 L0080 000 000 L0400

12.927 2.939 5,6R0 1.600 329,790 L0048 000 L0000 000 L0000 .000 ,0n0 .000 L0000

13.508 3,067 S.B0O7 1,291 329,473 0039 L 000 L0000 SN0n0 T L0000 TonG T TLn00 T T L0006 L0000
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TABLE TII

FLOW AND PERFORMANCE CALCULATION (1 of 3)

PUAL THROAT GN2 COLD FLOW TEST FROGRAM
TEST NO, CFBee72

TYPE

TESY DATE

1

T=109 |

02#08e78 12,30,43
PROGRAM INPUT

TYPE | s MODE 2 PLUME ATTACHMENT TEST

TYPE 2 = MODE | SERIES gURN TEST

TYPE 3 » MODE | PARALLEL BURN TEST
LERTR » 2,883

PRIMARY FPLOW RATE (LBM/SEC

SECDNDARY FLOW RATE (LBM/SEC)

PRIMARY BTATIC CHMAMBER PRESSURE (PSIA)
PRIMARY GAS TEMPERATURE (R)

SECQONDARY GAS TEMPERATURE (R)

AVERAGE DF WALL PRESSURES (PSIA)

" X CINCHES)

2’949
4,437
5,190
5,939
6,429
b P40
7.189
T 440
7,694
7.940
8,44]
R,940
9,440
9,939
10,438
10, 938
11.“37
11,937
12,4%6
12,927
13,508

AVERAGE PRIMARY

R (INCHES)
2,925
2,872
2,624
a 197
1,971
1,837
1,Bob
1,798
1,806
1,837
1,944
2, , 058
27166
a 276
2,387
2,497
2,608
2,719
2 630
25939
3.067

NOZZLE OUTER WALL PRESSURE
11,817 PSIA

PNBAR =

PRESSURE
11,786
11,835
11,850
‘1:81?
11,734
11,519
11,43%
11,282
10.570

&, el
a.*xs
138
a.usi
3,951
3,390
2,852
2,490
2.!25
§,79¢
1,600
1,109

10,004
«390
328,408
663,629
511,738
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cjgggggéiigj;géév’ TABLE I1I
'gj&35§;g,’ FLOW AND PERFORMANCE CALCULATION (2 of 3)
/

DUAL THROAY GNZ2 COLD FLOW TEST PROGRAM
TEST ND, (FB6e7270109
PROGRAM INPUT
TYPE =& |

TYPE { = MODE 2 PLUME ATTACHMENT TESY
TYPE 2 & MODE { SERIES BURN TESY

TYPE 3 = MODE § PARALLEL BURN TESY
LERTP = 2,883

PRESSURE CALCULATIONS

STATIC STAGNATION
PRIMARY 328,406 3394820
SECONDARY 13,786 11,809

POS/POP & L03%

PLOW CALCULAYIONS
RRIMARY SECONDARY

FLOW RATE (LB/SEC) 10,000 2590
MAX, IDEAL FLOW 10,146 2,767
PERCENT OF MAX, 98,598 21,325
NORMALIZED FLOW 2759 1 13¢
FLOW COEFFICIENT CTTS .213

X BLEED FLOW &8 S,570



TABLE III
FLOW AND PERFORMANCE CALCULATION (3 of 3)

DUAL THROAT GN2 COLD FLOW YESY PRDGPAM
TEST N0, CFBemT2T7w108
TEAT OATE 02=08e78 12,30,43
PROGRAM !NSU?
TYPE » |

TYPE { w MODE 2 PLUME ATTACHMENY TEST

TYFE & w MODE 1 SBERIZS AUAN TESTY

TYPE 3 w MODE § PARALLEL RURN TESY
LERTIP 5 2,883

THRUST CALCULATIONS
PRIMARY EXPANSION
PRIMARY NOZZLE THRUST (LBF) » 702,732
NOZZLE WALL PRESSURE INTEGRATION |
*XTHRUSY GENERATED ALONG PATH FROM PRIMARY NOZZLE EXIT TO SECONDARY CHAMBER,

NORMAL PROJECTED AREA m 24,426 1IN 3G
BACK PRESSURE = 11,824 PBIA
THRUST w 288,805 LBFys

#*THRUSY GENERATED ALONG PATH FROM SECONDARY CHAMBER TO SECONDARY NDZZLE EXIT,

X R ] THET PW DR 8E PFSES
(IN) (IN) (IN2) {DEG) (PRIA} (LBF) (LBF)
2,940 2,925 =, 965 p000 11,786 wit 400 277,408

4,437 z 872 o4, 331 w10, "800 11, *8yg 81,295 226,110
5,190 2,621 wb, Tu1s =z¢ poo i, ta8y e75, *938 159,172
5,939 2,157 a2, 989 o30” L0008 11, 815 o34 eao 115,332
6,429 1,071 =f, Po03 019 700 11,731 v18, 2616 96,697
6,940 1,537 ,355 no 600 11,519 =4, tera 92,628
7,189 1,806 0,124 au,soo 11,433 a;,aix 91,214
7,440 1,195 plad p000 11,3%2 4 388 62,572
7,691 1,806 »39% 4 800 10,574 3,488 96,030
7,940 1,;37 211 9,600 8,919 9,681 105,714
8,00! {,9064 1 395 12,500 6,318 s Qla 113,694
8,940 a,oss 1,ara 12,500 5,138 7,0uo 120,735
9,480 2,166 1,535 12,500 4,433 6,433 127,168
9,939 2,276 1,525 12,500 5,984 5,98 133 136
10,438 20387  1]e88 127500 3,390 5,208 138,404
10 938 2,497 1, *780 12,800 2 aga 4,755 sa:.:se
11,437 2 L6008 1, LT 12,500 a 499 & zae $47,448
!1,937 2 71% i, 935 12,500 2,125 3,792 191,337
12,436 z,aso 1, 918 12,800 1,794 3,361 194, +998

12,927 2,939 3,6!5 12,500 1,60 3, "8ay 158 122

13,8508 3% 067 s34 127%00 17300 tlosy 189,173
PERFPORMANCE BUMMARY
THRUST 180 e ODE ¥ LO8S
METHOD tLBF) .13 (sec)y j9p
1 861,90% 81,386 1,728 82,737 969
YOTAL 0AS FLOW RATE ® 10,894 LBM/SEC
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Figure 14. Dual Throat Cold Flow Thrust Calculation



111, D, Data Analysis (cont.)

cutation, as described in Figure 15, normalizes the loss to make it inde-
pendent of the nozzle contour.

Plume attachment test data for Series I (IR&D Program) are
summarized in Table IV,

The wall pressure profiles for each test, plotted as a
function of axial distance from the injector face for various amounts of
bleed flows, are shown in Figures 16 to 19. Superimposed on each pres-
sure plot is a profile of the two nozzles showing their relative positions.
For the cases of zero or near zero bleed flows the presence of the plume
attachment shock is evident by the sudden increase in the wall pressure.

As bleed flow is added and the back pressure increases, the plume is
turned and the attachment deflection angle is reduced to the point where
the shock is eliminated.

The corresponding performance data are also shown plotted
with each pressureuprofile. These dual throat concept performance losses
are plotted as a function of bleed flow percentage. In each plot, the
performance 1osses reach a minimum for bleed flows of 4-8 percent. The
percent bleed flow corresponding to the minimum performance 10ss also corres-
ponds to the minimum bleed flow necessary to eliminate the wall pressure
spike (plume attachment shock}. This trend holds for all four positions
tested during the IR&D program. A summary of the performance losses of
the four positions is given in Figure 20. A cross plot of these data is
shown in Figure 21. These plots indicate that the lowest loss of about 0.5%
occurs at an Le/Rgp of about 3.0, with approximately 4.0 percent bieed flow.
The rapid increase in the performance loss for zero bleed flow for the
larger nozzle separation distances is a result of the plume attaching up-
stream of the secondary nozzle throat. As this occurs the plume attachment
deflection angle is greater and the resultant shock losses are increased.

The optimum nozzie spacing seems to be obtained when the plume isumade to
attach tangent to the wall at the secondary throat plane wh1ie using the
smallest amount of bleed flow.

. A summary of the contractual testing (Series IA) is given
in Table V. The results of the first 9 verification tests are plotted on
Figures 18-20 and compared to the IR&D (Series I) results. Agreement is
good between the two data sets. The apparent bias of 0.5 to 1.0% is
believed tag be an instrumentation bias as the pressure transducer used to
measure the upstream pressure of the metering venturi in the high f]ow
circuit was-decreased from 20.68 x 106 N/mZ ?3000 psi) to 13.78 x 106
N/m2 (2000]§s1) The resultant flow measurement uncertainty remained the
same at + 1%.
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Figure 15. Dual Throat Cold Flow Performance Evaluation
i

*Percent Isp loss due to boundary layer viscous drag for the conventional 12. 5
degreetconica}l nozzle:{loss was 0 to 0.1% for the cold flow tests).
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TEST

101

102
103
104
106
108
109,
10
m
112
13
14
115
116
17
ng
119
120
121
122
123

TABLE IV. - DUAL THROAT COLD FLOW SERIES I TEST SUMMARY

TEMPERATURE _°K
PRIMARY SECOND
361 302
354 282
366 286
361 277
356 303
363 291
356 286
355 298
351 259
360 307
358 297
362 288
359 282
36 294
356 324
364 299
358 304
360 300 -
355 285
362 279
357 281

ALRC IR&D MODE II TESTS

CHAMBER STAGNATION
PRESSURE, N/cn®

PRIMARY  SECOND
195 17
196 33
203 5.4
210 9.8
203 36
204 66
208 86
201 51
207 4.8
139 4.7
203 67
203 8.1
205 9.4
203 39
206 31
207 4.0
209 19
203 1.2
206 3.7
199 5.0
205 45

¥ L /R Fyac IGTEST I v Hp

8LEED e tp (KN} SEC. SECY Loss I fp &
0.0 1 067 302 8 7 82 5 139 1.666 2.979
4.8 1.067 3.17 79.8 81.2 1.04 1

7.8 1 067 3.38 80 1 82 2 190 !

12 1 067 3.64 77.9 80.9 .00

00 2 883 313 79.8 81.9 1.90 !

4.2 2,883 3.31 g1 0 82 3 08

8 2 2,883 3 48 797 81 2 116 ;

20 2 883 3 20 80.4 81.6 0 76 ; '
1.4 2 883 3.26 79 9 81 2 .80 ;

0.0 5 045 2 89 75 9 82 3 7.12 *

4.0 5.045 3,19 78 8 81 8 3 01 |

72 5,045 3.31 79.3 82.0 2 57 A

03 5.045 3.43 78 1 8 3 3.20 )

3.1 1 067 3.22 79 9 82 2 215

13 1.067 3.23 80.1 81.8 135

2.4 1.067 3.28 80 © 82 6 1.38 '

00 1.067 322 80.2 821 1 67 !

0.0 0.0 3.12 79 8 82.4 2.46 '
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N3
114
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TABLE IV (cont.)

. CHAMIER STAGNATIOH Cet L TEST
TR e Pt aeen e/ B Stee
i CLCORD, L3 B
650 543 283 25 0.0 1.067 679 80.7
637 508 234 4.8 ag  1.067 N3 79.8
658 514 295 78 7.8 1.067 759 80.1
649 408 300 2 M2 1,067 819 7.9
641 545 295 52 0.0 2,883 703 79 8
653 523 296 9.5 a2 2.883 743 5t o
641 515 301 12.5 g.2 2883 782 797
639 537 292 74 20 2.883 720 80.4
631 538 300 6.9 1.4 2283 734 79.9
648 552 289 68 0.0 5.005 650 75.9
644 535 204 9.7 4,0 5045 18 78 8
652 519 204 ne 72  5.085 744 793
647 507 298 13.7 1003 5.005 m 78.1
§50 -530 295 57 33 1.087 724 79.9
641 534 209 as 1.3 1 0s7 726 20.1
655 528 300 5.8 . 2.4 1,067 737 809
£44 548 303 28 0.0 1.067 724 80.2
648 540 295 1.7 co 00 701 79.8
635 513 299 5.3 35 0.0 734 79.2
651 502 268 73 75 0.0 725 78.4
643 506 297 6.5 5.7 00 739 18.7

H
=S5EC——
82.5
m 2
g2.2
80.9
8.9
82.3
81,2
a1.8
a1.2
82 3
2.3
8290
81,3
g2 2
81.8
826
82.1
82,4
aN.5
a1.s
81 5

h 4
10358

1.39
1.04
1.90
310
1.90
0.82
1.16
076
90

7.2
3m
2 57
J.z2o
2.15
135
1,38
1.67
2 46
2,10
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+ TEST

1014
102
103
104
105
107
108
109
110
m
112
113
14
115
116
17
118
119
120
121
122
123
124

125

126
127
128
129
130

TEMPERATURE, °K

TABLE V. - DUAL THROAT COLD FLOW SERIES IA TEST SUMMARY
CONTRACT MODE II TESTS

CHAMBER STAGNAT ION

PRIMARY

363
356
369
358
370
366
357
368
356
357
349
358
349
367
365
366
354
369
363
368
358
374
366

n

364
374
366
376
371

PRESSURE, M/em?

SECOND

280 199 8.0
312 202 4.6
287 214 5.9
285 217 7.0
279 223 80
302 2585 3.9
286 230 57
284 234 81
286 238 72
278 228 4.8
292 230 22
282 209 3.9
2a2 210 37
284 205 30
285 208 27
279 210 30
288 212 11
279 208 26
281 211 21
280 196 2.7
286 199 0.3
283 196 23
285 200 17
279 195 6.8
285 198 47
282 197 6.3
233 201 57
277 198 76
3N 201 32

%
BLEED

1.7
0.9
240
4.0
5.8
09
20
56
37
8.6
0.0
6.6
57
35
2.0
6.2
0.0
45
2.3
€2
¢.0
48
Z2.a

g0

23
61
42
02
0.0

" Fyac Ip TEST Tspppe %1, - i
e "tp Kn SEC. SEC LOSS , P 5
1
5.045 3 24 78 5 81.9 3.5 11666 2979
5 045 2.90 745 81.9 82 i
5045 322 77 6 83 2 6.0 ,
5 045 3.39 776 81.8 4.4 |
5.045 355 79 2 82.8 37 '
2.883 3,44 80 2 83 1 2.7 1
2883 363 80.5 8l 8 08 '
2 883 3.83 81 4 82,7 1.0 i
2.883 3 84 80.4 815 0.7 !
4130 370 77.1 81 1 4.3 1,666 1.626
4130 3.4 76 0 81 1 56 i
4130 335 77.9 815 37 )
4130 335 77.4 80.7 3.4 :
4.130 3 21 79.3 82 7 35
4130 320 78.9 82.7 39 '
3 934 339 79.5 82 3 2.9 3164 1.626
3 934 325 790 8.7 26 . !
393 332 80 5 829 22
3.934 332 80.6 B2 5 16 !
3213 3186 79.0 82 6 356 :
3.213 3,08 79 2 82.2 30 :
3213 3.2 80 2 83.4 32 ,
3213 3.3 79 9 82.8 28
4.930 3.20 79 8 82.7 27 3064 2.979
4930 314 81,1 82 6 1.1 :
4 930 321 810 83 2 20 '
4 930 3.23 gl 82.6 12 !
493 329 79 5 82.9 35
493  3.02 79 9 83.5 36 i
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TABLE V. - DUAL THROAT COLD FLOW SERIES IA TEST SUMMARY
CONTRACT MODE II TESTS {cont.)

CHAMBER STAGNATION,
TEMPERATURE, °R PRESSURE, PSIA FVac ]SP TEST ISP %1 p

TEST  PRIWARY  SECOND.  PRIWARY  SECOND.  BLEED L /R, ypp - o0e Loo
WA 658 504 288 16 7.7 5045 728 78 5 81.9 35
02 640 561 293 67 0.0 5085 653 74.5 81 9 82
103 664 517 310 86 2.0 5.045 724 776 83.2 60
164 645 513 315 02 4.0 5.045 761 1746 81.8 4.4
105 665 503 123 .6 58  5.045 799 79.2 82.8 37
07 659 543 327 5.6 0.0 283 M 80.2 83,1 27
108 642 514 333 8.3 20 2883 8V 80 5 8.8 03
10% 661 511 140 ns 56 2 883 262 a81.4 2.7 10
N0 640 514 345 10.4 317 2883 863 80.4 8.5 0.7
mo e 507 330 6.9 86 4130 8% 71 81 43
e 62 25 334 32 0.0 4030 766 76.0 8.1 5.6
"3 6 507 303 57 56 4030 754 179 8.5 3.7
114 629 508 304 54 5.7 4.130 753 P74 80 7 34
15 660 511 298 44 15 4w 72 79 3 82 7 3.5
116 657 513 302 39 2.0 4,130 720 78 9 82.7 3.9
n7 o ese 502 304 4.4 6.2 393 76 798 82.3 2.8
N 63 518 208 1.6 00 393 730 790 8.7 2.6
ne 665 503 mn 3.8 4.5 3,934 747 80 5 82 9 2.2
120 654 506 306 3.0 73 oM 47 80.6 B2.5 1.6
2 eee 504 284, 39 62 3213 710 79.0 82.6 3.6
122 646 514 289 1.2 R W 79.2 82.2 30
123 67 509 284 3.3 15 323 700 80 2 83.4 32
Y24 658 513 290 2.5 2.1 3.213 704 7989 82.8 T2.8
Y25 667 503 283 9.9 8.0 4.930 720 79.8 82.7 2.7
126 655 513 287 58 2.3 4.9% 706 811 82.6 1.1
w6 507 286 9.1 5.1 4930 72 81.0 5.2 2.9
129B 2?? 3;3 7 o e 1 W 7.2 88 35
130 667 560 29) 4.7 0.0 4930 680 79.9 B3.5 3.6

£

—L2
1.666

- 3.164
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2.979
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111, D, Data Analysis (hont.)

The remaining 20 tests were conducted using different primary
and secondary nozzle area ratio combinations. The primary objective of these
tests was to determine the Mode II performance effects produced by different
geometry configurations and bleed flows. The wall pressure profiles and
corresponding performance losses are plotted in Figures 22 to 25.

The same trends in performance Toss and shock elimination
are evident with these data as were evident in the Series I results. The
summary of these data is shown in Figure 26. These test results show that
the performance losses are minimized by increasing the primary nozzle exit
area and decreasing the secondary throat area, indicating that the plume
attachment shock strength and the resultant performance loss are reduced as
the gap between the nozzles is eliminated. In the limit, of course, the
dual throat Tosses go to zero as the gap is closed forming a conventional
nozzle.

2. Series II - Secondary Blockage Test Results

The performance loss determined by the Series I testing is
restricted to Mede II operation of the dual throat engine. In practice,
the compatibility of Mode I and Mode II operation must be considered when
designing an engine. Therefore, Mode I secondary blockage (Series II)
tests were conducted during the IR&D effort.

For all Series II tests 100% of the flow emanated in the
secondary nozzle. The objectives and approach for this series are given in
Figures 2 and 27.

Five tests were completed, one with the primary nozzle
removed, and four other tests with the primary nozzle at discrete positions.
Table VI is a summary of the tests conducted during this series.

Figures 28-30 show the measured wall pressure distribution
along the secondary wall for three primary nozzle positions, respectively.
Also included in each figure, for comparison, is the wall pressure distribu-
tion obtained when the primary nozzle was completely removed.

The tests were run with a constant secondary flow rate of
about 6.4 Kg/s {14 1bm/sec). As the primary nozzle is located further from
the secondary throat, the actual flow area increases thus reducing the plenum
chamber pressure.

The secondary blockage test results indicate that blockage

of the primary nozzle becomes a problem if the separation distance is too
small and the primary nozzle begins to obstruct the flow in the secondary

40
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TEST NO.

124
125
126
127

128

TABLE VI

SECONDARY BLOCKAGE SUMMARY

SECONDARY FLOW

Kgls  {ibm/sec)
6.21 (13.7)
6.26 {13.8)
6.21 (13.7)
6.40 (14.1)
6.26 (13.8)

Pes
e
N/CM {psia)
25.3  (36.7)

29.1  (42.2)

28.6 (41:54)*

43.8 {63.5)

54.4 75.(78.9)}

*DATA QUESTIONABLE (DIFFUSER FLOW ATTACHMENT?)

G
'
X3
%
[~
@
Le/Rtg
Removed
5.045
2.883
1.067
0.000
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111, D, Data Analysis (cont.)

nozzle. To maintain choked flow in the secondary circuit solely at the
secondary throat plane, the primary nozzle must be located such that the
flow area between the primary and secendary nozzles is greater than the
secondary throat area. Figure 31 is a plot of the flow area (Af) divided
by the secondary throat area (ATS) versus the nozzle separation distance
Le/Rtp for both the low (e = 1.666:1) and high (e = 3.164:1) area ratio
primary nozzles. To maintain a flow area ratio AF/ATS > 1.0, the Le/Rip
must be >1.9 for the low area ratio nozzle and >2.5 for the high area
ratio primary nozzle. The Mode I and Mode II aerodynamic operating
regions are shown plotted together in Figure 32.

3. Series III ~ Parallel Flow Test Results

In this series of tests both nozzles were operated with
sonic flow through their respective throats. The flow split (% primary/
% secondary) ranged from 10%/90% to 30%/70%. The test objectives and
approach are given in Figure 33.

A summary of the parallel tests is listed in Table VII.
The primary chamber pressure ranged from 34-79 N/cm2 (50-115 psia}. The
secondary chamber pressure from 6.7-41 N/cmZ (10-60 psia). The chamber
pressure ratio (Pcs/Pep) ranged from .311 to .912. The primary flow
ranged from 10-30% of the total flow; the secondary flow ranged from
70-90%.

Of the 14 tests conducted during this series, five tests
had sonic flow in both the secondary and primary nozzles. The other tests
had subsonic flow in the primary with sonic flow in the secondary. Also
shown Tisted in the table is the normalized primary nozzle flow rate. This
term is plotted versus the chamber pressure ratio in Figure 34.

Referring to Figure 34, the normalized flow rate increases
to a maximum as the pressure ratio decreases. The maximum constant flow
rate corresponds to sonic flow. The range of chamber pressure ratios over
which primary sonic fiow occurs is Pcg/P p < 0.7. The corresponding flow
split range is wy > 19% and we < 81%. I% should be emphasized that these
ranges hold only for the particular hardware tested. Upon optimization
of the primary nozzle expansion ratio and nozzle half angles the results
could vary.

The conciusions of this series of tests are:

o Nominal primary flow to a high back pressure is
feasible.
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® OBJECTIVE
(1)

(2)

(3)
® APPROACH

(1)
(2)

(3)

DEMONSTRATE LIMITS OF ACHIEVING SONIC FLOW IN PRIMARY CIRCUIT WITH VARIOUS
BACK PRESSURE

ESTABLISH RANGE OF CHAMBER PRESSURE RATIOS WHICH WILL RESULT IN SONIC FLOW
IN PRIMARY THROAT

PARALLEL FLOW PERFORMANCE

ONE PRIMARY NOZZLE POSITION - Le/Rtp = 5,045 (MOST LIMITING CASE - HIGHEST BACK PRESSURE)

VARY SECONDARY CHAMBER PRESSURE FROM 10 TO 41 N/CM2 (15 TO 60 PSIA) AND PRIMARY CHAMBER
PRESSURE FROM 38 TO 79 N/CM2 (55 TO 115 PSIA)

MEASURE SECONDARY WALL PRESSURES
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Figure 33. Parallel Fiow Test Program
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PARALLEL FLOW SUMMARY

TABLE VII

TEST NO. Pep Pes Pes’Pep sy %W «/Tep/Pep sonzc rLow

130 56. 12 0.311 100. 0 0.779 *

131 64. 58 0.912 14, 86 0.670

132 66. 58 0.882 4. 86 0.711 S8
133 70. 60 0.854 15. 85. 0.747 p %
134 73. 58 0.800 16 84 0.769 5 E
135 109. 46 0.424 29. 71. 0.778 * Qg
136 65. 58 0.896 13. 87. 0.702 ‘ E%ﬁa
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[+]

Primary sonic flow was achieved over a range of:

[+

Chamber pressure ratio <.7
Flow split: Wy > 19% and wig < 81%.

o

E.  CONCLUSIONS

.

The most important conclusion from these data is that the dual
throat concept is aerodynamically feasible. The performance loss obtained
with the testing hardware is as.low as 0.5 percent. The loss is minimized
by an optimum nozzle spacing corresponding to an AF/ATS ratio of about 1.5,
or an Le/Ryp of 3.0 for the dual throat hardware tested, while requiring
only 4% bleed flow. The cold flow results indicate that the Mode I and

Mode II geometry requirements are compatible ahd pose no significant
design problems.

57



Iv. AERODYNAMIC MIXING MODEL
A.  OBJECTIVES AND GUIDELINES

The primary objective of this task was to develop an analytical
model capable of predicting the aerodynamics unique with the. Mode II opera-
tion of the dual throat thruster.

The plume which is generated by the expanding exhaust gases
exiting the primary nozzle and the resultant reattachment to the secondary
wall can best be described by two processes: (1) the base pressurization
effects caused by the reattachment of the plume to the secondary wall, and
(2) the effects of the secondary or bleed flow (mass addition) to the super-
sonic flow and its effect on the base pressure and plume shape.

A survey of the literature on the above topics revealed the
existence of a vast amount of work associated with the base pressurization
of the wake associated with high velocity projectiles. Many models have
been developed to predict these base pressurization effects, ranging from
sample empirical models to highly sophisticated, finite element solutions.
Because of the anticipated use of this aerodynamic model for repeated
parametric studies in the future, the base pressure theories of Korst,
Chapman and Bauer were used in the development of this model. The
resulting model met both the resource and technical requirements of this
aerodynamic analysis. A complete description of the model and a compari-
son with the cold flow data are presented in this section.

B. MODELING APPROACH AND DEVELOPMENT

The Mode I1 (sustainer mode) operation is illustrated-in
Figure 35. The primary thruster expands the flow to a supersonic condi-
tion at the nozzle exit. Further expansion then occurs in the form of a
Prandt1-Meyer expansion fan at the nozzle lip. The result is an exhaust
plume with a constant pressure boundary. Flow is introduced into the
secondary chamber so as to control the location of the plume boundary in
order to minimize reattachment shocks which occur when the flow impinges on
the secondary nozzle wall. The plume boundary is an exhaust streamline path
and acts very much as a nozzle wall. However, a shear layer develops along
this boundary due to viscous interaction of the exhaust jet and the gases
recirculating in the secondary chamber. Analysis of this shear layer mixing
region and the phenomena described above are an important feature of the
aerodynamic model.

X The assumptions employed in the aerodynamic model are listed
elow:

° The flow Teaving the primary nozzle is one dimensional and
supersonic.
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1V, B, Modeling Approach and Development (cont.)

° The exhaust is represented by an ideal gas with a constant
expansion coefficient, v.

° The shear layer is represented by the shear layer model
developed by Chapman (Ref. 1), Korst (Ref. 2), Bauer
(Ref. 3), and others. Assumptions implicit in this model
have been retained.

e The shear layer is isoenergetic.

° The shear layer is treated as two dimensional.*

° The shear layer is a constant pressure surface, both in
cross section and along its entire length. At the inner
edge of the shear layer, the gas velocity is negligible.
At the outer edge of the shear layer, the velocity is con-
stant and equal to the velocity of the plume boundary
streamline.

° The plume boundary can be represented by the methods developed
by Herron (Ref. 4).

Details of the aerodynamic model are discussed below.

1. Nozzle Wall and Plume Geomeiry

Both the primary and the secondary nozzles are assumed to have
geometries that can be described analytically by the following parameters:

° Chamber contraction ratio.

° Circular wall radius connecting the chamber and the
nozzle inlet.

° Conical nozzle inlet.
° Circular wall radius upstream of the nozzle throat.

o Circular wall radius downstream of the nozzle throat.

*This assumption has been shown by Bauer (Ref. 3) to be accurate provided that
the projected thickness of the mixing zone on the radius of symmetry is
less than .3 of the radius of symmetry. This condition is always satisfied
in the dual throat engine.
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IV, B, Modeling Approach and Development (cont.)

° Either a conical exhaust nozzle or a contour shape

that can be represented by a spline Tit.

An exact definition of these parameters is given in the WALL
subroutine. The input data write-up for the program provides the details
concerning their use. The above parameters are sufficient to accurately
define the geometry of a rocket nozzle. The parameters have been chosen so
as to be identical to those used by the TDK program (Ref. 5), which is to
be used elsewhere in the performance prediction procedure. The coordinate
system of the nozzle geometry is centered at the nozzle throat plane, and
the nozzle throat height is assumed to be unity. In this way, a nozzle
can be scaled by use of only one number, j.e., the actual nozzle throat
height (or throat radius).

The calculations carried out by the aerodynamic model
computer program, however, are in the "plume coordinate system". This
system is centered at the exit plane of the primary nozzle, and the nozzle
exit plane height is assumed to be unity. Thus, the primary and secondary
nozzle geometries must be converted to the piume coordinate system, This
conversion is done automatically by the computer program.

Once the aerodynamic model calculations have been completed,
it is necessary to output an effective nozzie contour for the sustainer
nozzle during Mode II operation. This is done for a nozzle operating with
sufficient bleed flow that the plume (i.e., shear layer) boundary attaches
Just downstream of the secondary nozzle throat. Attachment further down-
stream (or perhaps no attachment) is regarded as requiring an excessive
amount of bleed flow. Attachment upstream of the secondary nozzle throat
is regarded as unacceptable because of induced shock structure and aerodynamic
losses that lower engine performance. The program thus determines a bleed
flow rate which is a "best solution" for the operating conditions of the
engine.

2. Plume Boundary Shape

A correct shape for a plume boundary caused by a supersonic
Jjet expanding into a quiescent media can be obtained using the method of
characteristics (MOC}. Computer solutions of this type have been verified
to predict plume structure for a wide range of experimental conditions.
These MOC solutions require computer calculations that are of the order of
several minutes per solution. Thus, they are regarded as not suitable for
parametric analysis. Consequently, a number of simpler, correlative tech-
niques have been developed for rapidly predicting plume shape. The basic
approach common to these methods is to predict plume shape by matching
MOC solutions that have either been published or calculated for the purpose
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IV, B, Modeling Approach and Development {cont.)

of providing data to match. A method of this type was selected for incor-
poration into the aerodynamic model. The method seiected to determine the
plume boundary shape was that of Herron (Ref. 4). Before a satisfactory
choice of method could be arrived at, a number of methods were investigated,
programmed, and tried out in the aerodynamic model. For various reasons
they were found to be unsatisfactory. Because of the effort expended in
determining a proper method, the methods that were investigated are dis-
cussed below.

The methods investigated were those of Charwat (Ref. 6),
Latvala (Ref. 7), Andes (Ref. 8), and Peterson (Ref. 9). The Charwat
method was used in the original Brown Engineering Computer Program, and
was therefore immediately avaiiable. It was found, however, that the method
failed when applied to the operating conditions of the ALRC cold flow test
series (Ref. 10). This problem was confirmed by an author of the JANNAF
Plume Handbook (Ref. 11). The Charwat method was investigated for inclusion
in the handbook, but was omitted when jts limitations were found. Instead,
the method of Latvala was recommended.

Despite this recommendation, the method of Latvala was found
to be highly inaccurate for a gas with an expansion coefficient differing
from that for air (v = 1.4). For example, the plume shape for an expansion
at y = 1.15 presented by the Latvala method gives a plume shape much too
‘expansive. The simple correction for values of v other than 1.4 that is given
in the JANNAF Plume Handbook was found to be ineffective. This probiem had
been noted previcusly by Andes (Ref. 8) who developed a correlation formula
to correct the Latvala plume shape for a broad range of conditions— The
Andes method, however, was found to be not applicable to the Latvala method
as given in the JANNAF Plume Handbook and required use of a computer pro-
gram developed by Andes. This program was found to be no longer available.

The method of Peterson was also investigated. This method,
which appears to be quite accurate, is contained in an appendix to
Reference 9. It has the shortcoming of being available only for flows
with vy = 1.15. Working out the charts on which the method is based for
other expansion coefficients would be time consuming and would require a
set of MOC calculations to be carried out. Because the method is essentially
geometrical and also requires a set of charts, it is not readily suitable for
use as a computer subroutine. Unlike the Latvala method, the Peterson
methods use a physically correct choice of correlation parameters.

It was thus necessary to examine other methods for pre-
dicting plume shape. Next, the Herron method was tried and found to be
satisfactory when suitably modified. This method uses the quantity Mp/vy
as a similarity parameter to simplify the problem. As defined in the
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IV, B, Modeling Approach and Development (cont.)

Nomenclature, Mp is the Mach number along the plume boundary and vy is

the ratio of heat capacities. Given the plume expansion angle at the nozzle
1ip, defined as the nozzle Tip angle plus the Prandtl-Meyer expansion angle,
j.e., § = 8y + Av, and given the parameter Mp/y, three charts can be used to
locate three fixed points along the plume boundary. These points corres-
pond to x/re = 5, 10 and 18. For example, given x/re = 5, and values of &
and Mb/y, the charts can be used to determine a value for r/re. Herron has
correlated this method against numerous plume shapes, ranging from &'s of
45° through 65° and My/y values of 5, 7, 10, and 13.

Unfortunately, the available charts are so small as to be
almost unreadable. Also, for the dual throat nozzle, the plume shapes of
interest are for values of x/re that are generally less than five, values of
Mb/y less than five, and values of & less than 45°. Like the other methods
investigated, the Herron method is intended to approximate plume shapes where
the plume is highly under expanded and, thus, relatively large in extent.

It was necessary, therefore, to extend the Herron method to
the region of interest for the dual throat nozzle. This was done by
carrying out a series of MOC plume calculations and developing a set of
tables from the resuits. The plume calculations were carried out so that
tables could be constructed over the range:

Mb/y = 2, 3,5,7, 10, and 13
$ 30, 45, 60, 75°
3,5

[}

x/re
Next, it was necessary to determine a plume shape from the points obtained
from the correlation method. It has been found that a plume boundary can

be approximated by a circular arc with reasonable accuracy (Refs. 7 and 8).
Three conditions are required to determine a circle, and thus, several choices
are possible. For example, the Latvala method, as presented in the Plume
Handbook {Ref. 11) uses the nozzle exit coordinates, the angle &, and the
radius of the circle as the three conditions. A better choice in matching
plume chape, however, was found to be three points as follows:

(1.0), (r/re]3:3), a?d (r/ry|5s5).
In this way the plume is forced to pass through three points in the region
of interest, although in general the plume expansion angle at the nozzle
1ip will not be satisfied.

3. Shear Layer Model and Its Use in the Aerodynamic Model

The shear layer model is essentially as described by
Bauer in Reference 3. The shear Tayer is assumed to begin at the exit
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IV, B, Modeling Approach and Development (cont.)

of the primary nozzle where its thickness is negligible. It then develops
as a turbulent shear layer along the boundary of the primary nozzle exhaust
plume. Viscous interaction of the exhaust plume with gases recirculating
in the chamber of the secondary nozzle form the shear layer. In steady
state operation, the system will maintain a stable equilibrium base pres-
sure. This base pressure determines the plume boundary. The theory assumes
that a streamline divides the shear layer such that gases on one side of the
streamiine are recirculated into the base region. This is the so called
"dividing streamline" concept. At steady state operation, all of the’
gases exhausting from the primary nozzle will also exhaust from the
secondary nozzle. Gases in the recirculating region {in this case the
chamber of the secondary nozzle) have been trapped because they are
degraded in total pressure to the extent that they cannot penetrate the
static pressure rise produced by turning of the fiow at the point where the
shear layer impinges the secondary nozzle wall. It is assumed in this
model, that the dividing streamline becomes a stagnhation point at the
secondary wall. This stagnation occurs abruptly either by a compression
that is essentially isentropic, or by a non-isentropic compression through
a shock structure. Details of this process govern the value that will be
obtained for a base pressure, i.e., the pressure along the plume boundary.
Methods by which this base pressure value can be estimated are discussed

in Section b, below.

Assuming that the base pressure is known from experimental
data for the case of no bleed flow, it is possibie to completely deter-
mine the flow conditions in the nozzle, both with and without bleed flow,
using the procedures outlined in the following steps:

(1) Conditions at the exit of the primary nozzle are
determined using the one-dimensional relation between Mach number and
area ratio, i.e.,

- w12
Sp = Me [FT'(]'!‘

(2} The exhaust flow is turned at the nozzle 1ip and
expands to equal the boundary Mach number My. The angle of this turn,
Av, is determined.using the Prandtl-Meyer relations for supersonic
expansion at a point, as follows:

Y+.[
vl 2y 20FT)
2 e
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IV, B, Modeling Approach and Development (cont.)

where:
1/2 1/2 1/2
+1 - ; 2
vy < (%:TJ arctan E%;% (My -1)1 - arctan [M" - 1]
1/2 _ 1/2 1/2:
ve = (%;%J arctan E%;% (M, - 1] - arctan [Mez-l]

(3) The plume boundary is determined using the modified
method of Herron as previously discussed. Since the plume boundary is a
circular arc, all of its geometric properties {such as its position, arc
length to any point, and slope at any point) are known analytically.

(4) The intersection of the plume with the secondary
nozzle wall is determined geometrically.

(5) The Korst method allows the shear layer properties
to be determined exactly at the point of intersection of the plume boundary
and the wall. A1l of these properties can be evaluated from various
integrals of the error function, as described in the next section.

(6) The plume boundary is a stream 1ine. This stream-
line will be turned abruptly (i.e., deflected) to follow the secondary
nozzie wall, resulting in a shock structure. The cases of most interest
correspond to solutions of the shock relations of the weak family. Cases
where a lamda shock structure develops, so that the flow is shocked sub-
sonic in part of the region, are of less interest since they correspond
to aerodynamically poor designs. The oblique shock relations are used
to determine the rise in static pressure across the shock and the loss of
total pressure across the shock. Since the development of shock structure
in the nozzle is fundamentally a two-dimensional phenomenon, no attempt
is made to treat the fiow in the nozzle downstream of the origin of the
shock.

(7) Once a solution has been obtained for the zero
bleed flow case, the calculations are repeated using successively larger
values for the base pressure. The bleed flow rate that corresponds to
this pressure increase is then evaluated using the method presented by
Bauer (Ref. 3) and given in the following section. The calculations
terminate when the plume boundary is found to attach downstream of the
secondary nozzle throat.*

*A more exact description of steps {1} through (7)., above, is presented in
Appendix A, the problem statement for the aerodynamic model.
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IV, B, Modeling Approach and Development (cont.)

The $teps described above are sufficient to determine the
shape of the "wall" that bounds the exhaust from the primary nozzle during
Mode II operation. In order to determine the aerodynamic performance of
one of these solutions, it is necessary to input this wall to the TDK
computer program. The TDK program gives a MOC solution for the nozzle.
Shocks are ignored by TDK, but an optimum design will have weak shocks
that can be ignored, i.e., treated as isentropic compression. The inter-
face between the shear Tayer model and TDK has been automated by developing
a spline curve fit to the primary exhaust "wall" shape, i.e., the primary
nozzle, plume boundary, and the secondary nozzle contour downstream from
the plume attachment point.

a&. Governing Equations for the Shear Layer Model

A derivation of the shear layer model has been given
in numerous reports such as References 2, 3, and 12. Much material and
an exhaustive list of references on the subject are presented in
Reference 13. Therefore, only a summary of the equations used will be
given here.

At a distance, &j, along the shear Tayer as measured
from its origin, a complete soiution is available for properties transverse
to the shear layer in terms of a non-dimensional distance, n.

A dimensional distance, Y, can be cbtained from n
as follows: .

Y = T}Raj/g
where:
o is the “"shape factor" of the shear Tayer.

Both n and Y are measured from the centeriine of the shear layer. The
only value of n that is actualily required by the model is np. the non-
dimensional location of the dividing streamline and this value is tabulated
as a functian of Crocco number in Reference 3.

The velocity profile, ¢, is given by the relation

¢ = [1 + erf nl/e.

The Crocco number, Cag, js also required by the method and is simply

2 = -
Ca = 1-T/T,
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IV, B, Modeling Approach and Development (cont.)

where:

1/2
- 1 u2
Tb/T0 [1+ 5 Mb 1

Two integrals must be evaluated using the above quantities, and these are
defined as: ’

n
(Io) = dné 2
n ‘-wT—Cam¢
(I) = n.__q’_gﬂ._.._
1 2 2
n -~o 1 - Ca_ ¢

The subscript is used to designate the upper 1imit of the integral. These
integral are evaluated using Simpson's rule as the method of integration
and a standard subroutine for evaluating the error function. Because of
the exponential character of the error function, it is desirable to divide
the integral .ipto several intervals. The limit values +.x can be

accurately taken as + 3, which is the convention used by Bauer (Ref. 3).

Bauer gives an expression for the mass flow between
two streamlines that can be applied to relate the pressure and length of
the shear layer to a bleed flow rate.

For the case of no bteed flow, the ratio of mass
flow entrained on the base flow side of the dividing streamline to the

total mass flow is bound to be*:
+1
])ZIY-Ti

2 P 2
(6/67) = @) 2y 1-ca_ Tl

o

If this expression is evaluated for solutions found with a larger base
pressure, the difference in mass flow must be due to the bleed flow rate.
Therefore, the percent bleed flow associated with these solutions is:

*This expression differs from that given by Bauer (Ref. 3, Equation 13) in
that the flow is assumed to be two-dimensional rather than axialily symmetric,
resulting in a somewhat simplified result. ’
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IV, B, Modeling Approach and Development (cont.)

L U S 1 (1
w i = teren ™ - (e (M1 oo

where:
i = 1 represents zero bleed flow
i > 1 represents solutions obtained by raising the base pressure
ﬂs ‘ is the weight flow rate in the secondary chamber
Np is the weight flow rate in the primary chamber

It is also necessary to use an expression taken
from the Titerature for the shape factor, o. Bauer gives two such expres-
sions. The first, due to Korst, is an empirical expression based on
experimental data in the Mach number range from 1 to 2, which is

6 = 12+ 2.758 M {Korst)

b

A more basic method presented by Abramovich is pre-
ferred by Bauer. The expression is

o = 24 (11)3/(10)3 (Abram?vich)

Both expressions give the classical result that for incompressible flow
(Mb = 0) the shape factor is:

05 ° 12

It was found that the aerodynamic model successfully correlated the ALRC
cold flow data when the Abramovich model was used, but bleed flow vs base
pressure was over predicted somewhat when the Korst model was used. This
trend is because the Abramovich formulation gives Tower values for ¢ than
the Korst method (see Figure 3 of Ref. 3).*

Reference 13 gives data and models for about a dozen
different relations for . At Mach numbers greater than one, all of these
methods give a result larger than the Abramovich model, and thus, poorer
agreement with the data. It is somewhat surprising that the Abramovich
model predicts the data as well as it does. The results presented in
Ref. 13, however, were obtained in studying the base flow behind a projec-

*Since o appears in the denominator of the expression for G/GT, a larger
o means that a larger bleed flow is required to produce a given change in
plume shape.
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IV, B, Modeling Approach and Development (cont.)

tile. Thus, the conditions existing at the dividing streamline stagnation
point are different than found in the dual throat nozzle, or in the injector
systems studied by Korst and Bauer. A basic difference is that the stag-
nation point occurs in the axis for the flow behind a projectile, so that
axisymmetric effects are critical.

A theoretical determination of conditions that exist
in the vicinity of the shear Tayer attachment stagnation point is one of
the remaining unsolved probiems in fluid mechanics. Consequently, only
semi-empirical methods exist for predicting the pressure of the shear
layer. This problem is discussed in the following subsection.

b. Prediction of the Zero Bleed Flow Base Pressure

Three options are availabie for determining the value
to be used for base pressure, Pp/Py, for zero bleed flow.

(1) The value can be input directly to the program.
If a wmeasured value is available, as for example the values measured in
Ref. 10, it should be used.

(2) The value can be calculated automatically by
the program. For this option, a pressure is calculated based on the ratio
of the area of the secondary nozzle throat to the area of the primary
nozzle throat. This value corresponds to the pressure that would be
obtained if the nozzle were perfect, i.e., parallel flow downstream-of the
plume attachment.

{3) A method is also available that calculates pres-
sure ratio by use of a correlation relating the wall angle at plume attach-
ment to a deviation from the area ratio pressure of Method (2), above.

The correlation is based on the cold flow resuits obtained during this
program (Ref. 10}.

A more general method of determining the base pres-
sure is desirable. This problem is discussed in detail by Roberts,-Ref. 12,
where the 1iterature on the subject is reviewed and a method is recommended.
c. Calculation of Displacement and Momentum Thickness
Across the Shear Layer

The basic definitions for momentum thickness, 6p, and
displacement thickness are
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IV, B, Modeling Approach and Development (cont.)

[

® ol U
o = [ L= (1-§) dy
Eoypeee U
and
® U
&% = (1 - &) dy
{D pelg

where the integrals are taken from the dividing streamiine to the interior
edge of the shear layer. Since

dy = é-d
U/Ue = ¢
and*
1- cal
o/o -7
E 1- Cam¢2
it follows that
1-¢a’) (1-9)
I { ® X
% = 7 g I
: p 1~Caw¢
and
) (1 - ca2) o_ 4
8% = f [1- 5 ];dn
- TID ]"‘Cam

These expressions can be used to obtain the momentum deficit and hence, the
thrust loss accumulated in the portion of the shear layer that exits from
the nozzle. Note that this calculation also includes the effects of

the bleed flow addition since this is accounted for in the shear layer
derivation.

*Refer to Appendix A of Ref. 12 for a derivation.
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IV, Aerodynamic Mixing Model (cont.)

C. MODEL VERIFICATION

A series of cold flow tests have been conducted by ALRC using
dual throat nozzle hardware supplied by the Marshall Space Flight Center.
Results of these tests were described earlier in this report.

The aerodynamic model has been used to analyze the nozzle con-
figurations and test conditions included in the cold flow investigation.
Hardware configurations for the tests are shown in Figure 36. Test numbers
given in Figure 36 are for the test series conducted during Task I of-this
program. The hardware configuration for the previous IR&D test series was
identical with that shown for test 101A-110 of the Task I test series.

Results of each test were presented in Section III. Each

set of tests are for a fixed hardware configuration, but with the bleed
flow varied. Table VIII gives the separation distance, L{Rgp, between the
exit plane of the primary nozzle and the throat plane of the secondary
nozzle. Also given is the bleed flow rate for each test, and the measured
value obtained for the base pressure ratio. This information, together
with a definition of the geometry of each nozzle wall, is suff1c1ent to
run the aerodynamic model computer program.

The procedure used 1in carrying out the analysis consisted of
the following steps:

(1) The cold flow tests #727-107 through -110 were selected
as test cases. The plotted data for these tests are in Figure 37. '

(2) The measured value for base pressure ratio was input to
the program. The plume model was then calibrated so that plume attachment
was predicted as observed. This required a multiplier of 1.8 for the
parameter Mp/y.

(3) Calculations were made with both the Abramovich shape
factor and the Korst shape factor (see Section 3.a. for a discussion of
the shape factor, o). It was found that the Abramovich model was in
closest agreement with the cold flow test results, i.e. in predicting the
variation of ws/(wp + ws) with Pp/Pg. Results for two sets of cold flow
tests are shown in Figuie 38.

(4) Calculations were made for the remaining 34 cold flow
tests. The plume model was not recalibrated for these calculations.

Results obtained from the analysis are presented in Table IX,
which shows the model predicted percent bleed flow required for plume
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TABLE VIIT. - COLD FLOW TEST DATA, EACH SET OF TESTS UTILIZE A FIXED
HARDHARE CONFIGURATION

S 100%
TEST iFoR te/R W/ (W ),

FIGHURE 10, PROGRAM TEST NUMBER s tp % BLEED FLOW
FI6. 16 TRED - 120,121,123,122 _00576 0 | 0,3.5,5.7,7.5
FIG. 17 IR&D, 101,116,102,103,104 00883 1.067 | 0,3.1,4.8,7.9,14.3
FIG. 18 NAS 8-32666 - { 107,108,110,109 0171 2.883 | 0,2,3.7,5.5
FIG. 19 NAS 8-32666 | 102,103,104,105,101 0229 5.045 0,2,8,5.8,7.7
FIG. 22 NAS 8-32666 | 112,116,115,114,113,101 .00958 3,013 | 0,2,3.5,5.7,6.6,8.6
FIG. 23 NAS 8-32666 | 122,124,123,121 00415 3,213 | 0,2.1,4.5,6.2
FIG. 24 NAS 8-32666 | 118,120,119,117. .00519 3.934 | 0,2.2,4.5,6.2
FI6. 25 NAS 8-32666 | 130,126,128,127,125,129 0162 4.930 0,2.3,4.2,6.1,8,10.2
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TABLE IX. - PERCENT BLEED FLOW REQUIRED FOR PLUME ATTACHMENT

AT THE SECONDARY NOZZLE THROAT

% BLEED % BLEED
TEST CONDITIONS TEST FLOW FLOW
OF FIGURE NO.: PROGRAM TEST NUMBER | MEASURED PREDICTED
FIG. 16 IR&D N/A N/A N/A
FIG. 17 IR&D 101-116 1.5 0.
FIG. 18 NAS 8-32666 110-109 4.6 3.5
FIG. 19 NAS 8-32666 (105,101) 8 7.6
F1G. 22 NAS 8-32666 113-111 7 5.4
FIG. 23 NAS 8-32666 122-124 1 0
FIG. 24 NAS 8-32666 120-119 3 2.8
FIG. 25 NAS 8-32666 128-129 4.5 4.2




IV, C, Model Verification (cont.)

attachment at the nozzle throat. The agreement between this prediction
and the cold flow measurements is quite good, which shows that the pre-
dicted plume shape varies correctly with the bleed flow rate. Thus

a nozzle contour, consisting of the primary nozzie wall, plume shape, and
the secondary nozzle wall, is predicted with accuracy.

A MOC calculation was carried out for the design condition pre-
dicted for the test case nozzle configuration, i.e. with geometry and test
conditions as shown in Figure 37 and with bleed flow sufficient to attach
the plume just downstream of the secondary nozzle throat. The effective
nozzle geometry for Mode II operation consists of the following:

(1) the primary nozzle wall

{2) The plume boundary predicted by the aeredynamic model
such that attachment occurs just downstream of the
secondary nozzle throat

(3) the secondary nozzle wall from plume attachment to the
exit.

Figure 39 shows a characteristic net calculation for this geometry.
The Prandtl-Meyer expansion fan at the primary nozzle exit can be seen in
this figure, followed by a region of compression induced by the plume sur-
face. This so called "plume shock" can be seen to form along a right running
characteristic surface. At the plume attachment point a shock of greater
strength js seen to form due to compression from the secondary nozzle wail.
This shock is also formed by the coalescence of right running characteristic
surfaces, and then merges with the "plume shock". A region of compression
results that is bounded above by the secondary nozzle wall, and below
by a right running characteristic. It should be noted that this right
running characteristic has a positive slope that is greater than that of
the secondary nozzle wall. Thus, most of the flow in the nozzle is
unaffected by the shock structure. Shocks are treated by the program as
isentropic compression.

Figure 40 shows constant Mach number profiles for the calcula-
tion presented as Figure 39. Since the flow calculation is isentropic,
these are also surfaces of constant pressure, temperature, and density.

It can be seen that the plume surface compresses the flow so that the

Mach number is nearly constant along the plume. The divergence efficiency
ga?cu1gted at the exit of the secondary nozzle for this case was found to
e 0.981.

Use of these results with the performance methodology developed
for Mode II operation is illustrated with a sample calculation presented in
Section V of this report.
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V. PERFORMANCE METHODOLOGY

A.  OBJECTIVES AND GUIDELINES

The cbjectives of this task were to: (1) formulate a simplified
JANNAF performance methodology for the dual throat thruster, and (2) utilize
the methodoiogy to predict the hot fire performance of a thruster of similar
geometry to the MSFC design.

A simplified performance prediction procedure for Tiquid propel-
Tant thrust chambers has been developed under the sponsorship of the JANNAF
Performance Standardization Working Group (Ref. 16). Some of the assumptions
in the procedure are specific to expansion nozzles of conventional design.
In order to be applicable to the dual throat rocket engine design, the
JANNAF procedure requires further development and modification. In the
following, a performance methodology is developed for dual throat thrust
chambers. This methodology represents an extension of the JANNAF methodology
of Reference 16. It is intended to be consistent with the JANNAF methodology
so that performance predicted for dual throat engines can be compared with
the performance predicted for conventional engines. The computer program
analysis tools utilized for conventional engines are also utilized for the
dual throat concepts with appropriate input parameters as determined from
the aerodynamic model.

B. DUAL THROAT THRUST CHAMBER PERFORMANCE PREDICTION PROCEDURE
1. Method of Approach

The JANNAF performance prediction procedures are concerned
with prediction of the specific impuise that will be delivered by a real
rocket thrust chamber. The approach used is to first determine an ideal
specific impulse, IspQDE, for a given rocket thrust chamber. The predicted
specific impulse, Isppred, is then calculated by the modeling of known
aerodynamic and thermodynam1c mechanisms that degrade ideal performance.
Ideal performance is dependent upon the physical, chemical, and thermo-
dynamic properties of the propellant combination and its combustion pro-
ducts, and also upon operating conditions such as mixture ratio, chamber
pressure, nozzle expansion ratio, and ambient pressure. It is independent
of thrust chamber design parameters, such as nozzle geometry, size, material
and injector configurations, etc. Thus, one dimensional equilibrium per-
formance, Ispgpp provides a convenient as well as accurate reference condi-
tion for estimating performance efficiency.

Following the procedures described in Reference 16 pre-
dicted specific impulse can be related to ideal specific impulse as
follows:

IPored = [ngr = mpp  ny - Ispgpel - Alspg (1)

80



V, B, Dual Throat Thrust Chamber Performance Prediction Procedure (cont.)

where. the Toss models for energy release (ER), two dimensional aerodynamics
(2D), and finite rate chemical kinetics (K) are calculated as efficiencies;
while boundary layer losses (BL), such as are caused by the nozzle wall
boundary layer, are calculated directly.

~ In order to develop the above Tloss modeis it is first
necessary to establish a control surface bounding the region in which the
analysis is to be carried out{ This surface is taken as the thrust chamber
injector face plus the chamber walls. In References 16, 17, and 18 the
assumptions made regarding these loss models are presented and their
interrelationships and 1imitations are fully discussed for rocket thrust
chambers of conventional des1gn

The dual throat chamber concept requires modification and
further development of the JANNAF procedure if it is to be applied for per-
formance prediction. The dual throat chamber consists of two conventional
thrust chambers, one of which is positioned interior to the other. The
interior chamber is referred to as the "primary" chamber, and the exterior
is referred to as the "secondary" chamber. The engine is designed to
operate in two modes as illustrated in Figure 41. Mode I is a booster
mode and itself consists of two modes. In Mode I either the secondary
thruster is operated alone (series burn), or with the primary thruster
(parallel burn). In the series burn mode {see Figure 41a), the engine is
of the conventional type and can be analyzed by the standard JANNAF pro-
cedure. The ability to handle this type engine by the procedures developed
here allows a direct comparison with the methods given in Reference 16.

In the paralie burn mode {see Figure 41b), the primary
engine is also operating. Th1s mode of operation differs from a conven-
tional engine in that the f]ow in the primary chamber is expanded super-
sonically and then shocked subsonically and then expanded through the
secondary chamber. A variety of flow situations exist depending on the
relative flow rates and stagnation pressures of the two chambers.

The Mode II (sustainer mode} operation is illustrated in
Figure 41c. The primary thruster expands the flow to a supersonic condition
at the nozzle exit. Further expansion then occurs in the form of a
Prandti-Meyer expansion fan at the nozzle 1ip producing an exhaust plume
with a constant pressure boundary. Flow is introduced into the secondary
chamber so as to control the location of the plume boundary in order to
minimize reattachment shocks which occur when the flow impinges on the
secondary nozzie wall. The plume boundary is an exhaust; streamline path and
acts very much as a nozzle wall. However, a shear Jayer develops along
this boundary due to viscous interaction of the exhaust jet and the
gases recirculating in the primary chamber. Analysis of this shear layer
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¥, B, Dual Throat Thrust Chamber Performance Prediction Procedure {cont.)

mixing region and the phenomena described above is accomplished with an
aerodynamic model developed for the dual throat engine. These results
combined with the conventional JANNAF performance procedures are necessary
to insure proper performance prediction capability.

2. Performance Prediction Procedure

The dual throat thrust chamber performance procedure is
shown in Figure 42. The procedure and each of the loss models are dis-
cussed in the subparagraphs below. For the most part this discussion is
limited to procedures which differ from those of Reference 16.

The control volume for the thrust chamber has been defined
as described previously and it is necessary to determine conditions along
this boundary. This is done by standard procedures as is illustrated by
the top three rows of Figure 42. Each component of the performance model
equation (1), is also illustrated by a row of Figure 42.

a. Procedure for Calculating the Theoretical Specific
Impulse, Ispgpg

The theoretical specific impulse 1s calculated using
the ODE computer program (Ref. 19). The prodedure is the same as used in
Reference 16. Because the dual throat engine concept implies two flow
c¢ircuits, the Ispgpr calculation is also divided into two flow sections
or streamtubes. The Ispgpg for each streamtube is determined independent
of the other streamtube. The total engine Ispgpp is determined by a mass-
averaging the two streamtube Ispgpe values.

b.  The Energy Release Loss Model, ngp

The energy release model is based on simplified pro-
cedures for estimating Tosses due to incomplete propellant droplet vapari-
zation and mixture ratio mal-distribution. The generalized length propel-
lant vaporization model (Ref. 20) is suitable for this application. Input
to the model includes propeliant properties (density, surface tension,
heat of vaporization, etc.) and injector jet diameter. The model will
determine the amount of propellant vaporization as a function of the chamber

shape and Tength. As such, it is suitable for both a design and analysis
tool.

The effect of mixture ratio mal-distribution for both
the primary and secondary designs can be approximated by establishing iocal
macroscale stream tubes of different mixture ratios representative of that
produced by the injection process. This can be done through the use of cold
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V, B, Dual Throat Thrust Chamber Performance Prediction Procedure (cont.)

flow data from a particular injector concept or analytically from results of
the Liquid Injector Spray Pattern (LISP}* (Ref. 21) or previous experience.
The stream tubes, once established, are expanded from the chamber inlet to
the nozzle exit either one-dimensionally by a simple mass average of the

ODE Isp or two-dimensionally using the TDK computer program with multi-
stream tubes.

The rate of mixing between the primary and secondary
flows achieved during Mode I parailel burn operation can also be approxi-
mated using a gas/gas mixing mode? developed by ALRC during Contract
NAS 3-14379 (Ref. 22). The effect of this mixing process can also be
approximated by examining the Timit cases of no mixing (i.e., two stream
tubes) and complete mixing (one stream tube).

c. Film Cooling Losses

If film cooling s required, the associated per-
formance losses are predicted with the energy release model previously
described. The flow within the film cooling region is analyzed as a
separate flow stream from the main flow stream. These results are then
mass averaged to obtain the total engine energy loss for both the main
flow and the film cooling flow.

d. The Two Dimensional Loss Model, nop

The two dimensional 1oss can be separated into a loss

due to upstream nozzle throat curvature and a loss due to nozzle divergence
shape.

The loss due to upstream throat curvature affects
only nozzle mass flow coefficient, Cp, and, thus, mass flow and C*. For
the flow situations shown in Figure 41, nozzle Cp can be calculated by
the following formula

- y+1 )| 8y - 27)
G = 1~ (EQEI“E;Z) 5% - ZRETE R ¢ (2)

75472 - 757y + 3633
276480 (1 + R)°

*LISP is a computer program module of the "Distributed Energy Release"
(DER) computer program which is used to define 1iquid spray mass and mix-

ture ratio distribution produced by an array of conventional rocket
injector elements.
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¥, B, Dual Throat Thrust Chamber Performance Prediction Procedure (cont.)

where y i3 averaged to account for flow striations (Equation 2 is rela-
tively insensitive to-y).

The Toss due to nozzle divergence shape affects only
nozzle thrust. The methods by which this loss may be determined for the
flow situations shown in Figure 41 are discussed in the following sub-
sections. .

(1) Two Dimensional Loss, Mode I QOperation

The simplified procedure of Reference 16 gives
charts for determining divergence loss for conical nozzles and optimum
nozzles of a Rao type (Ref. 24). These charts are considered sufficiently
accurate for evaluating Mode I operation.

’ (2} Two-Dimensional Loss, Mode II Operation

The aerodynamics of the sustainer mode of opera-
tion, i.e., Mode II, have been described in detail in Section IV. The
output of the aerodynamic computer program is a table of effective nozzle
contour points suitable for direct input into the TDK computer program as
shown in Figure 42.

The TDK method of characteristics calculation
is then performed to determine the effective two-dimensional expansion
efficiency for Mode II for expansion through the primary nozzle, along
the pTume boundary extending from the primary nozzle to the attachment
point on the secondary nozzle and finally to the exit of the secondary
nozzle. The output from this TDK analysis includes the required nzp
for Mode II operation. For this case, shocks are considered as isen-
tropic compressions.

In the event that the above procedure is con-
sidered to be of insufficient accuracy, a method of characteristics cal-
culation with an oblique shock capability is required. This more compii-
cated treatment might be required if the nozzle is poorly designed such
that plume impingement upstream of the throat gives relatively strong shock.
In this case, if the secondary nozzle expansion ratio is large, the simpli-
fied TDK calculational path might again be inadequate due to important
shock Tosses.

e. The Chemical Kinetics Loss Model, ng

The chemical kinetics loss model is identical to that
of Reference 16. The high chamber pressures planned for the dual throat
engine make this 1oss negligible except possibly at high area ratio. Several
sources of generalized kinetic loss charts and figures exist for LOX/Hz and
LOX/RP-1 propelliants which can be used to approximate the kinetic Tosses.
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V, B, Dual Throat Thrust Chamber Performance Prediction Procedure (cont.)

A model for each of these systems has been automated in a computer sub-
routine called CHEM (see Appendix C). An exact solution can also be found
for the dual throat configuration through the use of either the ODK or
TDK computer models.

f. Boundary Layer Loss Model, "

The nozzle wall boundary layer loss is to be calcu-
lated using the BLPL computer program developed at the Aerojet Liquid
Rocket Company. This computer program is an implementation of the turbulent
boundary Tayer chart procedures given in Reference 17. Input to the pro-
gram includes operational parameters such as Pc, wall temperature, and v,
design parameters such as Rt, €, and nozzle shape (i.e., conical or bell).
The output includes an estimated boundary layer thrust decrement and
displacement thickness. Other more rigorous computer solutions also exist
inciuding the BLIMP-J and TBL Programs. In addition, the aerodynamic
computer model calculates the momentum and displacement thickness growth
occurring within the shear Tayer during Mode II operation. This informa-
tion can be used with the BLIMP or TBL computer codes to determine the
total effective boundary layer Toss for Mode II operation. Using this
procedure, the effect of the bleed flow on overall performance is
accounted for with the shear layer model in terms of an overall boundary
layer performance Toss. ‘

If required, the transpiration cooling of the nozzle
wall produces another loss which must be evaluated. The transpiration
cooling mechanism which is modeled as mass injection into the boundary
layer is a special case of the boundary Tayer Toss model and the resultant
loss caused by mass injection into the boundary can be predicted with the
BLIMP-J computer program.

C.  DUAL THROAT THRUST CHAMBER PERFORMANCE PREDICTION -
SAMPLE CASE

A sample performance prediction case using the procedures des-
cribed in Section V.B. is presented in this section. The thrust chamber
geometry for this sample case was chosen to be identical to the dual throat
cold flow test hardware. By choosing the geometry in this manner, both
a sample performance calculation and a cold flow to hot fire comparison were
made available. The important geometric dimensions are given in Figure 43.

The thrust chamber conditions and the predicted performance
values for this sample case are presented in Table X. The one-dimensional
equilibrium specific impulse values were obtained using the CHEM computer
program described in Appendix C. As indicated in Table X, this performance
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SRR E X, - - CASE PERFORMANCE PREDICTION
o Y‘@gﬁe g‘ﬁl_e X. - SAMPLE CASE PERFORMANCE PRE
-@Q?’oo/‘&
T © MODEI MODE 11
PARALLEL SERIES
PRIMARY SECONDARY SECONDARY PRIMARY SECONDARY
PROPELLANT LOX/LH, LOX/RP-1 LOX/RP-1 LOX/LH, EXHAUST
Pe, N/ 1,379 689 639 1,379 80
(psia) (2,000) (1,000) (1,000) (2,000) (116)
o/F 7.0 2.8 2.8 7. 7.
Te °K 3,680 3,701 3,701 3,680 3,680 °
(°R) (6,624) (6,662) (6,662) (6,624) (6,624)
HEAT CAPACITY
RATIO, v 1.18 1.13 1.13 1.18 1.18
C*, w/s 2,246 1,782 1,782 2,246 2,246
(ft/sec) (7.370) (5.848) (5.848) (7.370) (7.370)
W ka/s 5.830 17.957 28,289 5,830 .321
(LBm/sec) 12.852 39.583 56.752 12.852 .708
% OF TOTAL 24.5 75.5 100 94.78 5.22
AREA RATIO, 2.979:1 2.979:1 2.979:1 20.5:1 20.5:1
MASS AVERAGED MASS AVERAGED
Ispgpg-sec 305.5 287.0 431.0
nk .993] .9913 .9988
aD J9918 "9913 9805 ,9880*
nER -9950 ~9950 -9950
Alsp BL,sec 1.8 1.8 7.18 4.62%
Delivered Isp,sec 297.6 279.0 412.8 418.6*
% Tsp ODE 97.4 97.2 95.8 37.1%
Thrust,N 69419, 69192, 28901, 25248,
(LBF) (15606. ) (15555 .) (5598.)  (5675.)%

* SIMILAR VALUES FOR CONVENTIONAL, 20:1, 12.5° CONICAL
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V, C, Dual Throat Thrust Chamber Performance Prediction - Sample Case (cont.)

from this nonoptimized hardware is about ~97% for Mode I and ~86% for Mode II.
The Mode II efficiency is only 1.3% less than that possible from a geo-
metrically similar, conventional engine which compares very well with the
approximately 1% loss obtained with the cold flow tests at the same Le/Ryp

of 2.883 (Test 727-110).
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Vi. PRELIMINARY ENGINE SYSTEM MODEL

A.  OBJECTIVES AND GUIDELINES

The objective of this task was to define how the analytical
results could be incorporated into an engine system model. Since testing
was required on the contract to more fully determine the aerodynamic fmodel,
the scope of the engine system model task was greatly reduced.

B. ENGINE SYSTEM DEFINITION

A Togic chart is given in Figure 44 showing how the results
from this contract, combined with related study results, will lead to
the definition of a baseline dual throat engine system. The initial step
is to establish a preliminary baseline engine (Figure 45 and Table XI) from
which parametric data can be generated.

Preliminary designs and parametric data for other engine concepts
are available based upon a reference thrust Tevel of 2.70 MN (607,000 1bf)
from the Advanced High Pressure Engine Study (NAS 3-19727), and vehicle
mission studies were conducted utilizing engines of this thrust level.
Therefore, a dual throat engine definition analysis could take advantage
of all this prior work if the reference point were taken as 2.70 MN.

The typical preliminary baseline engine given in Table.XI has
a thrust split Fi/F2 = 2.42 calculated based on the ratio of vacuum thrusts.
This split resulted from a selection of a 60% LO2/RP-1 and a 40% LO2/LH2
sea level (Mode 1) thrust contribution. This percentage during Mode I
operation was found to be optimum in recent studies at NASA/Langley
Research Center (Ref. 25) utilizing the dual expander engine. It is
expected that the dual throat engine design will optimize at a different
point than the dual expander engine. The similarity of the two concepts,
however, makes the selected split a good starting point for the conduction
of parametric studies.

C. ENGINE SYSTEM MODEL

The major emphasis of this contract has been to generate an
aerodynamic model and to incorporate this into a performance model for
the dual throat thruster. To obtain an engine system model, the per-
formance model needs to be incorporated as a subroutine with computer
models praoviding cycle power balance, heat transfer/structures/life
determination, turbomachinery design, thrust chamber design, nozzle
design, component weight scaling, and mission sensitivity. The bulk of
this requirement can be achieved in a three task effort as outlined in
Figure 44 and given in more detail in Figures 46-48.
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COOLED ROCKET THRUST CHAMBER
ALRC NAS 3-21029

TECH. REQMTS. FOR FUTURE
EARTH-TO-GEQOSYNCH.-ORBIT
TRANSPORTATION SYSTEMS
ALRC NAS 1-15301

!

FUTURE PROGRAMS

© VEHICLE OPTIMIZATION STUDY
® DUAL-THROAT TECHNOLOGY

I! Figure 44. Dual Throat Engine Definition Logic Chart
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! TABLE XI. - PRELIMINARY BASELINE DUAL-THROAT ENGINE

Thrust (SL) MN (1b)
Thrust (V) MY (1b)}
Mixture Ratio

Chamber Pressure N/CM2 (psia)
Area Ratio
ODE I (SL) S

" ODE Is (V) S

I, Efficiency %

Ig (SL) Deliv S

Ig (V) Deliv S

Total Flow Rate Kg/S (1b/S)
Fuel Flow Rate Kg/S {1b/S)
Oxidizer Flow Rate Kg/S 1b/S
C* M/S (ft/s)

Throat Area CMZ2 {in.2)

Exit Diameter CM (in.)

60% x 1
L02/RP-1

1.62 (364,200)
1.90 (427,400)
2.8

1724 (2500)
(50:1)

310.7

364.6

97

301.4

353.7

548.1 (1208)
44,2 (318)
403.9 (890)
1803 (5914)
573 (88.9)
191.0 {75.2)

40% x 1
LOp/LHo

1.08 (242,800)
1.23 (277,300)
7.0

2068 (3000)
(50:1)
395.9
4522

98

388.0
443.2

283.9 (626)
35.5 (78)
248.4 (548)
2255 (7399)
309 (48.0)
140.4 (55.3)

~

Mode 1

L05/RP-1 & LHp

2.70 (607,000)
3.13 (704,700)

3.63

172472068
50:1

-

97/98
330.9
384.2
832.0 (1834)
179.7 (396)
652.3 (1438)

883 (137)

237.1 (93.3)

RN

F/F, = 2.44

Mode 2
L02/LH2

1.28 (288,700}
7.0

2068 (3000)
142.6:1
470.8

98

461.4

283.9 (626)
35.5 (78)
248 .4 (548)
2255 (7399)
309 (48.0)
237.1 (93.3)
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RECOMMENDED GUIDELINES

BASELINE ENGINE

& THAUST SL = 607,000 LB
®Pcy = 2500 PSIA
®Pcy = 3000 PSIA

ANALYSTS PERFORMED

ENGINE CYCLE CANDIDATES

®HR = 28 (0y/RP-1)
O®MR = 7 0 (0y/Hp)
OF/Fa=24

ecy = S50

ecy = 143

& SELECTION
& DELTVERED Is SL/VAC
@ PUMP & TURBINE PERFORMANCE

TPt

CYCLE DEFINITION

® PB & GG MR DEFINITION
& PRESSURE SCHEDULE

® POWER BALANCE

& HOZZLE PERFORMAKCE

THRUST CHAMBER COOLING

& COCLING METHOD - REGEN OR TRANS-REGEN
® COOLANT INLET PRESSURE - 2 25 P
®TCA FAB METHOD - SLOYTED CHAMBER
®TCA MATERIAL - Zrlu

@ SERVICE LIFE - 100 LCF X 4 {S F )

& MAX COOLANT VELOCITY - TED

DUAL THROAT DESIGH
CRITERIA

o Le/Re,

® £p
® X BLEED FLOH
L ] Pc-lchz

ENGINE COMPORERT

@ SYSTEM PRESSURE LOSS

@ BEARING DN

@ TURBINE INLET TEMPERATURE
® SEALS PARAMETERS

]

« HAX ATTAINABLE Pc

® DELIVERED PERFORMANCE

® SCHEDULE FLOW, PRESS , TEMP
& PUMP & TURBINE SPEEDS

& PUKP & TURBINE EFFECIENCY

@ TPA HORSEPOWER

@ PREDURNER & GAS GEX TEMP

& COOLANT TEMP RISE

'

REGIONS OF OPERATION

!

SELECTED POMER CYCLE CANDIDATE{S}

!

THRYST CHAMBER HEAT TRANSFER

REQUIRED TECHKOLOGY IDENTIFICATION

@ SUCTION PRESSURE

® HOZZLE GEOMETRY MATCH

® INJECTOR CONCERT DEFINITION
®TC & THROAT GEGMETRY DEFIHITION
@ OPTIMUM MR DEFINITION

v

PARAMETRIC RANGE

® TC SURFACE AREAfCONTOUR
© THROAT DIXENSIONS

® CODLANTS (LH,, L0y, RP-1)

© COOLANT FLOW RATE

® PRESSURE L0SS

# BULK TEMPERATURE. RISE

® HAX WALL TEWP DIFFERENTIAL
® KATERTALS

® COOLANT VELOCITY DISTRIBUTION
© KOT GAS SIDE WALL TEW

® THRUST SL = 200K TO ZM LB

® CHABER Pc = 1000 TO 5000 PSIA

S HOZZLE = = 20 T6 500

® HIXTURE RATIO {LUp/LHp) 5 T0 7

® MIXTURE RATIO {LOp/RP-1} = 2 70 3 5
® THRUST RATIO (1/1f} = 1270 §

!

THRUST CHAMBER STRUCTURAL ANAL

® L0W CYCLE FATISUE LTFE
@ PRIMARY CHAMBER BUCKLING

Figure 46, Task I - System Evaluation

!

TCA COOLING RESTRAINTS DEFINITION

® BURNOUT HEAT FLUX
® MATERIAL LIMITS

'
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INP

TASK I RESULTS

© CANDIDATE ENGINE CYCLE(S)

© REGIONS OF OPERATION

ANALYSIS PERFORMED

BASELINE DUAL-THROAT ENGINE

PARAMETRIC RANGE GUIDELINE

® THRUST SL = 200X TO 2M LB

© CHAMBER Pc = 1000 TO 5000 PSIA

@ NOZILE ¢ = 20 TO 500

OMR=5TD7 (02/H2). 270 3.5 (OZ/RP-'I)
© THRUST RATIO (I/I1I) =1 2T0 5

COMPONENT WEIGHT SCALING EQUATIONS

@ ADV. MiPc, MIXED-MODE OTY, SSME,

@ PERFORMANCE
© WEIGHT BREAKDOWN

QUTPUT

PARAMETRIC DATA

® DIMENSIONS
® OPERATING CONDITIONS

PARAMETRIC DELIVERED PERFORMANCE

® DUAL-THROAT SIMPLIFIED JANNAF

®ls vs F, F{/Fii, Pc, £ & MR
®UT vs F, F1/F11, Pc, ¢ & MR
®lp vs F, FI/F11s Pc, € & MR
®Dg vs F, Fy/Fips Pc, = & MR

1978 DUAL THROAT ENGINES

]

PARAMETRIC WEIGHT ANALYSIS

® EXGINE COMPONENT WEIGHT

| ]

1995 DUAL THROAT ENGINES

SCALING EQUATIONS

UNTS, 00S, STORABLE TUG

ENGINE ENYELOPE SCALING EQUATIONS

@ADV. HiPc, MIXED-MODE OTV, SSME,

J

PARAMETRIC ENVELOPE ANALYSIS

® ENGINE LENGTH & DIAMETER

SCALING EQUATIONS

UNTS, 005, STORABLE TUG

HISTORICAL ENGINE/COMPONENT WEIGHT DATA

.TI'_II'AN I, & 11, ATLAS, J-2, H-1, F-1,
M-

-

JANNAF SIMPLIFIED PERFORMANCE METHODOLOGY

® DUAL-THROAT PERFORMANCE METHODOLOGY
{NAS 8-32666)

" Figure 47.

i

CHRONOLOGICAL WEIGHT

® 1978 STATE-OF-THE-ART

® YEARLY IMPROVEMENT THROUGH 71995

Task II - Parametric Data
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INPUT

TASK I RESULTS

® CANDIDATE ENGINE CYCLE(S)
@ REGIONS OF OPERATICN

ANALYSIS PERFORMED

BASELINE ENGINE POMER CYCLE

TASK IT RESULTS

@ CYCLE SCREENING
@ MISSION ANALYSIS SCREENING

QuTPUT

DUAL-THROAT ENGINE CHARACTERIZATION DATA

@ PARAMETRIC DATA

]

PARAMETRIC MISSION ANALYSIS

@ SSTO PAYLOAD
@ HLLY PAYLOAD

PRELIMINARY DEFINITION OF DUAL-
THROAT ENGINE

]

/Z/ Fy/F, = 0
ST Fy = =
d

® SYSTEM CONFIGURATION

@ FLOW SYSTEM SCHEMATIC

® OPERATING SPECIFICATIONS

® PRESSURE SCHEDULE

® OPERATIDN ANB CONTROL

® START AND SHUTDOWN SEQUENCES
® MASS PROPERTIES DATA

& OVERALL ENVELOPE

Figure 48.

@ PRELIMINARY BASELINE ENGINE SYSTEM
® ENGINE SYSTEM PARAMETRIC DATA

Task III - Baseline Engine System < &
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VII. CONCLUSIONS AND RECOMMENDATIONS
A.  CONCLUSIONS

The dual throat cold flow test program has been successfuilly
accomplished with the completion of 69 tests on IR&D and contract funding.
The analysis of these data has resulted in a better understanding of the
performance trends and characteristics of the dual throat engine. '

The cold flow test results coupled with the aerodynamic base
flow theories of Korst, Chapman and Bauer form the foundation of the
aerodynamic model developed in this program. Verification of the model
witg the cold flow data gives validity to the analytical techniques
used.

The performance prediction methodology developed for the
dual throat engine is based on the JANNAF prediction procedures. The
aerodynamic model provides the only additional information needed in
conjunction with the traditional performance codes and Togic given in
the JANNAF procedures. Because this methodology is consistent with
the JANNAF procedures, a one-to-one comparison between the dual throat
and conventional engine performance is possible. Comparisons of this
type will prove to be jnvaluable when determining the advantages and
disadvantages of the dual throat design.

B.  RECOMMENDATIONS

The aerodynamic model should be modified to predict the base
flow pressure using the jterative method given by .Roberts, Reference 12.
It will probably be necessary to modify the method so that agreement can
be obtained with the cold fiow data. This method predicts base flow
pressure directly as a function of bleed flow, in contrast to the indirect
method currently used. Either a direct or indirect method can be used once
the zero bleed flow solution has been obtained.

The isoenergetic shear Tayer model should be modified to treat
the mixing of non-isoenergetic streams; i.e., the case where the bleed
flow has a different stagnation temperature than the primary flow. The
situation where the bleed flow has a different expansion coefficient than
the primary fiow should also be treated.

Plotting should be added to the program. Plots of interest
are:

(1) wail-piume-wall contours
(2) base pressure vs bleed flow
(3) shear layer profiles
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VII, B, Recommendations (cont.)

A method should be developed for obtaining twoe dimensional

axfally symmetric fiow field solutions that include the effect of shock
waves. The problem can be important when:

(1) The operating conditions are off-design so that shock
structures develop. It is important to know the effect
this can have on performance.

(2) Mode II operatjon at design condition will necessarily
contain shock waves. Although negligible at low expan-
sion ratio, the shock(s) can become strong downstream.

A method should, therefore, be developed for estimating
the effect of non-isentropic shock losses on performance.
It is also important to be able to predict the nozzie wall
pressure so that the possibility of fiow separation can be
avoided.

Since shock wave development in a nozzle is fundamentally a
two-dimensional probiem, a two-dimensional computer analysis must be used.
It is recommended that the NAP Code (Ref. 14) be appiied to one or wmore nozzle
configurations to determine if it is cost effective for this type of prob-
lem. A second possibility is to use an existing MOC program that either
treats, or can be modified to treat, shock structure. Unlike the NAP
analysis, this approach will not work for flows with Tambda shock structure.

A series of calculations should be carried out using the aero-
dynamic model and the performance prediction model that will provide design
criteria for the dual throat nozzle optimization. A MOC program would be
used to establish optimum nozzle contours for selected designs. Both
Mode I and Mode II performance need to be considered. For Mode I, only the
secondary nozzle contour is involved and the optimum contour can be deter-
mined by the conventional Rac method (Ref. 15). For Mode II, both the
primary and secondary nozzle contours are involved. These contours also can
be determined using the method of Rao and supersonic start conditions deter-
mined from the TDK analysis of the primary nozzle and plume. .

For the primary nozzle a suggested approach would be to calcu-
late a family of Rao nozzle contours, each of fixed expansion ratio, but of
variable length (i.e., the 1ip angle constraint would be removed). A con-
tour would be chosen from the results by trading off 1ip angle vs length.

For the secondary nozzle, a Rao contour would be calcuilated

that is optimum for Mode II. A standard optimum nozzle contour would be
generated, i.e., a nozzle that is optimum performing for its length and
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VII, B, Recommendations (cont.)

of -fixed area ratio. However, the calculation would be started from
supersonic conditions calculated by the TDK program using the contour of
the primary nozzle, extended by the plume boundary. The result will be
the design of two different contours for the secondary nozzle: (1) a
nozzle optimized for Mode I operation, and (2) a nozzle optimized for
Mode II operation.

Calculating the performance of each nozzle in each mode of
operation will allow a trade-off to be made such that an optimum contour
can be selected for the mission requirements.

The aerodynamic model should be correlated with hot fire test
data. Data at actual engine conditions could be used to verify and fine-
tune the aerodynamic model and performance methodology presented herein.
Likewise, valuable heat transfer data would be made available during such
tests.

The CHEM program described in Appendix C should be upgraded
for greater flexibility. The present tables should be extended to include
additional propellant combinations (currently LOX/RP-1 and LOX/LHy are
available). Wider ranges for Pc, area ratio and mixture ratio are also
needed to provide adequate coverage of anticipated analyses.
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APPENDIX A

AERODYNAMIC MODEL FOR MODE I1
OPERATION OF THE DUAL THROAT ENGINE

A step-by-step procedure is given below that describes a computer
program that models the aerodynamic behavior of the dual throat engine
when operating in the sustainer mode, j.e., Mode II. The FORTRAN computer
program is called BASE because the aerodynamic model is constructed on a
theory for supersonic base flow. The main subprogram for the BASE code is
called MAIN and each step discussed below is labeled with comment cards
as a separate paragraph in the FORTRAN code for MAIN.
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Step 1:

Step 2:

102

Default 1nput vaiues and program constants are set. The pro-
gram data is read, first a one card Table, and then the NAME -
LIST data, i.e., $ DATA. The above 1nput is printed. Program
constants are calculated from the input and input angles are
converted from degrees to radians. The following quantities
are then calculated:

r.o= v
e, p
rk = r/(r. r )
2 s sp &
X5 = (Le/r';)/re
P
If IyaLL = 2, the primary and secondary nozzle walls are

generated. Subroutine WALL is used to calculate vectors:

Xs ¥, and dy/dx

for each nozzle. These vectors are generated in a coordinate
centered at the throat of each nozzie and normalized by the
throat radius. Next, each vector is transformed into a
coordinate system centered at the exit of the primary nozzle
and normalized by the primary nozzle exit plane radius. This
is called the "plane coordinate system".

The transformations are:

primary nozzle:

x = {x=-X%X_ )r_  , where x_  1is provided by sub-
p ep e ep
routine WALL and corresponds
to Yo
P
Y, = ¥
P r
®p
VAR
dx dx



Step 3:

Step 4:

secondary nozzie;

- r* a1
S L
) p p
r*
Yo & Y r¥p
p ep
QY o Gy
dx dx

Either Mgp is input directly, MEPI > 1; or if MEPL < 1, Mgp
is found as a function of ey using subroutine MACHS, then:

5 R
P sp = [M+¥lpiy I
e’'o0 2 e
p P
r o= pexnley
e’’o 2 e
p p
W = T3
if (P./P) >0
b*"o input
then
(P./P ) (P./P )
b® o b™ o input
p\ 7 -:Lf 1/2
. _2_._(_?_) oY
b ¥-1 PO
otherwise
gy = (rS/rs )2
P
and
M, = Mb(eb) using subroutine MACHS.
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Step 5:

Step 6:

104

_ -1 .2 'Y/(Y'1)
(Py/Po) = 11+ 5 W]

i= 1
-1 27
(Tp/Ty) = [1+ 5L ]
Values are printed for M, P /P., T, /T,

The Crocco Number, Cai, is calculated as

2

Cal = 1-T/T,

and the following are calculated and printed:

1 from subroutine ETADS
(IT)n from subroutines IDNES
D

(Io) from subroutine IZERDS
3

(11) from subroutine IDNES
3

] from subroutine SIGMAS

Given: v, Mep’ ep

'
ep’ xj’ yj’ Yj: Sj

subrountine MAX is used to find the index corresponding to
the maximum plume radial corrdinate. (i.e., The maximum
plume Tength corresponds to this coordinant.}

subroutine PLUME is used to find Vs V

The intersection of the plume Xjs with the secondary nozzle
wall is found. This po1nt is calle&

%> ¥s ¥ » S, and (d)

where (x, y¥) are the point coordinates, y is the slope of the
wall at this point, s is the arc iength of the plume, and

(%%) is the slope of the plume at this point.
s



Step 7: Mass flow ratio is calculated as

+1
: 2 p 2017
(66 = By I, G e (1),
p 0

The percent increase in mass flow over zero bleed flow is
calculated as

Hs™ My = tere,) ) - (er6) M 1400 for i>1
Step 8: Values of the intersection point properties calculated in Step 6

and (Pb/Po) are saved. Next, the pressure is incremented

(P/P) = (P /P ) + aP

il A

1/2
(5 LRy/P) ¥ - 1)

|}

My
i = i+
If any of the following conditions are met, go to Step 9:
i Tnax

or

(7y/%) > (P /7o)

ar

ﬁs(i)/ﬁp > WSWP{NW), which is the largest value
requested for output (see $ DATA).

Next, if IWALL = 1 (i.e., cylindrical wall option) go to
Step 5.

— *
If x < X, go to Step 5.

Otherwise, proceed to Step 9.
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Step 9: Using ﬁs/wo as the.independeng_yariab1e, interpolate in the table
saved in Step 8 using as the independent variable W¢/W, = 0,
WSWP(T), ..... » WSWP(NW) to obtain values for X, ¥, ¥'s

dy
(dx)s, and Pb/Po'
Print the following:

NS/ND’ r‘w: ZW’ st .yws ew: 0 s ) s Pb/PO’ Pbss Ptzlp

0
where
Wslﬂp are the input values
ry =Y _
plume/wall intersection in plume
_ — [ coordinates
Z. = X
w
R e o X
Yy = ¥ p_ep plume/wall inter-
r* N section in secondary
- T 1 4 rprep wall coordinates
= - *y L
Xy = - (Le/rp) vl T
6o = l%—Q-arctan (%ﬁ) » wall angle at plume/wall
s intersection
w0 = 180 % ] 1 11
= —_—arctan y » plume angle at plume/wa
intersection
8° = a° - qw° s Streamline deflection angie
corresponding to induced shock
Py/P, s pressure ratio along plume
boundary
Pb = Pb2/P0 » pressure ratio behind the shock
[
(PT /PO) , ratio of total pressure behind the
2 shock to the total pressure

before the shock
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The angles e;, a®, and 6; are shown in the figures below:

wall Q
e\M Lo
o
wail

‘(\B
e

Thus, the plume streamline is deflected through an angle,
8s. This deflection angle corresponds to a shock angle,
85, as shown in the figure below:

Subroutine WAVANG is used to determine the shock angle, 6g3
the static pressure ratio across the shock, P»/Py; and the
total pressure ratio across the shock, PT /PT {same as

2 1

PTZIPO, above).

The above calculations are also carried out and the results
printed for the "best solution found". This solution corresponds to the

107



bleed flow found to be just sufficient to cause the plume to attach just
downstream of the secondary nozzle throat; i.e., it is the last solution
found as determined by the criteria given in Step 8.

Next, subroutine FIT is used to construct a spline fit of the
effective nozzle contour corresponding to the “best solution found". This
contour consists of the primary nozzle wall, the plume, and the secondary
nozzle wall from the plume attachment to the exit. The coordinate system
is that of the primary nozzle. Results are output to be input directly
into the TDK computer program.

The momentum thickness, 6g, and the displacement thickness, &%,
are calculated at the shear layer cross-section at plume attachment. The
integrals -are taken from the invisid edge of the boundary layer to the
dividing streamline; i.e., stagnation streamline, using subroutines IDELTS
and ITHETS, respectively. The results are printed.

The program then proceeds to Step 1 to process the next case.
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APPENDIX B
PROGRAM INPUT, AERODYNAMIC MODEL

CARD 1:

The 1st card to be input is used to provide a printed heading for
the computer ocutput. Columns 2 through 72 are available for text. This
card must always precede each case. The remainder of the input data is
read using NAMELIST with the name $DATA, as described below.

$DATA

Geometry; Option 1, Cylindrical Secondary Wall, see Figure 49.

INPUT ITEM DEFINITION

IWALL = 1, The secondary nozzle wall is a cylinder
RS - r*, radius of the secondary nozzle wali
RSP r*p, radius of the primary nozzle

THETAP Bps exit cone half angle, primary nozzle
EPSP €ps expansion ratio of the primary nozzle

The items r* and r*p, above, can be input with units of inches, feet, cm,
etc. The input item ep, above, is used only to determine the Mach number
at the exit of the primary nozzle {not required if MEPI is input).

r
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Figure 49. Nozzle Geometry for Option 1
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Figure 50. Nozzle Geometry for Option 2
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Geometry; Option 2, Full Geometry Option, see Figure 50,

ECP
RIP

THIP
RWTUP

RSP
RWTDP

THETAP
EPSP

EC
Rl

THETAI
RWTU

Complete wall geometry specified for both

Primary Nozzle

€c.s primary nozzle chamber contraction ratio

RIp, wall radius connecting chamber and inlet
of primary nozzle

eIp, inlet angle for primary nozzle

Ry,,» wall radius on upstream side of the
thPoat, primary nozzle

r¥p, throat radius of primary nozzle

Rd.» wall radius on downstream side of the
thPoat, primary nozzle

82, exit cone half angle, primary nozzle

P

€pe expansion ratio of the primary nozzle

Secondary Nozzle

ecs Secondary nozzle contraction ratio

Ry, wall radius connecting chamber and
inlet of primary nozzle

8°1, inlet angle for secondary nozzle

Ry, wall radius on the upstream side of the
tHroat, secondary nozzle

r*, throat radius of secondary nozzle

Rgs wall radius on downstream side of the
throat, secondary nozzle

8°, exit cone half angle, secondary nozzle
e, expansion ratio of the secondary nozzle
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Geometry; Options 3, 4 or 5. Full Geometry Option with Spline Fit
Exhaust Contours- " .

For the spTine fit wall contour options, contour points are input tec
replace the conical exit cone of either the primary nozzle, secondary nozzile,
or both. Other inputs are the same as in geometry Option 2, described above,
except that the inputs for ey, and/or ¢ are not required. The exit cone
half angle is interpreted as the spline contour attachment angle. The spline
options are as follows:

Primary Wall Secondary Hall
IWALL = 3, Spline Cone
IWALL = 4, , Cone Spline
IWALL = 5, Spline Spline

The spline coordinates are input as follows:

X4apP(2)*

Xp;» axial coordinates for primary wall
spiine contour

Yps:s radial coordinates for secondary wall
sBiine contour

N4pP = nps 1 =1, 2, ... np above. np < 20

i

Y4P(2)

TH4P = e°ep, spline contour exit angle for pri-
mary nozzle, degrees

X4(2) = X{, axial coordinates for secondary
wall spline contour —

Ya(z) = Yi, radial coordinates for primary wall
spline contour

N4 = " n, 1, =1, 2 ... n above. N < 20.

TH4 = 8%, spline contour exit angle for secondary

nozzle, degrees
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Relative Positioning of Primary and Secondary
Nozzles (IWALL > 2 Cases Only)

XLE ) Le/r*n, axial distance from the exit plane
of thg primary nozzle to the throat plane
of the secondary nozzle, normalized by
r*5.

p

*The first point on a spline contour is automatically calculated by the
program from the exit contour half angle, ep°, or 8°, thus each of these
input vectors begins with item 2.
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INPUT ITEM

DpP

FCTR

IPNCH

MEPI

NW

OPSIG

PBPO

WLPRN

WSWP (1)

$END
114

FLOW PROPERTIES AND OPTIONS

DEFINITION

Pressure ratio increment for generating bleed
flow v.s. pressure table.

i+l

Pb /P

= P 1-/ + DP
0 b P0

Factor for scaling plume shape. Used as a
multiplier for the parameter Mb/y in the Herron
method.

v, expansion coefficient

If IPNCH = 1, geometry inputs for TDK will be
punched in the NAMELIST format .

If IPNCH = 0, no punched output, only printed
output.

Me . (REAL type) exit Mach No., primary nozzle.

If ME <1 then values will be calculated from
P . .
assuming one-dimensional flow

p

L number of entries in WSWP

Ny < 50

Option for Calculating o

If OPSIG =1, g from Abramovich

If OPSIG =2, g from Korst

Pressure ratio for the plume boundary for zero
bleed flow. If not input, the program will calcu-
Tate a value corresponding to the area of the
secondary nozzle throat divided by the area of the
primary nozzle throat using the relationship for
one-dimensional flow.

If a value other than zero is input, print of the
secondary and primary nozzle wall tables will be
suppressed (to be used on successive cases when
the wall- geometry does not change.)

(ﬂslﬂp)i * 100, for a given value of P, /P

percent bleed flow output will be
given for these values, i =1, --, 1,

0

ASSUMED
VALUE

.002

1.4
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APPENDIX C
THE CHEM COMPUTER PROGRAM

This program calculates equilibrium and kinetic performance values
for Igp and C*. The propellants must be either LOX/RPT or LOX/H2.

For LOX/RP1 systems the chamber pressure must be between 300 and 1000
psia, the mixture ratio between 2.4 and 3.4, and the nozzle expansion ratio
between 1 and 300. Chamber enthalpies for LOX and RP1 are assumed to be
~3093 and -6200 calories/mole, respectively.

For: LOX/H2 systems the chamber pressure must be between 300 and
2000 psia, the mixture ratio between 5 and 10, and the nozzle expansion
ratio between 40 and 3000. Chamber enthalpies for LOX and H2 are assumed
to be -3093 and- -2154 calories/mole, respectively. Kinetic value for Ig
are calculated based on an assumed throat radius of 2.289 inches. These
values are corrected as a function of throat radius as follows:

1 = 1 -log (2.289/r*).
SPRIN SPRIN
2.289
Program Input
$DATA g
FUEL = The propellant is either LOX/RPY (=0) or LOX/H2 (=1).
XMAR = Propetlant mixture ratio
PC =  Chamber pressure, psia
EPS = Nozzle expansion ratio
RT = Nozzle throat radius, inches
$END

Program Qutput
The following items are output:

ISPODE’ sec C ft/sec

*
KIN?

n
ISPKIN’ sec KIN

C*ODE’ ft/sec
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