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FORCWORD 

This technical report presents the results of the water- 

cooled segmen*: test evaluations conducted as part of 

Tasks I anu II of the 0-/IL Advanced Maneuvering Propul- 

sion Technology (AMPT) program. The work was conducted 

by the Rockctdyne division of North American Rockwell 

during the period 1 December 1970 to 3 December 1971 as 

part of United States Air Force Rocket Propulsion Lab- 

oratory Contract F04611-67-C-0116. 

The Air Force Program Manager was Mr. IV. K. Wells. 

Mr. H. G. Diem was the Rocketdyne Program Manager, 

Mr. D. Huang wai the Rocketdyne Project Engineer. 

This report, Rocketdyne report R-8906, was published 

U April 1972. 

This technical report has been reviewed and approved. 

W. K. WCLLS 
AFRPL AMPT Program Manager 
LKDS 

] 

11 



ABSTRACT 

This report describes the analysis, design, fabrication, and 

test of water-cooled segments to define the most suitable 

injector configurations and combustion chamber geometries for 

25,0C0-pound-thrust, 0-/H-, lightweight, aerospike thrust 

chambers. Two-hundred and seventy-one hot-fire tests with 

numerous injector and chamber configurations were conducted 

at chamber pressures between 140 and 988 psi. The injector 

development was supplemented with cold-flow tests of single 

injection elements. High measured performance (n #^99 per- 

cent) was demonstrated in low-volume combustion chambers 

(3.0-inch length from injector face to the throat). Favor- 

able heat transfer characteristics were established which 

will enable satisfactory coolant-circuit design for the re- 

generatively cooled segments which are to be demonstrated 

in the next phase of the program. 
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c contraction 

cc combustion chamber 

CRES corrosion-resistant steel 

col. dist. collection distance 
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c\ap 
characteristic velocity based upon propellant vaporization 

c#mix 
characteristic velocity based upon propellant mixing 
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Df injector fuel orifice diameter 

dia diameter 

°o injector oxidizer orifice diameter 

*30 mean drop size 

e exit 

c area expansion ratio 

EDM electrical discharge machining 

EM mixing uniformity index 

eng engine 

f fuel 

F degrees Fahrenheit 

ft feet 

GF2 gaseous fluorine 

GH2 gaseous hydrogen 

G02 gaseous oxygen 

H2 hydrogen 

Hz Hertz 

hc coolant-side heat transfer film coefficient 
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SECTION I 

INTRODUCTION 

The Advanced Maneuvering Propulsion Technology (AMPT) Program is being conducted 

to demonstrate the performance and weight potential of a 25,000-pound-thrust, 

02/H2, aerospike thrust chamber. 

Two aerospike engine system designs are being developed on this program (Fig. 1). 

The first design, called single-panel because only the fuel is used as a regenera- 

tive coolant, has an area ratio of 110:1 and a maximum chamber pressure of 750 

psia. This design point corresponds exactly to the single-panel thrust chamber 

demonstrator hardware being fabricated and tested on this program. Some addi- 

tional performance cculd be obtained with the single-panel design by enlarging 

the nozzle area ratio to the maximum possible value of 150:1 at the same chamber 

pressure. However, the more conservative expansion ratio was selected to provide 

an additional operating safety margin for the demonstration hardware. 

The second aerospike design is called double-panel because both fuel and oxidizer 

are used as regenerative coolants in the combustion section to provide additional 

cooling capability. The optimum double-panel has a chamber pressure of 1000 psi 

and a nozzle expansion ratio of 200:1. This design point defines the maximum pos- 

sible performance for the aerospike concept at a thrust level of 25,000 pounds. 

Demonsera*or hardware with slightly more conservative operating conditions (950- 

psi chamber pressure and 190:1 expansion) is being bui!* and tested on this 

program. 

I* 
The O./H- AMPT program contains three tasks as illustrated in Fig. 2. Task I in- 

cludes all design and analysis on the aerospike thrust chamber demonstration , 

hardware and engine system studies. l 

/ 
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Ttsk II covers the fabrication and test of water-cooled segments and lightweight 

regeneratively copied segments and sectors ( a sector is an assembly of three seg-   £\ 

ments). The Task II effort includes both single- and double-panel segment/sector 

evaluations. Based on the Task II test results, the final design approach will 

be selected for the complete lightweight demonstrator thrust chamber hardware of 

Task III. The date of this selection is 1 June 1972. 

Based on the results of Task II, two complete lightweight 25,000-pound-thrust 

aerospike thrust chambers of the selected type will be designed, fabricated, and 

demonstration tested under simulated altitude conditions at the Air Force Arnold 

Engineering Development Center. Each of the thrust chambers will be assembled 

from 24 regeneratively cooled segments of the basic configuration demonstrated 

during the Task II effort together with a nozzle skirt, base closure, and thrust 

stiucture with gimbal. 

The water-cooled segment testing of Task II has been completed and is summarized 

in this report. This test program defined the best injector designs and combus- 

tion chamber configurations for the single- and double-panel regeneratively cooled 

segments of Task II. 

I 
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One-hundred and seventeen single-panel and 151 double-panel water-cooled segment 

1 
SECTION II 

SUMMARY 

The water-cooled segment evaluation program identified the best injector and 

combustion chamber designs for both the single-panel and duible-panel aerospike 

configurations. The primary demonstration criteria for the water-cooled segment 
test program were: 

Single-Panel   Double-Panel 

• Chamber Pressure at Full Thrust,        7S0 950 
psia 

• Throttle Ratio 5:1 5:1 
• Minimum r\     Over the Throttle Range      97 97 

(Percent Theoretic«1 Shifting c*) 
• Combustion Stability: Recovery and Stabilization Within 40 milli- \ 

seconds after Pulsing at Least SO Percent Above the Operating 
Chamber Pressure f 

4 

I 

hot-fire tests were conducted. Triplet, concentric orifice, and ccplanar injector     i 

types were evaluated for the single-panel using liquid oxidizer and gaseous fuel 

propeliant injection. Triplet, concentric orifice, and trislot injector types 

w*re evaluated for the double-panel using gaseous oxidizer and gaseous fuel pro- 

peliant injection. Variations in combustion chamber geometry were evaluated con- 

current with the injector evaluations. The test program results are summarized 

briefly in Table 1. As shown, the ranges of chamber pressure, mixture ratio, and 

fuel injection temperature which were tested exceeded the design ranges in each 

case. 

Based on the criteria of high r\     and acceptable ***t transfer, injector/combus- 
tion chamber configurations were defined for the single-panel and double-panel 

designs. The segment combustors for both designs had constant convergent angle 

chamber walls with a le%*h from injector face to throat of 3.0 inches and an in- 

ject o.- end width of 0.S inch. The throat width (gap) for the single-panel and 



TABLE 1. WATER-COOLED SEGMENT TEST SUMMARY 
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double-parel configurations were 0.125 and 0.08S inch, respectively, and corres- 

ponded to chamber characteristic lengths (L#) of 7.94 inches and 1C.20 inches, 

respectively. 

I» 

u 
I * 

The selected single-panel injector was a concentric orifice type that utilized 

liquid oxygen and gaseous hydrogen in a low thrust per element (13 pounds per 

element at maximum P ) configuration. The concentric injeito* ele.ncnt consisted 

of a recessed, 0.07S-inch, oxidizer post with a 0.018-inch fuel annulus surround- 

ing the oxidizer post. The face contained 80 elements arranged in three rows. 

The injector-combustor assembly met the program r\     reouirement of at least 97 

percent over the 5:1 (750- to ISO-psia chamber pressure) throttle range and was 

compatible (heat transfer) with the combustor. The injector n # at the 7S0-psia 

chamber pressure design point was 99 percent. 

The selected double-panel injector was a triplet, hydrogen-oxygen-hydrogen type 

that utilized gaseous oxygen and gaseous hydrogen in a low thrust per element 



(20.4 pounds per element at maximum P ) configuration. The injector face had 

SI elements arrangedin two rows. The fuel and oxidizer orifice diameters were 

0.0S0 and 0.033 inch, respectively, with an included impingement angle between 

the fuel orifices of 75 degrees. The injector n # over the 5:1 (950 to 190 psia) 

throttle range was approximately 99.5 percent. 

Following selection of the injector/combustion chamber designs for the single- 

panel and double-panel segments, a series of stability evaluation tests was con- 

ducted with each configuration. Pulse guns were utilized to create steep-fronted 

overpressures in the combustion chamber. In all tests, the pressure surges damped 

within 8 milliseconds, thus demonstrating that the stability demonstration criteria 

(40 milliseconds recovery time) had been met. 

The water-cooled segir*nt test results have provided all necessary design criteria 

for single-panel and double-panel regeneratively-cooled segments and sectors which 

will be fabricated and demonstration tested in the next part of the program. 

7/t 
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SECTION III 

TORUST CHAMBER ASSEMBLY DESCRIPTION 

The aerospike demonstration thrust chamber consists of an annular combustion 

chamber with regenerativf.ly cooled inner and outer bodies, assembled from com- 

bustor segments, and a regeneratively cooled nozzle extension. The demonstration 

thrust chamber assembly is shown in Fig. 3. The major components of each thrust 

chamber assembly type are described below. 

COMBUSTION CHAMBER 

The combustion chamber utilizes a segmented chamber approach in which 24 combus- 

tor segments are stacked within a continuous inner structural ring and a contin- 

uous outer structural ring providing a 360-degree circular assembly. At each % 

•NARloy is a silver-copper alloy (North American Rockwell trademark). 

interface between segment combustors, called the baffle or th»t side plate region, 

bolts are installed to connect the inner and outer structural rings. 

The design approach, illustrated in Fig. 4 , achieves an aerospike thrust chamber 

without bonding coolant panels to the pressure and thnst restraining structure, 

thereby reducing thermally induced strains in the structures, and also avoiding 

the processing associated with furnace braze joining of the segments and structure. 

The resulting mechanicr.l assembly allows removal and replacement of individual 

segments, if required. A drawing of the single-panel thrust chamber assembly is 

shown in Fig. 5. 

Single-Panel Regenerative-Cooled Segments. The segments are assembled from a 

single-piece, NARloy* investment casting to which NARloy closure sheets are 

brazed to form the complete rectangular coolant passages, as illustrated in Fig. 6 . 

The NARloy material was .selected because of good castability, braz*ab4lity, high 

thermal conductivity, and required materis' strength properties at elevated < 

temperatures. 
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The primary difference in the design approach between the single-panel or double- 

panel segments is in the regenerative-coolinj; design. The single-panel coolant 

ci"uit is shown in Fig. 7 , and is a single pass in which the nozzle is cooled 

first and the segment combustor last. With this circuit, the hydrogen enters the 

tuhulax nozzle cooling passages at the nozzle exit. After single uppass cooling 

of the nozzle and the segment combustor inner bodies» the segment combustor side 

paneis are downpass cooled and, finally, the segment combustor outer bodies are 

uppjss cooled to complete the circuit, üownpass designates an injector-to-throat 

direction, and uppass is the reverse. 

TO INJECTOR 

-COMBUSTION CHAMBER SEGMENTS 

NOZZLE EXTENSION 

Figure 7. Single-Panel Demonstrator Thrust Chamber Cooling Circuit 
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Following this development, evaluation of regenerative-cooling capability and the 

lightweight structure reinforcement is to be accomplished by hot-fire testing of 

regeneratively cooled segment combustors in both single-segment and three-segment 

(sector) configurations. This development will provide the segment assembly 

designs for the demonstrator thrust chamber assembly. 

17 

1 
Double-Panel Regenerative-Cooled Segment 

Hie segment is assembled from a basic, two-piece (split), NARloy investment cast- 

ing. The coolant passage closeout procedures are slightly different than those 

used for the single-panel combustor because of using oxidizer for secondary cool- 

ing of the inner wall. The secondary cooling is accomplished as illustrated in 

Pig. 8 , with the oxygen absorbing heat from both the heated coolant hydrogen and 

from the combustor wall structure. 

The outer wall has a brazed-on NARloy closeout sheet toe same as the single-panel 

chamber, but the inner wall utilizes an individual tube closeout for each coolant 

passage, as shown in Fig. 9. The tubes are NARloy to obtain consistent mechanical 

properties and high thermal conductivity. 

The complete double-panel thrust chamber regenerative-cooling circuit is shown j 

in Fig. 10, and consists of a double-pass, combustor-first, nozzle-last type cir- } 

cuit. The hydrogen coolant enters the outer wall first and completes an up and 

down traverse (adjacent coolant passages) followed by a downpass through the ' 

side panels, an uppass and downpass through the inner wall, and completes the % 

circuit by flowing single-pass down through the nozzle. i 

The oxidizer completes a single uppass circuit through the tubes that are attached 

to the inner combustion chamber wall. 

This report covers the development of the specific co'-bustor geometry and injector 

design criteria for the single-panel and the double-panel regeneratively cooled 

segments. This development was •wcomplished by hot-fire testing of water-cooled, 

calorimetry segment combustors, of various combustor geometries, with nonlight- 

weight, bolt-on injector configurations that permitted modifications. 
• 
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COMBUSTION CHAMBER SEGMENTS 

NOZZLE EXTENSION 

TO  INJECTOF 

Figure 10. Double-Panel Demonstrator Thrust Chamber Cooling Circuit 

) 
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i SECTION IV 

HATER-COOLED SINGLE-PANEL SEGMENT EVALUATION 

The determination of the design criteria for the sinßle-panel, regeneratively 

cooled segment thrust chamber combustor and injector was the primary purpose of 

the single-panel, water-cooled segment program. Four water-cooled, calorimetry- 

type, segment thrust chambers and five bolt-on type injectors were designed, 

fabricated, and hot-fire tested. Variation of chamber combustion zone length and 

injector element configuration were the primary development parameters. A mini- 

mum length chamber was desirable to minimize total thrust chamber weight. Injec- 

tion element configuration variations of each injector were evaluated, and single- 

element, cold-flow tests were conducted as part of the program. 

The single-panel segment development program is described in the following order: 

hardware design and fabrication, injector element cold-flow testing, segment hot- 

fire testing and analysis, and the test evaluation summary. 

HARDWARE DESIGN AND FABRICATION 

« 
Segment Chambers 

Three geometric types of segment chambers were evaluated during the program. The 

primary differences between types were in the throat area and in the upper combus- 

tor zone (injector face area). The general configuration of the chamber types is 

shown in Fig. 11 . 

Unit Numbers 1, 2, and 4. Three segment chambers, designated units 1, 2, and 4, 

were designed and fabricated (Fig. 11 ) based on the detailed design criteria 

presented in Table 2. The following design guidelines were established and 

followed for the segment combustors: 

1. The combustors would be low-volume, minimum L* so that the 

regeneratively cooled segments would meet the thrust chamber 

weight requirements. 

21 
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TABLE 2. DESIGN CRITERIA FOR SINGLE-PANEL WATER-COOLED SEGMENT CHAMBERS 

Design Parameters Units 1, 2, and 4 Unit 1-A 

Chamber Length (side plate-to-side 
plate at injector end), inches 

6.260 6.260 

Chamber Length (side plate-to-side 
plate at throat), inches 

5.700 5.700 

Width at Injector End, inch 0.500 0.600 

j Throat Gap, inch 0.125 0.125 

Throat Radius, inch 0.125 0.125 

Contraction Ratio (A. ./A ) 4.39 5.28 

Expansion Ratio (A /A ) 5.44 5.44 

Divergence Nozzle Curved to match Curved to match 
regeneratively 
cooled segment 

regeneratively j 
cooled segment 

Combustion Zone Wall Configuration 

Side Plates Straight Straight 
convergent convergent 

Chamber Walls Straight Straight 
convergent convergent 

Combustion Zone Wall Convergence 
Half-Angle, degrees 

3 degrees, 
35 minutes 

4 degrees, 
32 minutes 

Combustion Zone Length (L ), 
Injector Face to Throat, Inches 

3.0 3.0 

Q aracteristic Chamber Length (L*), 
inches 

7.94 10.2 

Chamber Pressure, psia 750 750 

23 



2. Capability would be provided for increasing combustion zone 

length, L, from the basic 3.0 inches to 3.5 and 4.0 inches 

by use of removable, cooled, 0.5- and 1.0-inch spacers to 

permit the determination of L effect upon performance and 

heat transfer. 

3. The segment chamber would incorporate the capability to ob- 

tain local heat flux distribution, total integrated heat re- 

jection rate, and the c* performance of each injector-combustor 

assembly. 

The segment chambers were fabricated of copper and incorporated coolant passages 

for water cooling. The segment chamber configuration is illustrated in Fig. 12. 

The design and fabrication techniques were similar to those developed previously 

under Contract F04611-67-C-0116. 

Two-dimensional heat transfer computer analyses were conducted to verify the 

cooling capability of the water-cooled chamber design. The analyses were con- 

ducted at four axial stations: injector end (X »-2.75 inches); slightly below 

injector end (X * -1.94 inches); immediately above the throat (X «-0.4 inch); and 

at the throat (X ■ 0.0 inch). The local heat flux used for analysis corresponded 

to the analytically predicted local heat flux, 1.18 times the predicted value at 

the throat region and 2.0 times the predicted value at the injector end. The 

higher than predicted heat flux values were used to provide for uncertainties 

and a margin of safety. The results of the analyses are presented in Table 3 . 

The maximum predicted gas-side wall temperature for 750-psia chamber pressure 

was 1771 R, at a point located 0.4 inch above the throat. This value is well 

below the melting point of 2441 R for OFMC copper. 
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The completed unit 1 segment chamber, which is also typical of units 2 and 4, is 

y shown in Fig. 13. Figure 14 shows the two segment halves prior to and following 

furnace braze assembly. 

The design of unit 4 chamber segment was modified to incorporate a pulse gun for 

the combustion stability evaluation of the injector-chamber assembly. The pulse 

gun is shown in Fig. IS. The pulse gun was removable and was in place for sta- 

bility tests only. The water-cooled plug, shown in Fig. 15, was used during non- 

pulsing tests to fill the cavity. The other major components (cartridge holder, 

firing pin assembly, and burst disk retainer) were the same items as used for the 

previous AMPT program effort (AFRPL-TR-70-127). 

The unit 1 chamber was modified during the test program to increase the injector 

width from 0.500 to 0.600 inch. The chamber was eroded in the upper combustion 

zone during evaluation of the unit 1 coplanar injector, and the decision was made 

that an increase in injector width would be evaluated. Evaluation of increased 

injector element-to-wall spacing, and its effect on performance and heat transfer, 

was the primary objective. The modification was accomplished by EDM using an elec- 

trode machined to provide the desired combustion zone wall convergence angle and 

injector end width. The modified chamber, unit 1-A, is shown in Fig. 11. 

The basic segment chambers had a combustion zone length, L , of 3.0 inches. The 

effect of increased combustion length, i.e., 3.S, 4.0, and 4.5 inches, was one of 

the items cf interest during the development program. The capability to investi- 

gate various combustion chamber lengths was provided by use of water-cooled remov- 

able spacers. Two water-cooled spacers were provided, 0.S00- and 1.00-inch thick- 

ness. The spacers incorporated dual O-ring sealing capability and had drilled 

water-coolant passages. 

The spacers were fabricated of OFHC copper and were calorimetry type, so that 

local heat transfer rates could be obtained. The coolant passages were gun- 

drilled identical to the segment chamber. A completed spacer is shown in Fig. 16. 
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PRE-FURNACE BRAZE ASSEMBLY 

i 

POST-FURNACE BRAZE ASSEMBLY 

Figur« 14. Single-Panel hater-Cooled Segment Chamber 
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Following completion of the single-panel segment testing, the spacers were modi-         

fled and used for the double-panel segment tests. The mo«,'fixations are described 
in Section V. 1 

Segment Chamber Unit 3. One additional segment chamber Tdesignated unit 3) was 

designed and fabricated. The general configuration is presented in Fig.11 and 

the detail design criteria in Table 4. The chamber was somewhat different than 

units 1, 2, and 4, The difference was primarily in throat area and xhrust level. 

Whereas the other chambers (units 1, 2, and 4) were sized for full thrust at 

750-psia chamber pressure, unit 3 was sized for full thrust at a chamber pressure 

of 650 psia. The reason for the lower chamber pressure was that the unit 3 cham- 

ber was provided for evaluation of the unit 3 concentric orifice injector which 

incorporated a different design approach than the initial triplet and coplanar 

injectors. The Unit 3 injector design was initiated as an IR$D task to provide 

a fluorine-hydrogen injector with internal heat exchange capability to support 

the previous AMPT program effort (AFRPL-TR-70-127). Analysis indicated the injec- \j 
tor could be used for L02-GH2 and was therefore completed. 

The unit 3 chamber design and fabrication were similar to the other water-cooled 

calor: metry chambers and, though the design chamber pressure was 650 psia, the 

chamb nr was tested in excess of 750-psia chamber pressure with no detrimental 

effects because of the conservative heat transfer design approach. 

The chamber segment is shown in Fig. 17 . No pulse gun capability was provided in 
the chamber segment. 

Single-Panel-Segment Injectors 

Three injector types were selected as having the potential to provide the required 

c* performance, 97-percent minimum of full shifting c* over the 5:1 throttle range, 

with satisfactory heat transfer conditions on the combustion chamber. The three 

types consisted of the coplanar, triplet, and concentric orifice. The single-panel 

injectors were required to operate with liquid oxyg-n and gaseous hydrogen. 
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TABLE 4.  DESIGN CRITERIA FOR UNIT 3 WATER-COOLED SEGMENT CHAMBER 

DESIGN PARAMETERS 

Chamber Length (side plate-to-side plate 5.200 

at ihjector end), inch 

Chamber Length (side plate-to-side plate 5,200 

at throat)! inch 

Width at Injector End, inch 0.600 

Throat gap, inch 0.199 

Throat radius, inch 0.870 

Contraction Ratio, A. . /. 
t 

3 

\   Expansion Ratio, Ae/xt 3.88 

Divergent Nozzle Shape Curved 

Combustion Zone Wall Configuration 

Side Plates Straight, straight 

Chamber Walls Straight, Convergent 

Combustion Zone Wall Convergence 
Half Angle, Degrees 

4 degreei 34 min. 

Combustion Zone Length, LQ, 
Injector Pace-to-Throat, inch 

3.0 

Characteristic Chamber Length, L», inch 6.05 

Chamber Pressure, psia 650 
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Several modifications were made to each injector during the development program. \ 

Tnese modifications and the baseline mechanical design parameters for the injec- \ 

tors are shown in Table 5 and discussed below. Cold-flow testing of the coplanar 

element was conducted and is discussed in a separate, subsequent section (page 84). 

Additionally» combustion model analyses, applicable to the coplanar, triplet, and 

concentric type injectors, were conducted as described later in Appendix I. 

Coplanar Injector. Two coplanar injectors, units 1 and 4, were designed ai.d fab- 

ricated. The coplanar injector is a superimposed, like-doublet pattern with the 

oxidizer doublet impinging nearest to the injector face and the fuel doublet 

impinging further downstream on the same axial line rotated in a plane 90 degrees 

from the oxidizer orifices. The element is sometimes described as a colinear, 

biplanar impinging element. The name was shorted to coplanar for convenience. 

The element design is illustrated in Fig. 18. The design intent of this injector 

was to initially atomize the liquid oxygen by direct impingement, and to initiate 

additional droplet shattering and mixing by entrainment and impingement with the 

gaseous fuel streams. 

Unit 1 Coplanar Injector. The unit 1 coplanar injector incorporated 62 injec- 

tion elements (as many elements as was practical from a fabrication and feed mani- 

fold standpoint) to obtain the minimum thrust per element. The elements were 

arranged in two staggered rows to provide uniform distribution with minimum over- 

lap of spray patterns. Because the momentum of both propellants was used to pro- 

mote atomization and mixing, the orifices were sized based on equal pressure drop. 

Fuel orifices were 0.028-inch diameter and oxidizer orifices were 0.015-inch diam- 

eter. All orifices were formed by electrical discharge machining (EDM), and the 

fuel orifices had a chamfered inlet; however, the oxidizer orifice inlet was inac- 

cessible and was left with a square edge. 

The unit 1 coplanar injector was modified to the unit 1-A configuration during the 

test program (Table S and Fig. 18) by increasing all oxidizer orifice diameters 

to 0.016 inch. This modification was made to determine the effect of decreased 

oxidizer velocity on performance and hett transfer. 
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Figure 18. Unit 1 and IA Coplanar, Single-Panel Injector, 
Injection Element Configurations 
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Unit 4 Coplanar Injector. The unit 4 coplanar injector incorporated 64 injec-    •* 

tion elements. These elements were arranged in two rows and the elements were j 

identical to the unit 1 elements except for an increased oxidizer orifice diameter 

(0.019 i ich). The elements also were rotated 90 degrees in the injector face 

plane, so that the oxidizer would not impinge directly on the walls, as was the 

case with unit 1. The unit 4 coplanar design is shown in Fig. 19 through 21. 

The unit 4 coplanar injector was modified to the unit 4A configuration (Table 5 

and Fig. 19) by increasing the outboard fuel orifice (closest to combustor wall) 

diameter to 0.036 inch to provide additional mass flow adjacent to the chamber 

walls. A final modification, unit 4B configuration, was made to provide fuel 

fans adjacent to the walls. The modification, shown in Fig. 19, consisted of EDM 

of two adjacent, 0.012-inch-diameter holes and connecting them'by an EDM slot to 

form a fan. This configuration was not tested. 

Coplanar Injector Fabrication. The coplanar injectors were fabricated from 

single-piece OFHC copper forgings. All manifolding was internal, with EB weld- 

attached fuel and oxidizer manifold closures. The most critical manufacturing % 
operation was the orifice drilling. Because injector performance was very depend-         * 

ent on the accuracy and quality of the injector orifices, all impinging-type injec-        \ 
tors fabricated during the program utilized electrical discharge machining to pro- 

duce the orifices. A special bushing was used to guide the electrode and ensure 

accurate location of the orifices and desired impingement angle. Each orifice of 

an element, e.g., four per coplanar and three per triplet element, were machined 

with one setup. The bushing was not moved until the element was complete. The 

results obtained through use of this technique were excellent. No furnace brazing         j 

was used during the manufacture of the injectors and, with the exception of the 

orifice EDM, all machining was conventional. The completed units 1 and 4 coplanar 
injectors are shown in Fig. 22 and 23. 

Following completion of fabrication, the injectors were water-flow tested for cal- 

ibration of flow pressure drop characteristics and visual evaluation of element 

flow characteristics. Filtered (40-micron) water was utilized for calibration of 

both fuel and oxidizer orifices. The flow was discharged to ambient pressure. 

The fuel orifices also were flow tested with gsseous nitrogen. 
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Figure 19. Unit 4 CopUnar, Single-Panel Injector, 
Injection Element Configurations 
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The fuel orifices were 0.0205-inch diameter and oxidizer orifices were initially 

0.015-inch diameter. The orifices were formed by EDM and the oxidiier orifices 

had chamfered, step-drilled inlets. The fuel orifice entrances were inaccessible 

for chamfering. The injector design is shown in Fig.28 and 29. 

One triplet injector (unit 2) was designed and fabricated. Several modifications 

were made to the unit 2 injector during the test program, and these are shown in 

Fig. 27. Modification 2A increased the oxidizer orifice size from 0.015 to 0.018 

inch for evaluation of decreased oxidizer injection velocity on performance and 

heat transfer. 

49 

A typical flow test is shown in Fig. 24, with predicted propellant flow pressure 

loss characteristics based on the water-flow tests (Fig. 25 and 26). Injector 

hot-fire pressure drop data were predicted using the cold-flow calibration data 

and a computer flow model program. The output values of pressure drop from the 

computer models were used for plotting the predicted injector flow characteristics 

shown in Fig. 25 and 26. 

Visually, the stream patterns with the coplanar injector were very good, with well- 

formed "fans" and well-atomized streams. Impingement points for both oxidizer and 

fuel doublets were properly located and no significant fan distortion was noted, 

indicating accurate alignment of streams. 

Triplet Injector. The triplet injector was a hydrogen-oxygen-hydrogen configura- 

tion, as shown in Fig. 27 through 29. This pattern was selected because the axial 

oxidizer injection was expected to avoid combustion chamber wall problems with 

the direct-impinging fuel,promoting mixing and atomization. Elements were arranged 

22 per row, in 5 rows, foi a total of 110 elements. Two additional, fuel-only ele- 

ments were located at each end of the combustion chamber to protect the segment        % 

chamber side plates. The elements were canted at 30 degrees, in relationship to       9 

the chamber walls, to avoid edge impingement between adjacent rows of elements. 
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r.lification 2B added an additional 0.012-inch fuel orifice between the outer ele- 

ments and the segment wall to evaluate the influence of additional fuel flow near 

the wall on reducing the heat flux. 

Modification 2C plugged the additional 0.012-inch fuel orifices of modification 2B 

because increased heat flux, rather than reduced heat flux, resulted from the 2B 

modification during testing. The oxidizer orifice size also was increased to 

0.019 inch on the 2C modification for further evaluation of oxidizer injection 

velocity on performance and heat transfer. 

An additional triplet injector (unit 6) was designed but not fabricated when the 

test results showed that a concentric element-type injector would satisfactorily 

meet the single-panel program requirements. 
: 
I 

The manufacturing of the triplet injector was very similar to the coplanar injec-     J 

tors. The completed injector (unit 2) is shown in Fig. 30. 

i 

The injector was water-flow tested following completion of fabrication. A typical     • 

flow test is shown in Fig. 31. Visually, the stream patterns were well collimated, 

and produced well-formed fans. No misimpingement or plugged orifices were noted. 

The predicted injector pressure loss characteristics are shown in Fig.32 . 

There was no cold-flow evaluation of the triplet element. 

Concentric Injector. Two concentric injectors, units 3 and 7, were designed and 

fabricated. 

The unit 3 injector effort was initiated prior to the program start on an IR6D 

task. The injector fabrication was completed and testing accomplished on the AMPS 

program to complement the single-panel injector development program. 

The initial test results were very promising and indicated that a concentric f 
injector designed specifically for the AMPT single-panel combustor was desirable. 

This injector, designated unit 7, was rescaled and slightly revised from the 
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r 
unit 3 i-.jector configuration. This design modification was required because the 

unit 3 injector had a larger thrust per element than would be necessary for the 

unit 7 injector (Table 5). 

Unit 3 Concentric Injector. Unit 3 injector was a 96-element design with an 

element configuration as shown in Fig. 33. The mechanical design criteria are 

noted in Table S. 

The injection element consisted of oxidizer introduced through an oxidizer tube 

(post) and fuel introduced through an annulus formed by the oxidizer tube OD and 

an orifice in the face plate. Capability to evaluate several oxidizer post recesses 

was possible by electrodischarge machining the oxidizer posts to shorten them. This 

modification was accomplished once during the program to change the recess from 

0.050 to 0.075 inch on this injector. 

Combustion model studies (described in Appendix I) were conducted for unit 3 injector 

with varying post recesses (0.050, 0.075, and 0.100 inch) at chamber pressures 

of 450 and 700 psia. The post recesses for the 0.033-inch-diameter oxidizer ori- 

fice corresponded to recess/oxidizer orifice diameter ratios (R/DQ) of 1.5, 2.25, 

and 3.0. Combustion model predictions of vaporization efficiency, r  , and cup 

pressure drop, are shown in Fig. 34 and 35 respectively. Vaporization efficiency 

was indicated to increase with:  (1) increasing chamber pressure at constant R/DQ, 

and (2) increasing R/DQ at constant chamber pressure. Cup pressure drop increased 

in a similar mann?r. 

The fabrication technique used for the unit 3 injector was different than the 

impinging types. The injector assembly consisted of three major detail parts: 

face plate, body, and oxidizer tubes. The oxidizer tubes were furnace brazed into 

a plate which was then electron-beam welded into the body. The injector body and 

face plate were assembled by electron-beam welding. The completed injector is 

shown in Fig. 36. 

After completion of fabrication, the injector was flow calibrated to establish 

pressure loss characteristics and verify nonplugging of propellant flow passages; 

the calibration results are presented in Fig. 37. A typical flow test is shown 

in Fig. 38. 
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One Modification was made to the injector during the test program which con- 

sisted of changing the oxidizer post length from the value that provided a 0.050- 

inch recess to a shorter length to provide a 0.075-inch recess. 

Unit 7 Concentric Injector. Injector unit 7 design is shown in Fig. 39 

thr ugh 41. The mechanical design parameters are shown in Table 5. 

Three candidate element configurations (cases I, II, *nd III) were subjected to 

combustion model analysis (described in Appendix I) to aid in selection of the 

element configuration. The element configurations selected for analysis ami the 

combustion model results are tabulated in Table 6. 

Case I represented an element design which: (1) had a fuel injection velocity and 

total number of elements the same as injector unit 3, and (2) had a fuel gap and 

oxidizer injection velocity less than injectot unit 3. The latter two constraints 

resulted from the lower thrust requirements of injector unit 7 compared to injector 

unit 3. Case II represented an element design which: (1) had a fuel gap and 

total number of elements the same as injector unit 3, and (2) had a fuel and oxi- 

dizer injection velocity less than injector unit 3. Case III represented an ele- 

ment design identical to injector unit 3 with a reduction in the number of elements 

from 96 to 68. 

For each of the cases, both increased chamber pressure and .ncreased post recess 

improved n #  . The vaporization efficiency for cases I and III was similar. 

For case II, the vaporization efficiency was slightly lower due to the reduced 

fuel injection velocity. The results in Table 6 apply to vaporization efficiency 

only and do not account for changes in sixing efficiency, which could occur with 

the different element designs. 

The element corresponding to case I, and shown in Fig. 39, was selected for the 

initial evaluation based on the following: 

1. The mass distribution was much more uniform with the 9S-element pattern 

(one less than unit 3 which had 96) compared to 68 elements. 

2. A lower thrust per element was obtained with 95 rather than 68 elements. 
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3. The 95-element pattern would provide roughly the same number of elements 

per sq in. of injector face as unit 3 injector. 

*. The number of elements could be reduced to 68 elements at a later time 

if desired. 

One of the major features of the design was a removable face plate (Fig. 42). 

This feature provided the capability for rapid rework of injector element param- 

eters such as oxidizer post recess, fuel annulus width, and number of elements. 

Two face plates were made during the initial fabrication to permit rework of one 

face while the other was in test. Variation in oxidizer post recess was obtained 

by conventional machining of the face plate, rather than electrodischarge machining 

of the oxidizer posts as had been accomplished with unit 3 injector. This feature 

permitted maintenance of a fixed oxidizer post configuration until an optimum 

recess-gap configuration was established. 

The injector fabrication and assembly technique was different than that used on 

unit 3 injector. The assembly consisted of a body that contained the manifolding 

and the brazed-in oxidizer tubes, and a removable face plate. The face plate was 

copper and the body was corrosion-resistant steel. The completed parts are shown 

in Fig. 43 and 44. 

The injector was flow calibrated following completion of manufacturing. A typical 

flow test is shown in Fig. 45 and the predicted pressure loss characteristics dur- 

ing test are shown in Fig. 46. 

The injector body was modified twice during hot-fire evaluation, in addition to 

normal recess and annulus variation accomplished by face modification (Fig. 29j. 

The initial modification, units 7 to 7A configuration, removed 16 elements in 

the center row (every other one) to produce a 79-element injector. The final mod- 

ification, units 7A to 7D (7B and 7C configuration designed but not released to 

manufacturing) resulted in a 66-element injector. The pertinent design details 

are noted in Table S. Combustion model analyses were conducted for the unit 7D 

injector modification only, and are described in Appendix I. 
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Decrease in the number of elements was accomplished by simply cutting short and 

welding closed the unwanted oxidizer tubes and welding closed the corresponding 

orifices in the face place. Fuel annulus variation was obtained by reaming the 

face plate orifices to the desired dimension. 

INJECTOR SINGLE-ELEMENT COLD-FLOW TESTING 

At program stat, cold-flow test data were available for gas/liquid elements for 

both concentric (Ref. 1 and 2) and triplet (Ref. 2) injector; however, for the 

coplanar injector, no previous cold-flow data were available. Accordingly, 

single-panel cold-flow effort was conducted, which was limited to evaluation of 

the performance and chamber compatibility characteristics of the coplanar element. 

Basically, the coplanar element consists of a pair of like-impinging stream doub- 

lets, one oxidizer and the other fuel. Orifices are located so that the oxidizer 

fin centers on, and intersects, the fuel fan at right angles. Hot-fire testing, 

discussed later, showed that this element type had high performance. However, 

high heat flux and wall erosion were concomitant with high performance. Both the 

basic coplanar element and modifications of the basic element (oridizer orifice 

offset and addition of boundary layer coolant) were evaluated in cold flow. The 

element modifications were designed to provide a spray mixture ratio bias re- 

sulting in low mixture ratio concentrations adjacent to the chamber wall. Reduc- 

tion of combustion gas mixture ratio and, in turn, flame temperature, in the 

vicinity of the chamber wall should contribute to a reduction of wall heat flux. 

The single-panel injector cold-flow study experimental approach, experimental re- 

sults, and analysis of results are discussed in subsequent paragraphs. 

Experimental Approach 

Cold-flow mixing tests were conducted using experimental apparatus and procedures 

previously developed for gas/liqu.d distribution experiments (Ref. 1 and 2). 

Basically, the spray mixing was characterized by: (1) flowing propellant simu- 

lants (for the subject effort, oxidizer and fuel were simulated using water and 

gaseous helium, respectively), and (2) surveying the mass flux distribution of 

both liquid and gas intercepted at a plane located below the injector face. A probe 

was used to traverse and measure the mass of liquiu and gas intercepted at discrete 
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grid locations in the collection plane. The mass of liquid was assessed from mass 

collection, and the mass of gas was assessed from analysis of impact pressure 

measurements. 

Single injector elements were employed for all tests. Cold-flow elements were 

scaled at twice the size (based on area) of hot-fire elements to obtain element 

feed flows concomitant with instrumentation measurement capabilities. Equivalent 

impingement angles and scaled impingement distances were used for applicability 

of cold-flow element geometry modeling to the hot-fire size element. 

Cold-flow mixing tests were designed to simulate, as closely as possible, actual 

hot-firing conditions (i.e., propellant injection momentum, injection velocities, 

and injection densities) at the 450-psia chamber pressure operating condition 

(MR * 5.S). Tests were conducted in a pressurized chamber which provided close 

simulation of hot-fire propellant injection densities. However, gaseous propel- 

lant simulant injection velocities were limited to 2800 ft/sec (sonic flow with 

ambient temperature helium), which were less than the hot-fire injection velocities 

which approach 4000 ft/sec. Therefore, injection velocity of the oxidizer simu- 

lant was reduced accordingly to maintain the same momentum ratio (fuel/oxidizer) 

characteristic of hot firing. Because mixing is predominantly controlled by 

momentum exchange, maintenance of the momentum ratio would ensure applicability 

of the cold-flow results to hot-fire conditions. 

Three cold-flow tests were conducted. The first test evaluated the basic coplanar 

element, as shown in Fig. 47. The second test evaluated the basic coplanar ele- 

ment with incorporation of boundary layer coolant. Boundary layer coolant was 

incorporated by adding a fuel like-doublet adjacent to the basic coplanar element, 

as shown in Fig. 47. The third test evaluated a modification of the basic co- 

planar in which the oxidizer orifices were offset 0.014 inch, as shown in Fig. 47. 

This offset was intended to shift the oxidizer mass to one side of the spray field, 

thereby providing lower mixture ratios on the opposing side of the spray field. 
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(A) dasic Coplanar 
Element ^-°-i-°v 

*, 

D0 - .021»» (Typ) 

Df ■• .039M (Typ) 

(d) Basic Coplanar 
clement with BLC 

.105"   I Vr0~r°- 
i, s/MÄ 

DBLC " •C18,, <T^ 
(Like Imoinging 
Doublet) 

(C) Modified Coplanar 
Element with Oftidizer 
Orifice Offset 

.014»  r 
(Offset) <t 

D0 - .021» (Typ) 

Df - .03V" (Typ) 

*Cold flow element dimensions ^2 X hot fire element dimensions 
(i.e.| twice area scale) 

Figure 47. Single Injector Element Configurations Evaluated 
in Cold-Flow Mixing Tests 
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Experimental Results 

Cold-flow data were reduced to provide definition of: (1) the spray mass distri- 

bution, (2) the mixing index, E , and (3) the mixing efficiency, n # • • A 

tabulation of E^ and r\       . for each test is listed in Table 7 . Mass flux dis- 

tribution plots defined the spray distribution for the basic element, basic ele- 

ment with boundary layer coolant, and the modified element. 

Element mixing efficiencies are discussed first, followed by presentation of the 

element spray distribution characteristics. 

TABLE 7 .  SINGLE-PANEL COPLANAR ELEMENT COLD-FLOW DATA SUMMARY 

Element Type 
Mixing Index, 
E , percent 

Mixing Efficiency, 

V mix' Pftrccnt 

Basic Coplanar 

Basic Coplanar With 
Boundary Layer Coolant 
(BLC) 

Modified Coplanar With 
Oxidizer Orifice 
Offset 

46 

75 

24 

74 

92 

58 

Mixing Efficiency. Cold-flow mass collection results can be used for analytic 

prediction of an injector mixing uniformity ind 

efficiency limited by injector mixing, n   . . 

prediction of an injector mixing uniformity index, termed E , and combustion 
IB 

The distribution index, E , which represented the percentage of total spray that 

has achieved the intended mixture ratio has been defined by Rupe (Ref. 3 ). The 

distribution index is based on a stream tube analysis according to the relationship: 

1- 
n CRt - rt) 

V1 (1) 
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where J 

M-  s mass fraction in i  tube 
ri 

R   « total oxidizer/total oxidizer ♦ fuel 

r.  ■ i  tube oxidizer/i  tube oxidizer ♦ fuel 

n   « number of tubes in which r. <  R 

u       « number of tubes in which r. > R 

The distribution index correlation was useful for relative injector comparisons. 

The distribution index did not explicitly characterize the manner in which spray 

maldistribution limits combustion efficiency. Propellant mass and mixture ratio 

distribution characteristics were further related to specific propellant char- 

acteristic velocity versus mixture ratio data to determine distribution-limited 

combustion efficiency, nc# mi . In general, a higher distribution index corres- 

ponds to a higher distribution-limited combustion efficiency. 

A prediction of combustion efficiency limited by propellant distribution, r\        . , 

was determined by use of a stream tube analysis, as follows: 

f MFi c*i 

where 

MF.    ■ mass fraction in ith tube 

c*     * theoretical characteristic velocity corresponding to 
i 

mixture ratio in i  stream tube 

c* .    ■ theoretical characteristic velocity at the overall 
tneo 

injected mixture ratio 

n     • number of stream tubes 
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The mixing efficiencies for the different element configurations spanned a wide 

range. The basic element had a relatively low mixing efficiency (T\       . » 74 

percent). Mixing losses associated with the basic element were due to gross spray 

maldistribution (namely pockets of oxidizer) as were evident in spray distribu- 

tion plots (shown later). The spray maldistribution was further exemplified with 

the modified element (oxidizer orifice offset) which yielded a lower mixing effi- 

ciency (n # i    ■ 58 percent). Incorporation of the boundary layer coolant with 

the basic element yielded a large improvement in mixing efficiency (n # _* ■ 92 

percent). Again, the mode of improvement was evident in spray distribution plots 

(Fig. 50). 

The mixing efficiencies pertained to a single element and, therefore, did not in- 

clude interelernent mixing which occurred with multiple elements on an injector 

face. In general, interelement mixing,which was related to both element spacing 

and orientation, tended to raise the overall injector mixing efficiency above 

that obtained with single elements. 

Spray Distribution. The mass flux distribution plots show the spatial location 

of both fuel and oxidizer flux in the collection plane. The collection plane was 

subdivided into eight sectors with the element aligned above the center of the 

collection plane. Oata were reduced to show the mass flux profile, of both pro- 

pellants, through each of the eight sectors. In this manner, the relative con- 

centrations of oxidizer and fuel at discrete locations in the spray field were 

visually apparent. A normalized mass flux (local mass flux/total injected mass 

of corresponding propellant) was plotted. In this manner, the overall design 

mixture ratio was characterized by equal normalized mass flux values of oxidizer 

and fuel (i.e., where the flux lines intersect). The mass flux (W/A) values cor- 

responded to larger quantities of mass (W) at sampling radii further from the 

center where the area over which the flux applies was greater. The mass flux 

plots for each test are discussed in the followinc paragraphs. 
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The mass flux plot for the basic element is shown in Fig. 48 . For further clarifi-     J 

cation, a schematic sketch of the spray field, as defined by the mass flux plot 

(Fig. 48), is shown in Fig. 49. The mass flux plot (Fig.48 ) shows excess con- 

centrations of oxidizer in the peripherial zones of section 1/8 and 4/5. In the 

schematic drawing (Fig. 49), the shape of the element spray field is depicted by 

the elliptical outline, and the concentrations of oxidizer are depicted as shaded 

zones. Examination of the spray distribution (Fig. 48 and 49) shows that the 

gaseous fuel momentum:  (1) dominates the overall spray field (i.e., the spray 

field shape corresponds to the gaseous fuel fan), and (2) tends to split the 

liquid oxidizer spray fan into two discrete pockets, leaving a fuel-rich core zone. 

This distribution indicates that the oxidizer spray is not penetrating the fuel 

stream, but rather being directed to two opposing sides of the flow field. Such 

maldistribution reduces mixing efficiency, n # 

For the basic elements with BLC (Fig. 50), the fuel BLC fan entrained the excess 

oxidizer flux in sectors 1/8, located next to the BLC fan, and provided more uni- 

form mixing. Although the BLC fan did not provide a fuel-rich zone at the peri- 

phery of sectors 1/8, it substantially reduced the mixture ratio to values near 

the design mixture ratio of 5.5. The BLC fan did not alter the oxidizer-rich 

zone in sectors 4/5, located in the spray field opposite the BLC fan. 

Modification of the basic element with oxidizer orifice offset changed the spray 

distribution as intended (Fig. 51). The modification transferred oxidizer flux 

in the direction of the offset, from sectors 1/8 to sectors 4/5. The increased 

spray maldistribution was responsible for the reduction in mixing efficiency with 

this configuration (previously discussed). Further, visual appearance of the 

element spray indicated that drop size (not measured in this cold-flow study) may 

have increased with the modified design, as compared to the basic and to the basic 

with BLC designs. 

In summary, the cold-flow results showed that:  (1) the element fan shape is con- 

trolled by the fuel fan, (2) the single-element nixing efficiency was low (except 

for elements with BLC), and (3) the mixing efficiency is strongly dependent on 

the spatial location of oxidizer and fuel sprays (i.e., oxidizer fan offset caused 

a large loss in mixing efficiency). *\ 
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SINGLE-PANEL SEGMENT HOT-FIRE TESTING 

A total of 117 water-cooled segment tests was made during the single-panel segment 

evaluation. The total firing time of single-panel segment components was 1342 

seconds. All tests were accomplished with LO./GH, propellants at site altitude 

conditions (2000 feet above sea level). 

Table 8 presents a summary of the tests. All tests were conducted at the Propul- 

sion Research Area, Peter Test Stand. The test facility is described in Section 

VI. The gaseous hydrogen provided to the injector was preheated, by use of a slug 

heater, to simulate the fuel injection temperature predicted for the regeneratively 

cooled segment injector. Table 9 presents the test component configurations that 

were evaluated, the number of tests, and total test duration applicable to each 

configuration. 

The nominal test conditions for the single-pane1 water-cooled segments were: 

1. Maximum chamber pressure • 7S0 psia with intermediate pressures of 600, 

4S0, and 300 psia 

2. Minimum chamber pressure • ISO psia 

3. Injector mixture ratio range » S.O to 6.0 (S.S nominal) 

4. Propellant injection temperature: LO. ~170 R, GH-—900 R 

5. Test durations 

10 seconds at maximum chamber pressure 

20 seconds at minimum chamber pressure 

6. Ignition source: gaseous fluorine 

Table 8 presents the measured and derived data for each test. The equations 

and computational techniques used to determine the performance and heat transfer 

parameters are presented in Appendixes II and III. 

The performance and heat transfer data are presented and discussed in this section. 

The test component hardware operating characteristics and durability also are 

discussed. 
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Coplanar Injector Characteristic Velocity Efficiency 

Characteristic velocity (c*) efficiency, as a function of chamber pressure and 

fuel injection velocity, was evaluated for the coplanar injectors as discussed 

in the following paragraphs. 

Effect of Chamber Pressure, c* efficiency versus chamber pressure for the four 

coplanar injector configurations tested is shown in Fig. 52.  Injector units 1 

and 1A exhibited a strong effect of chamber pressure on performance with increas- 

ing chamber pressure providing increased performance. The performance level foT 

injector unit 1 was above that for injector unit 1A. This performance differential 

may be due to the smaller oxidizer orifice size used for injector unit 1, result- 

ing in higher injection velocities, which could aid prcpellant atomization and 

enhance performance. Both injector units 1 and 1A exhibited high wall heat flux 

and wal1 erosion (page 27) at chamber pressure of 750 psia, negating measurement 

of steady-state performance data at 750 psia (run time limited). 

Injector units 4 and 4A showed slightly decreased performance with increasing 

chamber pressure. The performance for injector unit 4 was equivalent to, and 

higher than, the performance of injector unit 1A at chamber pressures of 450 and 

150 psia, respectively. Injector unit 4A performance was approximately 4 percent 

less than that for injector unit 4 over the chamber pressure range tested. Wall 

heat flux, discussed later, although lower for injector units 4 and 4A, remained 

sufliciently high to preclude measurement of steady-state performance data at 

high chamber pressure (P » 750 psia). 

The heat transfer characteristics of the coplanar element can be explained with 

knowledge of the coplanar element spray distribution from the cold-flow test dis- 

cussed previously. Two coplanar injector element face patterns (units 1 and 4), 

as depicted in Fig. 53,wore hot-fire tested. Superimposed on the face patterns 

(Fig.53) are the relative location of the overall element flowfield (ellipses) 

and the excess oxidizer zones (shaded circles) as indicated from cold flow. The 

unit 1 injector exhibited wall erosion and high local heat flux. The erosion and 
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COPLAMAR INJECTOR 
UNIT 1, HIGH q/Af 

WALL EROS I UN 

LOCATION OF 
WALL EROSION 

ELLIPSE-DENOTED SHAPE 
OF ELEMENT SPRAY 

SHADED CIRCLE 
DENOTES OXIDIZER- 
RICH POCKETS 

OXIDIZER ORIFICE   (TYP) 

FUEL ORIFICE   (TYP) 

COPLANAR  INJECTOR 
UNIT J»,   LOWER q/A, NO 
WALL EROSION 

OXIDIZER ORIFICE   (TYP) 

FUEL ORIFICE   (TYP) 

CHAMBER WALL  (TYP) 

Figure  S3.   Cold-Flow Implied Spray Distribution for 
Coplanar Injectors Evaluated in Hot-Fire Test 
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high heat flux were attributed to oxidizer impingement on the wall. The unit 4 

injector showed reduced heat flux without wall erosior. Elimination „f wall ero- 

sion and reduction of heat flux on the unit 4 injector was accomplished by removal 

of oxidizer spray from the wall. 

The high performance obtained with injector units 1, 1A, and 4 at 450-psia chamber 

pressure was dependent on extensive interelement mixing. This conclusion results 

from the fact that cold-flow tests with a single, basic design, coplanar element 

(representative of that used on injector units 1, 1A, and 4) showed low mixing 

efficiency. This interelement mixing was achieved by both injector element patterns 

as shown in Fig. 53. Additionally, the high performance was indicative of good 

atomization to provide high vaporization efficiency in a 3-inch-long chamber. 

The performance differential between injector units 4 and 4A may be due to observa- 

tions noted in cold-flow testing. Injector unit 4A was modified to increase the 

diameter of the fuel orifice next to the chamber wall, for purposes of canting the 

element spray inward. The loss in performance with injector unit 4A could be due 

to both atomization and mixing losses resulting from spatial displacement of the 

fuel fan as referenced to the oxidizer fan. Such fan displacement, evaluated in 

cold-flow testing, can result in gross flow maldistribution (discussed on pages 85 

through 94). 

Although the BLC configuration evaluated in cold-flow tests provided: (1) impro- 

ved element mixing and (2) bias control of oxygen concentration, the BLC configu- 

ration was not hot-fire tested. Encouraging development effort with other element 

types precluded further investigation of the coplanar element. 

Effect of Fuel Injection Velocity, c* efficiency versus fuel injection velocity 

for coplanar injector unit 1A is shown in Fig. 54. Data were measured in chamber 

units 2 and 1A. Both combustion chambers were 3 inches in length. The fuel in- 

jection velocity was varied by changing the fuel injection temperature (fuel den- 

sity change). Combustion performance increased with decreasing fuel injection 

velocity. This effect may be due to the dominance of the fuel fan in element spray 

distribution, as described previously in the cold-flow section. As noted in the 
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c cold-flow discussion, the fuel momentum appeared to overwhelm the oxidizer spray 

fan, splitting the fan into two oxidizer-rich pockets.    The increased performance 

with lower fuel velocity, and lower fuel momentum flux is probably due to a lessen- 

ing of this oxidizer spray separation effect, resulting in a more uniform distri- 

bution of the oxidizer spray. 

Triplet Injector Characteristic Velocity Efficiency 

c* efficiency was evaluated for the triplet injectors   as a function of chamber 

pressure and mixture ratio.    Additionally, a correlation of predicted and measured 

performance was made. 

Effect of Chamber pressure,    c* efficiency versus chamber pressure for the four 

triplet injector configurations tested is shown in Fig. 55.   All injectors tested 

exhibited high performance (99 to 100 percent) over the chamber pressure range 

(ISO to 800 psia).    Neither increased oxidizer orifice size (units 2A and 2C) nor 

inclusion of an additional fuel orifice on elements adjacent to the wall  (i.e., 

three fuel on one oxidizer--unit 2B) appreciably changed performance. 

Injector unit 2 was tested in 3- and 4-inch-long combustion chambers.    Perform- 

ance was essentially the same, indicating that complete vaporization occurred 

in the 3-inch combustion chamber length. 

Effect of Mixture Ratio,    c* efficiency versus mixture ratio for injector unit 2 

is shown in Fig.  56.     The c* efficiency increased very slightly with mixture ratio 

to a maximum value at the design mixture ratio of 5.5. 

Performance Corre 1at ion.   Correlation between measured and predicted vaporization 

efficiency for triplot injector injector unit 2 was made. 

An estimate of measured vaporization eft.ciency, n , was provided by the hot- 

fire tests.   The measured hot-fire performance, r\    -99.5 percent in 3- and 4-inch« 

length chambers implied that vaporization was complete (i.e., n MOO percent). 
pmeas 
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Figure 5S. Effect of Chamber Pressure on Characteristic Velocity Efficiency 
for Single-Panel Triplet Injectors 
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Prediction of vaporization efficiency, n      also can be obtained from combus- 
vaPpred 

tion model analysis using dropsize data from cold-flow atomization tests. Recent 

cold-flow atomization test (Ref. 4j with conventional triplet elements (0-F-O) 

provided dropsize data. Under the hypothesis that the dropsize data were appli- 

cable to the reversed triplet element (F-O-F), such as used on the AMPT injector, 

an estimate of AMPT injector dropsize could be made. The dropsize results (Ref. 5) 

were found to be a function of gas stream dynamic pressure pV . Employing this 

gas stream dynamic pressure dependence with applicable correction factors for prc- 

pellant property effects, the predicted dropsize, ELQ, for the injector ranged from 

20 to 40 microns over the respective chamber pressure range of 750 to 150 psia. In- 

put of these dropsizes to the inpinging stream combustion model (see Appendix I, 

Fig. 1-3) resulted in a prediction of complete vaporization (i.e., n      ■ 100 
percent). vappred 

Therefore, the predicted vaporization efficiency (n____   ■ 100 percent) is in 
v*Ppred 

agreement with the measured vaporization efficiency (n      ■ 100 percent). 
tpmeas 

Concentric Injector Characteristic Velocity Efficiency 

For the concentric element injectors, c# efficiencies as a function of chamber 

pressure, oxidizer post recess, and fuel injection velocity were measured. Addi- 

tionally, correlations were developed for: (1) the variables investigated in 

hot-fire testing and (2) the performance predicted by the conbustion model studies 

(Appendix i ). 

Effect of Chamber Pressure. c# efficiency versus chamber pressure for the five 

injector configurations tested Is shown in Fig. 57. Combustion efficiency increased 

with chamber pressure (at constant oxidizer post recess) for most injector config- 

urations. The performance increase was greater over the chamber pressure range 

150 to 450 psia, occurring to a lesser extent at chamber pressures exceeding 450 

psia. 
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Figure 57. Effect of Chamber Pressure on Characteristic Velocity Efficiency 
for Single-Panel Concentric Injectors 
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Chamber unit 2 (0.5-inch injector end width) was used for all tests with injector 

unit 7 configurations except one series conducted with injector unit 7A which used     J 

chamber unit 1A (0.6-inch injector end width). Although the efficiency of injector 

unit 7A at low chamber pressure (Pc ■ 150 psia) was higher in chamber unit 1A than 

in chamber unit 2, the data are considered insufficient to identify an effect of 

injector face width on performance. 

Injector unit 70, which ha« the largest fuel gap, delivered performance that was 

intermediate between (0.050-inch recess) and less than (0.100-inch recess) the 

performance obtained with injector units 7-.006 and 7-.008. This performance trend 

with injector unit 70 is in general agreement with that predicted by the combus- 

tion model (Appendix I,page 1-1). 

A scries of pulse-gun tests was also conducted with injector unit 7D. Performance 

results arc not shown for those tests because chamber internal water leakage de- 

graded performance on these tests. The stability results are reported in a later 

section (page 138). 

Effect of Oxidizer Post Recess. c# efficiency versus oxidizer post recess at con- 

stant chamber pressure is shown in Fig. 58. Combustion efficiency increased with 

increasing oxidizer post recess for all injector configurations at all chamber 

pressure levels. The performance increase with recess was less noticeable with 

injector unit 7D which had the largest fuel gap. Overall, the performance in- 

creases measured with increasing post recess from 0.050 to 0.100 inch were in the 

range of 2 to 4 percent, which agrees very well with the combustion model. 

Effect of Fuel Injection Velocity. The fuel injection velocity was varied by: 

(1) varying the hydrogen gas temperature and (2) varying the hydrogen gas injection 

area. For the former case, reduction of hydrogen gas temperature increases gas 

density at constant chamber pressure while the gas velocity is reduced, so that 

the (pV)F parameter remains essentially constant. For the later case, increase 

of the hydrogen gas injection area lowers the (pV) product for a fixed gas density 

(i.e., fixed chamber pressure). 
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c* efficiency as a function of (pV)p at constant chamber pressure ard post recess 

for the concentric injectors is plotted in Fig. 59 . The data show an increase in 

combustion efficiency with increasing (pV)_. 

Separation of the velocity dependence in the (pV)- effect on performance was ob- 

tained by comparison of two injector types with different fuel injection areas. 

The effect of fuel injection velocity at (1) constant (pV)- and (2) constant (p)^ 

is shown in Fig. 60 . Varying the fuel velocity at constant (pV)f showed essenti- 

ally no effect on performance. Conversely, reducing the fuel injection velocity 

at constant (p)f showed a decrease in performance. Therefore, reduced fuel velocity 

independently lowered performance. 

The effect of the (pV)- parameter on c* efficiency is associated with both the 

mixing and vaporization efficiency. Previous cold-flow studies (Ref. 3 ) with 

concentric elements have shown mixing efficiency increases with both increased gas 

injection velocity and increased gas density. These same cold-flow studies also 

have shown that atomization improves with increased gas velocity at constant gas 

density. Similar improvements in atomization with increased gas velocity are 

predicted by the combustion model studies described in Appendix I. 

Performance Correlation With Test Variables. The concentric injector performance 

was plotted as a function of the product of salient test variables effecting com- 

bustion efficiency (i.e., oxidizer post recess and (pV)- at constant chamber pres- 

sure, as shown in Fig. 61 . Most test data tend to converge, exhibiting a linear 

dependence, as shown in Fig. 61. 

A similar correlation based on a dimensionless injector geometric parameter 

(oxidizer post recess/fuel gap x number of elements) also was plotted against in- 

jector performance, as shown in Fig. 62 . The data correlation was similar to 

that previously shown in Fig. 60, as would be expected because (fuel gap x number 

of elements) is reciprocally proportional to fuel injection velocity. 
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Performance Correlation With Combustion Model, Measured c* efficiency is plotted 

versus combustion model predicted vaporization efficiency for the concentric in- 

jectors in Fig. 63. Predicted vaporization efficiencies were previously presented 

in the combustion model studies (see Table 6 and Appendix I), Exact correspondence 

between measured and predicted values would follow a 45-degree diagonal line passing 

through the graph origin. The measured performance trend is in agreement with 

that predicted by vaporization efficiency losses. However, the measured perform- 

ance level is slightly above the predicted performance level. Based on this cor- 

respondence of hot-fire data with vaporization-limited combustion model results, 

the primary performance loss for concentric injectors is attributed to incomplete 

vaporization. Accordingly, mixing losses are indicated to be minimal for all the 

concentric injector designs. 

The cup pressure drop afforded another means of correlation with combustion model 

results. Measured cup pressure drops were assessed by subtracting the known 

oxidizer orifice hydraulic loss (calibrated in cold-flow tests) from the oxidizer 

orifice hot-fire pressure drop. The remaining pressure loss represents the con- 

tribution of liquid oxygen atomization in the cup, and combustion (if present) in 

the cup. These measured cup pressure losses as a function of post recess at con- 

stant chamber pressures are plotted in Fig. 64 . Included in the figure are the 

cup pressure losses predicted by the combustion model. The combustion model cup 

losses account for vaporisation but no combustion. The measured cup pressure 

losses are in agreement with analytic predictions for injector unit 7-.008 (P * 

450, recess ■ 0.050 and 0.100 inch) and injector unit 7-.006 (recess ■ 0.050 inch, 

P * 450 to 750). The remainder of the measured cup pressure losses exceed ana- 

lytic predictions, indicating the presence of a degree of combustion in the cup. 

For combustion to occur in the cup, the fuel injection velocity must be sufficiently 

low to permit residence time for ignition. Therefore, the ratio of cup AP  /cup 
meas 

AP- (values in excess of 1 indicate an increasing degree of cup burning) was 

plotted as a function of fuel injection velocity in Fig. 65. The cup AP devia- 

tion, or cup burning, appears to increase with lower fuel injection velocity and 

increased chamber pressure and, to a lesser extent, with increased oxidizer post 

recess. 
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Figure 63.    Comparison of Predicted Vaporization Limited 
Characteristic Velocity Efficiency With 
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for Single-Panel Concentric Injectors 
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Prior to the testing of the single-panel water-cooled chamber, a design gas-side 

heat transfer coefficient distribution was determined for the design chamber 

pressure of 750 psia and the 5:1 throttled condition (ISO psia), as shown in 

Fig. 66 and 67.   Curves were obtained using analytical predictions and with 

safety factors applied. These curves with safety factors applied were called 

conservative curves. The safety factor was 1.16 from X--1.3 inches to the throat 

and 1.5 from X—1.3 inches to the injector. Using these design curves, the cool- 

ant channel sizes were initially determined for the regeneratively cooled, single- 

panel NARloy cast combustor. 

After a number of water-cooled chamber tests, the results showed that none of the 

injector configurations evaluated completely met the design curves. As shown in 

Fig. 68 through 70,  the injector region heat flux was significantly higher 

than the design value.  Below a chamber pressure of 450 psia, the general heat 

flux axial variation (Fig. 70 ) was a high injector region heat flux decreasing 

to a minimum, then increasing to the value at the sonic point. The high injector 

region heat flux was theorized to be the result of an extremely violent recircula- 

tion near the injector face. The high injector region heat flux resulted in a 

higher-than-design combustion chamber input (Qcc/*DroB) 
t$ presented in Fig. 71. 

To ensure satisfactory thrust chamber cooling, lower values of these parameters 

would be required. 

Of all the injectors evaluated, concentric injector units 7 and 7A demonstrated 

the highest potential of reducing the heat flux level through variations in 

hydrogen injection velocity, oxidizer post recess, and number of elements. As 

shown in Fig. 72 and 73 , reducing the hydrogen injection velocity significantly 

reduced the first coolant passage (adjacent to the injector) heat flux and the 

combustion chamber input. The hydrogen injection velocity influence was investi- 

gated by independently varying the fuel temperature and the fuel gap (Fig. 73 ). 

The resulting injector region heat flux and chamber heat input varied directly 

with injection velocity, indicating no dependence on fuel injection temperature. 

This trend with injection velocity supported the recirculation driven heat flux 
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Figure 66. Single-Panel Conbustor Gas-Side Heat Transfer Coefficient 
Distribution (Pc ■ 7S0 psia, MR - S.S) 
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Q . COPLAHAR INJECTOR U/N 1 
Lo • 3 IN. 

A - TRIPLET INJECTOR U/N 2 
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0 - COPLANAR INJECTOR U/N U 
Lc • 3 IN, 

y - TRIPLET INJECTOR U/N 2A 
lc • 3 IN. 

o - COPLANAR INJECTOR U/N 4A 
Lc • 3 IN. 

O - CONCENTRIC INJECTOR U/N 3 
Lc • 3 IN.  (0.05-INCH RECESS) 

0 - CONCENTRIC INJECTOR U/N 3A 
Lc • 3 IN. (0.075-INCH RECESS) 

01 - COPLANAR INJECTOR U/N 1A 

▼ - TRIPLET INJECTOR U/N 2C 
Lc-3 IN. 

7 - TRIPLET INJECTOR U/N 2B 
Lc - 3 IN. 

> - GUMCEATRIC INJECTOR U/N 7 
0.075, 0.006 Lc - 3 IN. 

£► - CONCENTRIC INJECTOR U/N 7 
0.050, 0.006 Lc - 3 IN. 

-I - CONCENTRIC INJECTOR U/N 7 
0.075i 0.008 Lc ■ 3 IN. 

4  - CONCENTRIC INJECTOR U/N 7 
0.050, 0.008 Lc - 3 IN. 

4  - CONCENTRIC INJECTOR U/N 7 
0.100, 0.008     Lc - 3 IN. 

8 - CONCENTRIC INJECTOR U/N   7A 
0.075, 0.008     Lc - 3 IN. 

I  - CONCENTRIC INJECTOR U/N   7A 
0.100, 0.008     Lc • 3 IN. 
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500       600     700     800 

Figure 71.    Single-Panel Combustion Chamber Heat  Input 
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Figure 73. Hydrogen Velocity Influence (0.050-Inch Recess) on Single- 
Panel Heat Transfer 
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theory.  Lowering the injection velocity apparently decreased the recirculation 

near the injector and resulted in a decrease in heat flux. For the 0.05-inch 

oxidizer post recess, a 5-percent decrease in hydrogen injection velocity de- 

creased the injector region heat flux by 20 percent and the heat input by 5 percent. 

Decreasing the number of injector elements from 95 to 79 resulted in a decrease in 

the pertinent heat transfer parameters for the lower injection velocities (Fig. 74 

and 75 ). As shown in Fig.  75 , an increased sensitivity to injection velocity 

was obtained for the decreased number of elements. 

The influence of oxidizer post recess is presented in Fig. 76 and 77 at repre- 

sentative hydrogen injection velocities. At the design chamber pressure of 750 

psia, decreasing the recess from 0.100 to 0.050 inch decreased the injector re- 

gion heat flux by approximately 30 percent, and the combustion chamber heat input 

by 12 percent (Fig.  77 ). 

At the 5:1 throttled condition (150 psia), the injector region heat flux and the 

heat input were relatively independent of number of elements and the oxidizer 

post recess, as shown in Fig.  78 . 

Therefore, from a heat transfer standpoint, a concentric injector having the 

following pertinent heat transfer parameters was recommended: 

Number of elements: Approximately 80 

Hydrogen Injector Velocity Less than 1300 ft/sec 

at 750-psia Chamber Pressure: 

Oxidizer Post Recess: 0.050 inch 

The gas-side heat transfer coefficient distributions for the single-panel com- 

bustor from the injector plane (X«-3.0 inches) to the sonic point (X»-0.2 inch) 

were determined through cross plotting, extrapolating, and interpreting the ob- 

tained water-cooled test data. The analytically predicted distribution was used 
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downstream of the sonic location because the distribution for this region may have      v 

been influenced by local hot-gas flow separation resulting from testing in a non- 

vacuum environment. The resulting gas-side heat transfer coefficient distributions 

for three chamber pressures are presented in Fig. 79 . Curves for both 0.050- 

and 0.100-inch oxidizer post recess are presented for the final concentric in- 

jector configuration: 

Number of Elements: 80 

Hydrogen Injection Velocity 1250 ft/sec 

at the Design Chamber Pressure: 

The resulting peak heat flux at the design pressure of 750 psia was approximately 

40 Btu/in. -sec for a 1000 F gas-side wall temperature. 
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Single-PamM Combustion Stability Evaluation 

A scries of tests was conducted to evaluate the combustion stability characteristics 

of the concentric orifice injector. The unit 7D injector was used in conjunction 

with the unit 4 water-cooled segment chamber. The unit 4 chamber had provisions 

for a directed pulse gun. The pulse-gun assembly, shown in Fig. 15 , consisted of 

a barrel, burst diaphragm holder, and squib firing pin assembly. 

A 38-caliber cartridge case loaded with 10 grains of Bullseye pistol powder was 

used to provide the pulse. A 7500-psi burst disk was used to produce a steep- 

fronted chamber disturbance. 

A Type 614A4, high-frequency, Kistler helium bleed transducer was used to monitor 

the disturbance in the combustion zone. The transducer sensing port was located 

in the end plate, 0.455-inch downstream of the injector face. 

The stability evaluation tests were conducted for an average duration of 6 seconds 

each, with the pulse squib initiated after 5 seconds of mainstage duration, to 

ensure stabilized mainstage conditions at the time of the pulse. A steep-fronted 

pressure disturbance in excess of SO percent of operating chamber pressure was 

desired on all tests. Recovery from the disturbance was required within 40 milli- 

seconds to meet program objectives. 

The test data are summarized in Table 10. Dynamic combustion stability was de- 

monstrated on each of the tests with recovery times of 8 milliseconds or less. 

On tests above the mid-chamber pressure range, however, the pulse overpressure 

values were less than the required SO-percent overpressure. Analysis showed that 

the charges were insufficient to provide the required pulse. 

There was water leakage from the coolant passages into the combustion chamber dur- 

ing the stability evaluation test series. The n # was degraded slightly, as men- 

tioned on page 110, with the greatest degradation occurring on the final test 

(127-71) of the series. Because of the minimum degradation for all tests except 

127-71, the water leakage was considered to have a negligible effect on the sta- 

bility evaluation results, except test 127-71. 
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SlNiU.l-IWM.L StAiMhNT TliST EVALUATION SUMMARY 

The single-panel segment test program objective was to provide data that would: 

1. Permit selection of the segment chamber and injector configuration to 

be used for the regeneratively cooled segment design. 

2. Establish the heat transfer characteristics of the selected segment 

chamber and injector configuration so that the coolant circuit and 

coolant passage design for the regeneratively cooled segment chamber 

could be verified and modified if required. 

3. Permit definition of performance and heat transfer characteristics of 

the selected configuration over the throttle range, 750- to 150-psia 

chamber pressure. 

4. Periit evaluation of the combustion stability characteristics of the 

selected combustor and injection element configuration. 

Figure 80 presents the injector-combustor development flow chart which depicts 

the various injector-chamber configurations evaluated and the generalized signi- 

ficant results. The results presented in Fig. 80 were applied directly to the 

final configuration selection. A large amount of supplementary information was 

obtained, and was discussed previously (pages y5 through 137 ). The following 

sections will present the selection criteria for the single-panel injector-combustor 

configuration and summarize the data obtained from the test program. 

Injector-Combustor Selection 

The program requirements for the single-panel injector-combustor assembly were as 

follows. The design shall have high combustion efficiency over the complete 

throttling range, 97 percent minimum n t  based on full shifting c*, smooth igni- 

tion and chamber pressure transient characteristics, no excessive injector streak- 

ing, and uniform heat transfer into the chamber wall with no sharp peaks in pre- 

dicted local wall temperatures that would jeopardize the chamber durability 

requirements.  In addition, cost and ease of fabrication were considered important 

criteria, although not specifically stated. 

Two primary criteria existed for injector configuration selection: (1) combustion 

efficiency, and (2) heat transfer, with the assumption that the chamber configura- 

tion had been established. The chamber configuration selection occurred early in 
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the development effort, by necessity. The chamber had to be as small as possible 

to permit realization of the lightweight requirements. Therefore, when the results 

showed that no significant performance increase would be realized with an increase 

in Lc over 3.0 inches, and that an L greater than 3.0 inches would severely res- 

trict cooling capability based on total integrated heat rejection rate considera- 

tions, the chamber configuration was fixed. 

The selection criteria applicable to the injector (items 1 and 2) are discussed 

below. 

Performance, Three basic injectors were evaluated with respect to performance in 

the same thrust chamber segment. The basic types were then modified to establish 

criteria for increasing performance or decreasing local heat transfer rates. The 

three basic injectors were: 

1. Coplanar, units 1 and 4 

2. Triplet, unit 2 

3. Concentric, unit 7 (Another concentric injector, unit 3, also was evalu- 

ated, but in a different chamber configuration.) 

The performance characteristics of these injectors were presented previously on 

pages 95 through 120. As shown, all of the injectors met the performance require- 

ments over the throttle range tested; however, at this point they did not meet all 

the heat transfer requirements. 

Modifications were made to the injectors for performance and for heat transfer 

improvement (Fig. 52, 55, and 57). As shown, the required performance was 

demonstrated by two modified injectors, the unit 7A , 79-element concentric, and 

the unit 2A triplet. As was the case previously, the unit 1A coplanar indicated 

very high heat transfer rates, while the concentric and triplet had more moderate 

rates. Further development effort was limited to the triplet and concentric ele- 

ment injectors only, because these had demonstrated moderate heat transfer rates 

and satisfactory performance. 
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The test results obtained showed that both the triplet and concentric injectors 

could meet the performance requirements. However, from a cost and fabrication 

standpoint, the concentric was considered superior. Therefore, the remaining 

injector development effort was concentrated on evaluating and optimizing the con- 

centric element injector in the following areas: 

1. Number of elements 

2. Wall gap (element centerline to wall distance) 

3. Oxidizer post recess 

4. Fuel injection velocity 

The performance characteristics of the various modifications of concentric orifice 

injectors tested are compared in Fig.   . These data, showed that either a 79- or 

95-element injector, with an oxidizer post recess of 0.075 to 0.100 inch, would 

provide the required c* performance. Using these data and the heat transfer data 

presented in the following section, the final selection of injector configuration 

was made as discussed below. 

Heat Transfer. From examination of Fig. 69 and 70 , which present local heat trans- 

fer rates, and Fig. 71, which presents the total combustion zone heat rejection 

rate, the coplanar injector appeared to be an unsatisfactory injector configuration 

from a heat transfer standpoint. Therefore, this element was dropped from further 

consideration. 

Reviewing the modified concentric and triplet heat transfer characteristics, 

(Fig. 71), a comparable level of moderate operation was indicated. The concen- 

tric element design was, however, considered superior from a fabrication stand- 

point. Additional effort was expended on the concentric element to evaluate the 

effect of propellant injection velocity on upper combustion zone local heat trans- 

fer rates. From Fig. 73 , a significant decrease in local heat transfer rate 

was commensurate with decreased propellant injection velocities. This effect 

established the design point of 12S0 ft/sec for the single-panel, regeneratively 

cooled segment concentric injector. 
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The performance data had indicated that either a 0.075- or 0.100-inch recess oxi- 

dizer post would satisfactorily meet the performance requirements. Figure 81 

presents a comparison of unit 7A injector heat transfer data for 0.075- and 0.100- 

inch recess for several fuel injection velocity conditions. Based on these data, 

and Fig.  81, the 0.075-inch oxidizer post recess was selected for the single- 

panel, regeneratively cooled segment assembly. 

The injector configuration selected for the single-panel, regeneratively cooled 

segment chamber was similar to the unit 7A configuration but consisted of an 80- 

element concentric orifice type, with an oxidizer post recess of 0.075 inch and a 

fuel injection velocity of 1250 ft/sec at the design point. 

The predicted performance and heat transfer characteristics of the injector- 

combustor configuration selected for the single-panel, regeneratively cooled 

chamber segment are presented in Fig. 82 through 84 . 

Predicted Single-Panel Injector Pressure Loss Characteristics 

A detailed analysis of the pressure drop data obtained with the concentric orifice 

injector was conducted to establish an analytical model to predict the pressure 

drop characteristics of the fuel and oxidizer portions of the selected 80-elcment 

single-panel injector. 

The oxidizer model included: 

1. The entrance loss to the oxidizer post, including cross-flow loss 

2. The nonrecovered pressure loss due to the orifice located at the post 

inlet 

3. The friction loss in the oxidizer post 

4. Variable oxidizer injection density, as a function of chamber pressure 

and fuel injection temperature 

5. Combustion or noncombustion in the recessed cup 

6. Mixing losses in the cup 

7. Dynamic pressure loss at oxidizer post exit 
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The unit 7A data were used to establish values for the various parameters that 

influence the propellant pressure loss in the injector. The parameters which had 

the largest uncertainty are items 4, 5, and 6 (above). 

The oxidizer injection density is a function of the chamber pressure and the fuel 

injection temperature, with chamber pressure being defined. The fuel injection 

temperature for the regcneratively cooled chamber at each chamber pressure was 

predicted by use of heat transfer data obtained during water-cooled segment test. 

Refined values will not be available until regeneratively cooled chamber heat 

transfer data are available. 

Combustion or noncombustion in the cup region of a recessed oxidizer post concen- 

tric orifice injection element was found to be a function of operating chamber 

pressure, post recess, and fuel injection temperature. The uncertainty associated 

with fuel injection temperature was evident in this parameter also. 

Mixing losses in the cup were a function of several parameters, for which an 

adequate analytical expression does not exist. The absolute value of these losses 

were considered to be small (<10 psia) for this particular injector. 

The predicted pressure loss characteristics for the single-panel, regeneratively 

cooled injector are shown in Fig.85 and <*6 . 

General Test Program Summary 

A total of 117 hot-fire tests was conducted during the single-panel test program. 

No significant problems were encountered with injector or water-cooled segment 

chamber durability or structural integrity. When local heat flux conditions in 

the combustors greatly exceeded the values used for design, local overheating 

and erosion occurred. This erosion occurred only in unit 1 combustor when used with 

unit 1 coplanar injector which had abnormally high upper combustion zone heat 

fluxes. The high heat flux combined with oxidizer-rich fans impinging on the wall 

resulted in surface melting and erosion. 
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AP injectors exhibited excellent durability and structural integrity. No problems 

were encountered with face overheating, orifice deformation, or orifice plugging. 

The technical aspects are summarized below. 

Combustion Chamber Configuration. Several variations of combustion chamber con- 

figuration were evaluated: 

1. 0.50- and 0.60-inch width with constant, 6.260-inch injector end *-r>gth 

2. 3.0-, 3.5-, and 4.0-inch combustion zone length (injector face-to-throat 

plane) 

The increase in width from 0.50 to 0.60 inch had a negligible effect on heat trans- 

fer and performance, but would result in an increase in weight of the thrust 

chamber assembly. 

The results showed that increased length of 3.0 to 4.0 inches would increase c* per- 

formance slightly, but would also result in a significant increase in weight of the 

thrust chamber assembly. The increased heat rejected to the coolant for the L »4.0- 

inch condition, due to the increase in hot-gas wetted area (not higher local heat 

fluxes), would result in a large increase in coolant pressure loss and much higher 

resulting wall temperatures. 

.• combustor which had a constant convergence combustion zone, an L >3.0 inches, 

a 0.5-inch injector en<i width, and a 0.0125-inch throat gap was established as 

the configuration for the single-panel, regeneratively cooled segment chamber. 

Injector Configuration. The coplanar injector, although demonstrating excellent 

performance, had very poor heat transfer characteristics with respect to the 

combustor. 

Both triplet and concentric orifice injectors had satisfactory performance and 

heat transfer characteristics. An injector similar to the unit 7A concentric 

orifice injector with 80 elements was selected for the single-panel, regeneratively 

cooled segment. 
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r Test Facility,  Facility operation was satisfactory throughout the test program 

and no problems were encountered. Slight modifications in operating procedure 

wtre made to ensure proper chilldown of the liquid oxygen system. 
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SECTION V 

DOUBLE-PANEL SEGMENT EVALUATION 

The double-panel water-cooled segment development p.ogram was conducted along the 

same general lines as the previously described single-panel program. The objective 

t #  of the program was to develop an injector-chamber configuration that had high c* 

performance and moderate heat transfer characteristics (both local heat flux 

and total integrated heat rejection rate). The primary development parameters were 

injection element configuration and chamber combustion zone length. Two wnter- 

cooled, calorinetry-type, segment thrust chambers and three, nonlightweight, bolt- 

on-type injectors were designed, fabricated, and tested. 

The inject or-chamber assemblies were designed to operate with gaseous propel 1 ants, 

oxygen and hydrogen. Because vaporization of propellant prior to combustion was not 

required with the gaseous propellants, as with the liquid-oxygen for the single 

panel, the thought was that a shorter combustor length could be used for the 

JriMe-pancl segment chamber. The initial basic chamber length, therefore, was 

...^ inches.  Injector single-element cold-flow tests were conducted to establish 

the initial element configuration of the injectors. 

The following sections provide a description of the double-panel, water-cooled seg- 

ment hardware design and fabrication techniques, testing, data analysis, and 

results. 

HARDWARE DESIGN AND FABRICATION 

Segment Chambers, Double-Panel 

Two new segment chambers, units 5 and 6, were fabricated for this program. The 

general configuration of the chambers is shown in Fig. 8? . 

The double-panel chambers, units 5 and 6, incorporated a 2.S-inch combustion zone 

length with constant convergence when initially fabricated. As noted previously, 

the thought was that 2.5-inch L would be sufficient to obtain the required c* 
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,       performance (597 percent over the 5:1 throttle range). Initial testing of the 

*-      triplet injector with unit 5 segment chamber indicated that an L of at least 3.0 

inches was necessary to obtain the required c* performance. The L =3.0 was ob- 

tained with the unit S chamber by installing z  0.5-inch-length, water-cooled, 

straight-wall spacer as shown in Fig. 87. 

Comparison of the unit 2E  triplet injector c# performance obtained in the unit 2 

single-panel segment chamber and the unit S double-panel segment chamber showed a 

loss in c* performance due to combustion chamber wall contour for the unit 5 cham- 

ber with spacer (Fig. 87). The unit 6 segment chamber was modified prior to use 

to provide a constant convergence wall combustion zone, L * 3.0 inch, when pro- 

vided with a modified 0.500-inch spacer (convergent type). The detailed design 

criteria for units 5 and 6 chambers are presented in Table 11, with the same 

design guidelines as were applicable to the single-panel combustors. 

The calorimetry-type segment chambers were fabricated of copper and incorporated 

coolant passages for water cooling. The chamber design and fabrication techniques 

were similar to those used for the single-panel except for an additional braze 

joint on the inner and outer bodies to simplify the coolant passage drilling 

operation. The inner and outer bodies were machined and drilled separately as 

1/2-detail parts and then brazed together (Fig. 88 ) to form inner and outer body 

details. The body details were checked for nonplugging of the coolant passages 

and then brazed together (Fig. 88 ) to form a complete combustion chamber. 

Unit 6 combustor was modified, as mentioned previously, to provide a constant con- 

vergence (L «3.0 inch) combustor when used with a modified 0.500-inch spacer. The 

modification, detailed in Fig.  89 , consisted of removing structure in the side- 

plate region and mechanically deforming the chamber to the desired contour. Addi- 

tional structural support consisting of a CRES plate, pinned in each side plate 

end, was installed in the unit 6 segment chamber (Fig. 90). 

An additional modification, consisting of decreasing the length of the expansion 

nozzle (decreased expansion ratio) was made to avoid nozzle flow separation at 

lower chamber pressures and to make the c*, by thrust calculation, accurate over a 
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TABLE 11.  DESIGN CRITERIA FOR DOUBLE-PANEL 

WATER-COOLED SEGMENT CHAMBER 

Design Parameters Units S and 6 
Unit 6 

(Modified) 

Chamber length (side plate-to-side 
plate at injector end), inch 

6.6814 6.68Ü 

Chamber length (side plate-to-side 
plate at throat), inch 

6.6fil» 6.68U 

Width at injector end, inch 0.500 o.wo 
Throat gap, inch 0.086 0.086 

Throat radius 0.158 0.158 

Contraction ratio, Ainj/. 5.81 5.0 

Expansion ratio, Ae/.;t 7.8 Ji.6 

Divergence nozzle shape Curved to 
match 
regenerative- 
cooled 
segment 

Curved to 
match 
regenerative- 
cooled 
segment 

Cor.bustion zone vail configuration 
Side plates straight, 

convergent 
straight, 
convergent 

Chamber walls straight, 
convergent 

straight, 
convergent 

Combustion zone vail Convergence 
Half angle, degrees 

Combustion zone length, Lc, 
Injector face-to-throat, inch 

h Deg U5 min 3 Deg 56 run 

2.S 3.0 2.S 3.0 

Characteristic chamber length, L», inch 

i  Chamber Pressure, psia 

8.S 

950 

11.5 

950 

7.5 

9S0 

10.2 

950  | 
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wider range of chamber pressures. The expansion area ratio was reduced from 7.8 

(unit 5) to 4.6 for unit 6 (modified). > 

The double-panel segment chambers were designed for a maximum chamber pressure of 

950 psia, as compared to 750 psia for the single-panel chambers. The chambers 

incorporated a 0.085-inch throat gap. 

Fifteen coolant passages were used which wore 0.125 inch in diameter. The design 

was to provide the -inability for S3 Btu/in.~-scc local heat flux at the throat. 

A two-dimensional heat transfer analysis was conducted foi unit 5 chamber with a 

wall thickness of 0.095-inch and hot-gas-sidc wall temperatures of approximately 

1560 F predicted for the throat region. Figure 91 presents the predicted iso- 

thermal temperature distribution in the throat region of the segment chamber. 

Additional analyses were conducted to evaluate the effect of wall thickness on I 

the hot-gas wall temperature in the throat region. The result* of the analyses an ! 

shown in Fig. 02 and resulted in the decision to dv*:gn the unit *>, water-cooled, 

double-panel segment chamber with a hot-gas wall thickness of O.OT» inch at the 

peak heat flux point (0,20^  inch upstream of throat). , 

A structural analysis was made and confirmed that rippling of the chamber hot-gas- 

side wall surface, in the throat, would not occur. This mode of failure had been 

noted in calorinetry-tyre chambers used for other injector development programs. 

and the cause was due to local y.elding of the eopprr wall due te coolant pressure 

and heat during a test. The probler. was attributed to a very thin wall caused by 

improper location of the drilled water coolant passage. 

Ail water coolant passages for he single-panel and double-panel calorimetry cham- 

bers were gun-drilled with excellent results. The coolant passage positions are 

established en a jig bore prior to gun-drilling. The chamber half details (for 

the double-panel segments), corresponding to inner and outer walls, also were 

separated at the transverse midpoint to reduce the gun-drill length by one-half 

and maintain better dimensional control of the wall thickness. This design re- 

quired one additional furnace hrase cycle as described earlier. 
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The chamber spacers used for the double-panel evaluation were the same hardware 

items as used for the previous single-panel effort. The 0.500-inch-thick spacer 

was modified, during the testing as shown in Fig. 93 , to provide a spacer with 

convergent walls to match the modified unit No. 6, double-panel, water-cooled cham- 

ber. The spacer modification consisted of furnace-braze attaching a filler block 

of OFHC copper that was then machined to match the chamber contour. The modified 

spacer is shown in Fig. 94. 

Double-Panel Segment Injectors 

The double-panel injector design is required to operate with gaseous propellants, 

oxygen and hydrogen, as compared to the single-panel injector which operates with 

liquid oxygen and gaseous hydrogen. The selection of the propellant configuration 

to use for the gas-gas injector required considerably more cold-flow evaluation 

testing because of a general lack of definitive criteria available for design. 

The state of the art with respect to gas-gas injection elements was not as ad- 

vanced as for gas-liquid elements. 

Two element configurations, triplet and concentric, were initially selected for 

evaluation based on limited experience with these element configurations on an- 

other program (Ref.  5 ).  Initially, the gas-liquid triplet injector (unit 2CJ was 

modified to a gas-gas configuration, unit 21» and subsequently unit 21;, for a 

rapid preliminary evaluation of gas-gas injector characteristics in low-volume 

combustors. 

The initial gas-gas injector testing with units 20 and 21   injectors was conducted 

with the unit 2 single-panel water-cooled segment chamber and indicated satisfactory 

performance and heat transfer characteristics in low-volume combustors. Additional 

development work was necessary, however, particularly for the reduction of the heat 

transfer rates to the combustor walls. 

A triplet injector, unit 8, was designed, fabricated, and tested in unit 5 double- 

panel water-cooled segment chamber with a combustion chamber length of 2.S inches. 

An improvement in heat transfer was noted, but satisfactory c* performance was not 
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obtained. The injector was modified to the unit 8A configuration and tested in 

I,=3.0- and 3.5-inch chaml 

satisfactory performance. 

I,=3.0- and 3.5-inch chambers. Tests with the L =3.0-inch chamber indicated 
^ c 

A trislot element injector was the third injector type considered for the double- 

panel segment. The injector, unit 9, was designed, fabricated, and tested with 

good results. 

Several modifications were made to each injector during the development program. 

These modifications and the baseline mechanical design parameters arc noted in 

Table 12 and discussed in the following paragraphs. 

Cold-flow testing of triplet, concentric, and trislot single elements was conducted 

and is discussed in a separate, subsequent section (pages 2**5 to 232). 

Triplet Injectors. Three triplet-type injectors were evaluated.  Injector units 

2D and 2E were modifications of the single-panel gas-liquid triplet unit 2C. The 

units 8, 8A, and SB injectors were specifically fabricated and modified for the 

double-panel program. The unit 70 was a modification of the unit 7F concentric 

injector used for the double-panel program. 

Unit 2D Injector. The injector was fabricated during the single-panel pro- 

gram. The design, fabrication, etc., is discussed in Section IV. The injector 

was modified to a gas-gas configuration, unit 2D, for the initial gas-gas injector 

evaluation. The modification, shown in Table 12 and Fig. 95, consisted of in- 

creasing all oxidirer (showerhead) orifice diameters from 0.019 to 0.028 inch. 

Examination of data obtained during another program (Ref. 5 ) indicated that an 

oxidizer injection velocity of 850 to 950 ft/sec with a fuel injection velocity of 

3000 to 4000 ft/sec would provide satisfactory performance. Ambient temperature, 

S30 R, gaseous oxygen was used for all double-panel segment tests because of avail- 

ability and a reasonable simulation of rcgeneratively cooled chamber conditions was 

obtained. The predicted range of oxidizer injection temperatures is 392 to 352 R 

in the regenerativcly cooled segment. 

The orifice area increase was made to provide the desired oxidizer injection ve- 

locity, when using ambient gaseous oxygen. Control of fuel injection velocity was 
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ü/N 2D 

.021 DIA 

Figure 9S. Unit 2D and 2E Triplet, Double-Panel Injector, 
Injection Element Configurations 
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accomplished by control of the fuel injection temperature in the same manner as 

used for the single-panel water-cooled segment testing. Therefore, an increase 

or change in fuel orifice size was not necessary. 

'mit 2fc Injector. This modification consisted of an additional increase, 

to 0.032 from 0.028 inch, for all oxidizer orifice diameters. The modification 

was made to evaluate the effect of a further decrease in oxidizer injection ve- 

locity, ■* 700 ft/sec, on heat transfer and c* performance. There was no change 

in fuel orifice size. 

The final configuration of the unit 2E injector, after completion of testing, 

is shown in Fig.  96, and the injector flow calibration data arc as shown in 

Fig. 97. 

Unit 8 Injector. Triplet injector unit 8 was specifically designed and 

fabricated for the double-panel program. The injection element configuration is 

shown in Fig. 98 , with mechanical design characteristics presented in Table 12 

and in Fig. 99 and 100. 

The following design criteria were incorporated: 

1. The fuel injection and oxidizer injection velocities were minimized to 

prevent high upper combust.on zone heat transfer rates; Vf   »1700 

ft/sec, V    -700 ft/sec. axial 

°axitl 

2. The element was F-O-F consistent with previously successful gaseous pro- 

peliant triplets (Ref. 6 ). 

3. The resultant fans, after primary impingement, were aligned parallel to 

the hot wall to prevent direct impingement of oxidizer on the wall. 

4. The primary impingement angle was 7S degrees for maximum mixing efficiency. 

5. Cold-flow testing of impinging triplet elements for otr.*r programs (Ref. 6) 

had indicated a dependence of n , performance on "Mr " which is defined 
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as the transverse momentum ratio, 7 
Momentum Fuel, Transverse , an»J an axial 
Momentum Oxidizer, Axial 

AV which is defined as Fuel Velocity Axial less oxidUer Velocity Axial. 

The fuel transverse momentum results from resolution of the total fuel 

momentum into axial and transverse components. A value of AV„ ...=1500 
axai 1 

ft/sec and an Mr «0.50 was selected for the design. 

6. The number of elements used in the design was 51 elements and is dependent 

upon the manifolding available in the regcncratively-coolcd segment 

injector. 

There was no preliminary cold-flow evaluation of the above-defined triplet injec- 

tor element because sufficient knowledge was considered to exist to provide a 

viable design. Cold-flow evaluation of the chment was performed at a later date 

to provide correlation data and is discussed on pages 2iK>  to 232. 

The injector was fabricated from a single piece of OFHC copper and the completed 

injector after hot-firing is shown in Fig. 101. 

After fabrication, the injector was flow tested for pressure drop calibration and 

visual evaluation of clement flow characteristics. The predicted pressure loss 

characteristics, for hot-fire test, arc shown in Fig. 102 . No orifice plugging 

or stream distortion was noted. 

Tue injector was modified during the test program (Table 12) to: 

1. Evaluite the effect of decreased oxidizer injection velocity on heat 

transfer and c# performance. 

2. Decrease the number of elements so ihat the injector could be used 

for combustion stability evaluation in the unit 4 water-cooled seg- 

ment chamber which had directed pulse capability. 

The initial modification, unit 8 to 8A, increased all oxidizer orifice diameters 

from 0.051 to 0.0S?5 inch. No change was made to the fuel orifices. The final 

modification, uni's 8A to 8B configuration, consisted of weld plugging one element 
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12 fuel orifices and I oxidizcr orifice) at opposite ends (2 total) to decrease 

the number of elements from 51 to 49. This modification was accomplished to permit 

testing in the unit 4 chamber which was 6.260 inches long (side plate to side plate) 

compared to units 5 and 6 which were 6.684 inches long. 

The final configuration, unit 8B, is shown in Fig. 104 after completion of 

testing. 

Unit 7G Injector. Tins injector resulted from a modification to the unit 7F 

inLctor. The modification was confined to the ficcplate and consisted of pro- 

viding a new faceplate (Fig. 104) that had the i pinging fuel orifices and a close 

tolerance, referenced to the oxidizcr OD, showerhcad orifice into winch the oxi- 

dizcr tube was located. (The injector body design is shown in Fig.  105.) The 

assembled injector is shown in Fig.  106 . 

The mechanical design parameters are noted in Table 12,and an injection clement 

is shown in Fig. 107. The new faceplate design features were: 

i 

1. The faceplate would be removable, as were the previous faceplates for • 

the concentric injectors. 

2. The faceplate incorporated F.ÜM fuel impinging orifices which were 

referenced to the oxidizcr tube locations. 

3. The oxidizcr tubes, as shown in Fig. 108, were required to fit snugly 

into orifices in the faceplate to prevent or minimize the concentric 

mode of fuel injection. The oxidizcr tube 00's were measured and found 

to be in the range of 0.0504 to 0.05CS inch. The faceplate was jig bored 

and reamed to provide 101 orifices, 0.051-inch diameter, to receive the 

oxidizcr tubes during assembly. 

4. No mechanical, braze, weld, or other technique was used to seal the 

oxidizcr tube-to-faceplate joint (Fig. 109 ) because a minimal annulus 

flow was considered to be nondctriscntal to operation or performance. 

The injector was flow-calibrated, and the results arc shuwn in Fig. !10 . 

: 
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fhv primary purpose of this injector was to evaluate the effect of reduced thrust 

per element, as compared to the unit 8 triplet, on heat transfer and c* performance. 

No modifications were made to the unit 7G injector. Cold-flow evaluation of this 

element configuration was not conducted. 

Concentric Orifice Injector. The concentric orifice injector, designated unit 7u 

was a modification of the single-panel gas-liquid injector unit 7!). The element 

design was based on parameters established from previous programs (Ref.  ö ) and 

cold-flow test program results reported on pages 205 tr* 2^2. 

The injection clement configuration is shown in Tig. Ill, with mechanical design 

characteristics shown in Table 12. 1 

Basic design criteria consisted of the following: ' 

|I 
1.  101 elements arranged in three rows i 

2. liqual elcment-to-element spacing with a wall-to-element spacing of 

0.090 inch 

3. Fuel velocity at the annulus exit of 2000 ft/sec and oxidizer post tip 

discharge velocity of 500 ft/sec 

4. Oxidizer post OD=0.050 inch and ID=0.033 inch; fuel annulus gap of 0.009 

inch, and oxidizer post wall thickness of 0.0035 inch 

The injector body design, shown in Fig. 105 , contained the propcllant supply 

manifolds and the oxidizer posts. 

Figure 112 shows the injector faceplate. The two-piece injector assembly providtfd 

development versatility by permitting changes in oxidizer post recess, annulus gap, 

and annulus configuration to be made in the removable and easily modified faceplate, 

Program cold-flo.v test results, combined with previous work accomplirhed (Kef. 8j, 

indicated that the primary mixing efficiency of a single concentric orifice in- 

jret ion element for gaseous oxygen-hydrogen propellants depended primarily on axial 
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fuel annulus velocity, oxidizer post axial discharge velocity, oxidizcr post tip 

configuration (blunt or flared), and axial velocity difference (fuel velocity less 

oxidizer velocity). The influence of each parameter was determined while main- 

taining the other parameters constant during cold-flow testing.  In addition, an 

internally flared (divergent) oxidizcr post also was investigated during the Ref.9 

testing. 

The unit 7E injection element configuration was based on the cold-flow test re- 

sults (reported on pages 205 to 232) that indicated the range of AV   ,/flowratc ax l a l 
required for high E... 

Additional cold-flow evaluation of a modified configuration, unit 71-, indicated 

the possibility of increased c* performance with this clement type (Tig.  111). 

The modification, made during the test program, was accomplished by machining the 

end of each oxidizcr post to obtain an external chamfer and by mechanically de- 

forming an existent faceplate (Fig.112 and 113) to obtain the unit 7F configuration. 

Cold-flow calibration tests were completed for each injector and are discussed on 

pages 205 to 2"^2.    The predicted pressure loss characteristics arc presented in Fig. 114. 

Trislot Injector.  The third injector type evaluated during the double-panel pro- 

gram was the trislot injector, unit 9. The injection element type is shown in 

Fig. 115 and is a noncircuiar impinging stream injector in a hydrogen-oxygen- 

hydrogen configuration. The injector type was previously evaluated in another 

program {Ref.   " J, and,based on those results, good performance could be expected 

on the A.MPT program. 

Part of a cold-flow program, described on pages 205 to 232, was conducted to char- 

acterize the element prior to design, and very high mixing efficiency values 

(>i>5 percent) were obtained. 

The trislot injector, unit 9, which was designed, fabricated, and tested, is 

shown in Fig. lib, with the mechanical design parameter? noted in Table 12. The 

injector has 30 elements that arc located in 2 rows to prevent end impingement of 
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adjacent propellant fans. The injector was fabricated from a single piece of OHK! 

copper. The orifices were elcctrodischargc machined using the same bushing-tool 

location technique developed for the other impinging element-type injectors. The 

finished injector is shown in Fig. 117 and 118. 

The injector was flow calibrated to establish pressure loss characteristics. The 

calibration results arc presented in Fig. 119. 

No modifications were made to the injector during the course of the test program. 

INJECTOR SINGLE-ELEMENT COLD-FLOW TESTING 

The double-panel cold-flow testing was directed at defining the nixing character- 

istics of various candidate injector element types being evaluated in hot-fire 

test. The cold-flow testing was used to select optimum element designs prior to 

hot-fire test and provide modification criteria for the hot-fire test program. 

The cold-flow test program flow chart and general results are presented in Fig.120. 

The objectives of the cold-flow effort were to: (I) characterize cold-flow mixing 

efficiency for comparison with measured hot-fire nixing efficiency, (2) character- 

ise the effect of operating variables on cold-flow mixing efficiency for comparison 

with similar effects on measured hot-fire mixing efficiency, (3) optimise the ele- 

ment configuration prior to f.he hot-fire testing, and (4) define the test component 

modification criteria for performance and heat transfer. 

i 

For double-panel injectors, the hot-fire characteristic velocity efficiency is 

equivalent to the hot-fire nixing efficiency because use of gaseous oxygen dic- 

tates conplete vaporization. 

The cold-flow test and data reduction procedures, cold-flow hardware, cold-flow 

modeling criteria, cold-flow test results, and predicted injector mixing efficiency 

are discussed sequentially in the following paragraphs. A comparison of the cold- 

flow *«nd hot-fire mixing efficiency results concludes the cold-flow discussion. 
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Comparison of variable effects on cold-flow and hot-fire mixing efficiency are dis- 

cussed later in the concentric element hot-fire results section (page 243. 

Cold-Flow Test and Data Reduction Procedures 

Single-element cold-flow experimentation with nonreactive propellant simulant gases 

has been proved to be a reliable, expedient, and inexpensive means of obtaining an 

estimate of the performance level of a full-scale injector design (Ref. b). 

Cold-flow experimentation was performed at a specially prepared facility (Ref. 6) 

that had capability for cold-flow injector modeling experiments that covered a wide 

range of simulated chamber pressures and flowrates. Conventional gas sampling 

techniques were used for the measurement of gas flow distribution. 

Cold-flow gas distribution results were used for analytical prediction of an injec- 

tor mixing uniformity index, termed E , and combustion efficiency limited by injec- 

tor mixing, n   . . Definitionsof E and n #    were presented previously in c mix m    c mix 
the Single-Panel Cold-Flow section (pages 87 and 88). 

Cold-Flow Hardware 

The results reported in Ref. 7 and 8 i^icate that injector element size has a sig- 

nificant effect on predicted performance. Because the characteristic dimensions of 

candidate AMPT elements arc about a factor of 4 less than the characteristic dimen- 

sions of elements that had been cold-flow tested in another program (Ref.  6), 

fabrication and cold-flow testing hardware representative of the AMPT injector- 

element sizes was considered necessary. Accordingly, emphasis was placed on cold- 

flow tests utilizing single-element configurations identical to individual element 

design« to be hot-fire tested (or considered for hot-fire testing) in full-scale 

candidate injectors.  It was possible to use identical size elements because of 

available accurate gaseous sonic venturi meters. 

The various single-element conf gurations which were cold-flow tested are shown in 

Fig. 121,  along with their characteristic dimensions. These were: (1) the (F-O-F) 

triplet, (2) the trislot, (3) the blunt tip coaxial, (4) the coaxial with a flared 
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inner fuel annulus and a "hat" on the outer fuel annulus, and (5) the flared coaxial 

with hat plus a swirler vane in the oxidizer post (not shown in Fig.  121). The 

flared coaxial with "hat" configuration was designed to provide directed transverse 

momentum while maintaining high axial AV at the injector face at injection rates 

identical to those in the blunt-tip coaxial. The fifth configuration was fabricated 

by adding an oxidi:cr tube swirler to the "coaxial with hat" design. The coaxial 

with hat configuration shown in Fig.121 was modified to include a 180-degree, two- 

vane swirler in the oxidi:er tube. The objective of this modification was to 

determine if any increase in performance level over that obtained with both the 

blunt-tip coaxial and hat coaxial modification could be achieved. The actual test 

hardware is shown in Fig. 122 (triplet), Fig. 123 and 124 (concentric), and Fig. 125 

(trislot). 

Cold-Flow Modeling Criteria 

lor direct comparison, elements were cold-flow tested at the same flow conditions 

experienced during hot-fire test. However, cold-flow tests employed ambient tem- 

perature helium as the fuel (Gl!^) simulant (the oxidizer, GO,, in cold-flow and 

hot-fire testing being the same) and, therefore, exact flow condition simulation 

was not possible for most cases. Thus, appropriate modeling criteria, described 

in the following paragraphs, were selected to best relate cold-flow testing to hot- 

fire conditions. 

Cold-flow mixing correlations, developed in a previous program for the trislot 

clement (Ref. 7), showed a correspondence between mixing efficiency and cold- 

flow test conditions defined as:  (I) transverse momentum ratio, Mr , and (2) 

axial velocity difference, iV  between the fuel and oxidizer gases. These test 

conditions are further defined in Fig.121. Because the triplet element bears 

some similarity in geometry to the trislot element, these modeling criteria (i.e., 

Mr   and AV ) were employed for both triplet and trislot cold-flow tests, 
i        ax 

For concentric elements with internally flared oxidizer tubes, similar cold-flow- 

mixing correlations (developed in Ref. 8) showed a relationship between mixing 

efficiency, E . and the flow conditions, Mr„ and AV . However, because the blunt 
m i     ax 

tip concentric element exhioited no transverse monentu.n, comparison between the 
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concentric elements was based on the modeling criteria of total momentum ratio, 

Mr. ., and annulus velocity difference, AV m    .  . These test conditions arc 
tot annulus 

defined further in Fig.  121. 

Cold-Flow Test Results 

For all element types, tests were made to define mixing efficiency at varying col- 

lection distances. Additionally, cold-flow tests for the triplet and trislot ele- 

ments were made to determine the effect of AV  on mixing at fixed collection dis- 

tance and Mr . Likewise, similar tests for the concentric elements were made«to 

determine the effect of AV   .  on mixing at fixed collection distance and Mrtot- 

An effort was made to simulate hot-fire conditions, defined by the previously 

described modeling criteria, as much as possible in cold-flow testing*. For model- 

ing of AV effects, the experimental setup did not permit independent evaluation of 

AV because both AV and flowrate were varied simultaneously. A summary of the gas/ 

gas cold-flow test data obtained with candidate element types is presented in 

Table 13. 

Effect of Collection Distance. The effect of collection on mixing for each of the 

different elements is presented in Fig. 126 through 130. TU and nc# mlx are shown 

and cold-flow test conditions are noted in the figures. With two exceptions, all 

elements showed a sharp decrease in mixing efficiency as collection distance de- 

creased toward zero. The notable exceptions were the triplet element and concentric 

with swirler element, which showed only t very small decrease in combustion effi- 

ciency as collection distance approached zero. The Avannuius 
ln^ flowrate/elemcnt 

on the modified tip concentric and concentric with swirler was less than that of 

the blunt tip concentric for the collection distance tests. Therefore, the 

modified tip concentric data had an E comparable to that of the blunt tip. 

♦Hot-fire values of AV and transverse (or total) momentum ratio were calculated for 
the following conditions: 

Pc. psia 950 

Fuel Injector Temperature, R  1100 

Oxidizer Temperature, R     420 

Oxidizer Flowrate, lb/sec  1.931 

Fuel Flowrate, lb/sec     0.349 
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TABLE 13. DATA SUMMARY FOR DOUBLE-PANUL IN.JI.OOR WJ.MI.M  tj 

Blunt Tip 
Cotx 

Unit 7E 

COM With 
At. 

Unit 7F 

Coax With 
Hit «nd 
Svirltr 

• »••»• *. « 



mVUW Ml Ml NT COLD-FLOW STUDY 

lb/ffC 
.001713 

.001296 

.001713 

.001713 

.001713 
■ 

.00166 

.00321 

.00238 

.00321 

.00238 

.00321 

.00115 

.0007*1 

.001483 

.0011$ 

.0011) 

.0007*1 

.001*83 

.001*73 

.00121 

.00169* 
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.001*73 

.001*73 

Töooo* 
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.00066 
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.00066 

.001 
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element because lower Avannuius and flowrate/element tended to increase E . The 

concentric with swirler results, as shown in Fig.130, indicated that the coaxial 

element with hat and swirler was a high performer over a wide range of collection 

distances. This configuration appeared to offer a significant advantage over cither 

the blunt-tip coaxial or the coaxial with the hat configurations. 

Combined Effect of AV and Flowrate. The effect of AV and flowrate on mixing at a 

fixed collection distance* is shown for the various elements in Fig.131 throughl34. 

Flowrate decreased as AV decreased for all cold-flow tests on an approximate 1 to 1 

relationship (i.e., halving the AV halved the flowrate/element). Both actual cold- 

flow and design hot-fire test conditions for 950-psia chamber pressure operation 

are noted on the plots. The level of mixing obtained was characterized by both E 
m 

and *r# . (defined previously). 

Results obtained using the triplet and the trislot are shown in Fig.131 and 132. 

respectively. Mixing efficiency was found to decrease with increased AV /flowrate 

for the triplet, whereas the trend was reversed for the trislot. The increase in 

E with increasing *V /flowrate for the trislot (see Fig.132) was in contrast with 
m ax 
the results of Rcf. ?. These data were reproduced successfully, however. 

For the blunt-tip coaxial element, the effect of -vannuius/
flowrate on Em 

is shown 

in Fig. 133. The effect of ~vanmiiu$/f
lowrate on FB 

for tne coaxial with the flared 

inside fuel annulus and the hat is shown in Fig.134. Both concentric elements 

showed the sane data trends of decreasing F.^ with increasing ÄVannuius/*
lowrate 

at constant Mrtot* The level of mixing obtained with the blunt-tip was slightly 

higher than that for the modified tip. For equivalent GH2 annulus velocities 

(as tested in cold flow), the exit GIL velocity for the blunt tip was lower than 

that for the modified tip due to the larger exit area (Fig. 121). Because lower 

exit Gil, velocities lower the velocity difference referenced to the exit, the in- 

creased performance of the blunt tip nay be associated with lower exit GIL velocity 

conditions. 

♦Collection distance is defined as distance from the impingement point, 
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* '^inniilu* 5urvev was not conducted for the concentric with hat and swirlcr 

element. 

Prediction of Hot-Fire Injector Performance 

The results of the AMPT cold-flow tests keynote the significance of selecting a 

proper collection distance in predicting mixing efficiency for correlating hot- 

firc results, and in defining an optimum performing injector element design. 

Studies on previous contracts (Ref. 9) have indicated that the presence of com- 

bustion retards the mixing process. Therefore, cold-flow measurements must be 

made at a distance which compensates for: (1) mixing retardation due to combus- 

tion and (2) further turbulent mixing in the chamber, if the cold-flow results 

are to be related to hot-fire data. Such a collection distance does not imply 

that mixing stops at this station but, rather, provides a characteristic collec- 

tion length which correlates with hot-fire performance (i.e., the combined combus- 

tion and turbulent mixing effects not modeled in cold flow are accounted for by 

a correlating cold-flow collection distance). 

To obtain an approximation of the proper collection distance to be employed in 

pi »«dieting AMPT injector performance, the results of Ref. 6 were used. Reference 

6 reported that selection of a sampling distance of 0.7 inch (injector face to 

collection probe) was successful in correlating cold-flow and hot-fire data for 

the trislot and coaxial element designs. 

Furthermore, an IRtD study (Ref. 10) investigated the feasibility of visual tech- 

niques for studying coaxial element gas/gas mixing and suggested a mixing core 

of 3.S oxidizer orifice diameters in length, prior to the start of vigorous, 

chamber-filling combustion. 

Using the data from Ref.  6, a cold-flow collection factor (Z) was calculated 

for the concentric and trislot element types in the following manner: 

LCD ■ limited-collection distance 

Z  ■ limiting-collection distance/equivalent element diameter 

LCD/D 
eq 
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where 

<v (3) 

ami 

A  « (EAQX ♦ 2j\f)/No. of elements 

The collection distance was defined as zero at the impingement point. Thus, for 

Ref. b data, the following nondimensional collection factor (Z) were calculated 

for the coaxial and trislot elements shown in Fig. 13 5. 

LCD 

Aeq 

Coaxial 

0.70 

0.0277 

0.188 

3.72 

Trislot 

0.4S0 

0.0547 

0.264 

1.71 

K./02 

.20Z 

CONC£NT&/C 

I ij'."rtk US. Trislot and Coaxial tlcmcnt Designs for XASA ATS 

JSO 

j 
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The nondimensional collection factors (Z) computed above were used to estimate the 

c -.relating collection distance (LCD) and, in turn, the predicted performance of 

the candidate AMPT injector elements.   The collection factor for the concentric 

was used for all concentric   element types and the collection factor for the tri- 

slot was used for both the trislot and triplet element types.    Performance predic- 

tions were made using the computed values of LCD and the applicable n # versus 

collection distance cold-flow data (Fig.126 toloO).    Results of the computations 

and predicted AMPT injector performance are tabulated below in Table 14. 

TABLE 14.    AMPT INJECTOR PERFORMANCE 

Triplet 
Blunt Tip 
Concentric 

Concentric 
With Hat 

Concentric 
With Hat and 
Swirler Trislot 

vin-2 0.00509 0.00242 0.00218 0.00218 0.00840 

V ln- 0.0805 ).055S 0.0527 0.0527 0.104   : 

z 1.71 3.72 3.72 3.72 1.71 

LCD • Z x D . in. 0.14 0.2 0.2 0.2 0.18 

V mix frwil«*) 98.5 PS 9S.4 98.6 95.5 

• 

Based on the above calculations» the candidate elements were ranked according to 

predicted performance in the following order: (1) triplet, (2) concentric with 

hat and swirler, (3) trislot, and (4) concentric or coaxial concentric with hat. 

COMPARISON BETWEEN PREDICTED AND MEASURED MIXING EFFICIENCY 

The predicted mixing efficiency for AMPT injectors, described previously« agreed 

well (11 percent) with the hot-fire measured mixing efficiency for corresponding 

injector types (discussed on page 237). Recall that for gas/gas injectors, the 

;3! 

4 



•i\;ng efficiency i* equivalent to the characteristic velocity efficiency. Nt» r** | 

t>rc. the method of employing a collection factor (2) for injector scale las di.■ I 

cu<sed en page J2t»j to determine the appropriate collection distance for predic- 

tion of mixing efficiency appears to be a useful approach. 

ittunu -PANEL KKOKXT HOT-* :RI; TESTING 

A total of 154 water-cooled segment tests was made during the double-panel com- 

ponent evaluation. The total firing tine of single-panel segnent components was 

•214 seconds. 1:1 even combustion stability evaluation tests were included. Ml 

tests were accomplished at site iltitudc conditions (2000 feet) with CD,/«;!!, 

propeliants. 

i". 

Table K» presents a summary of the tests. All tests were conducted on Peter Test \j 
*tand which was used for the single-panel tests, am! described in Section VI. In } 
addition to the use of preheated Gil,, use was nade of preheated 00. for several 

tests. Table 1<» presents the test component configurations that were evatiated, 

the number of tests, and total test duration applicable to each configuration. 

The test conditions for the double-panel,water«cooled segments were: 

1. Maximum chanber pressure ■ 050 psia with intemediate levels of 
760, 570, and 3Ä0 psia 

2. Hininun chamber pressure * 190 psia 

S. Injector Mixture ratio ■ 5.0 to 6.0 (S.S nominal) 

4. Propellant injection temperature (noninal) ■ GO. (-520 R), 
Gil, (-000 R) 

5. Test durations 

in seconds maxim» chanber pressure 

20 seconds nininun chanber pressure 

••. Ignition source: gaseous fluorine 

:K 
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Table 15 presents the measured and derived data for each test. The equations and 

computational techniques used to determine the performance and heat transfer para- 

meters are presented in Appendixes II and III« 

Trjplet Injector c* Performance 

Characteristic velocity (c*) efficiency was evaluated for different injector con- 

figurations as a function of chamber pressure, chamber wall contour, chamber length, 

mixture ratio, fuel injection velocity/density, oxidizer injection velocity/density, 

and element orifice pattern. 

Effect of Chamber Pressure, c* efficiency as a function of chamber pressure for 

the six triplet injector types tested is shown in Fig. 13f>. Some variation in 

performance level (referenced to the 3-inch chamber length) between injector types 

was noted. Performance for injector units 8A and 8R was approximately the same 

and represented the highest performance level obtained fr*  ■ 100 percent over 

the chamber oressure range 150 to 800 nsia). Injector unit 8B was tested in cham- 

ber unit 4 which had a larger throat area. Additionally, injector unit 8B had a 

lesser nur>er of elements than injector unit 8A. Therefore, for equivalent cham- 

ber pressure, the thrust/element for injector unit 8B was greater than that for 

injector unit 8A. Injector unit 8 was tested in the 2.5-inch chamber length only. 

However, comparison of injector units 8 and 8A in the 2.5-inch length chamber in- 

dicated that the unit 8 injector performance was equivalent to that obtained with 

the unit 8A and 8B injectors. Performance for injector unit 7G was approximately 

1 percent below that of the injector unit 8 configurations. Performance for in- 

jector units 2D and 2E was equivalent and slightly below that obtained with 

injector unit 7G. 

The test series with injector unit 8B included pulse tests. Stability results 

from these tests are presented in a subsequent section (page 265). 

Trends of combustion performance with chamber pressure varied for some injector 

types. Injector units 2D and 2E performance optimized at the mid-range chamber 
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pressure (P « 450 psia) and decreased 1 to 2 percent at the low (P » 150 psia) 

and high (P * 950 psia) chamber pressures. Injector units 8, 8A, 8B, and 7G 

performance was relatively constant over the chamber pressure range (150 to 800 

psia) and decreased 1 percent at the high (P * 950 psia) chamber pressure. 

Effect of Wall Contour 

An effect of chamber wall contour on triplet injector performance was noted. The 

wall contour for chamber units 4 and 6 (Lc» 3 inches) converged continuously from 

the injector face to the throat. For chamber unit 5 (l^» 3 inches), a constant 

contraction ratio section extended from the injector face to a station 0.5 inch 

downstream, after which the chamber converged to the throat. Comparison of in- 

jector units 8A and 8B performance data (Fig.136) in these chambers indicates 

that the full contour wall chamber exhibited higher performance by approximately 

1 percent than the partial contour wall chamber. 

Effect of Chamber Length, c* efficiency as a function of chamber length for in- 

jector units 2E, 8, and 8A is shown in Fig. 137. Data for chamber units 2 and 6 

was reduced 1 percent for comparison with the chamber unit 5 data (refer to previ- 

ously discussed chamber wall contour effect). Combination of injector units 8 and 

8A data was considered valid because both of these injectors exhibited equivalent 

performance (refer to previously discussed chamber pressure effect). The data 

shown in Fig. 137 indicated that, essentially, all the nixing that will occur with 

a given injector and given operating conditions is completed within a 3-inch 

chamber length and that further lengthening of the chamber leads to negligible 

additional increase in performance. 

Effect of Mixture Ratio, c* efficiency as a function of mixture ratio, at con- 

stant chamber pressure, for injector unit 7G is shown in Fig. 138. Performance 

increased approximately 1 percent as mixture ratio increased from 5 to 6. 

Effect of Fuel Injection Velocity/Density. c# efficiency as a function of fuel 

injection velocity, at constant chamber pressure and chamber length, is shown in 

Fig. 139. The fuel injection velocity was varied by changing the fuel injection 
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temperature. In this manner, fuel velocity decreased as fuel density increased, 

and the (^V). parameter renained essentially constant. Reduction of fuel injection 

velocity at constant (pV)-, as shown in Fig.139, did not significantly affect per- 

formance for most injectors. An exception was a slight decrease in performance 

with decreased velocity for the units 8A and 8B injectors. 

Effect of Oxidizer Injection Velocity/Density. Heated GO was employed in a test 

series to evaluate the effect of increased oxidizer injection velocity on perform- 

ance. In this manner, the oxidizer injection density decreased as oxidizer veloc- 

ity increased and the (<?V) parameter remained essentially constant. The heated 

GO, tests were corlucted with hydrogen heated to design temperatures. Combustion 

performance versus chamber pressure for the heated CO- tests is shown in Tig. 140. 

Test values at chamber pressures greater than 600 psia have been increased to com- 

pensate for the low mixture ratios at which these tests were conducted. The pre- 

viously described mixture ratio effect on performance was used for this correction. 

Included in the figure arc previously presented ambient GO. tests. Performance 

for the heated and ambient GO tests was essentially equivalent. 

Effect of Element Orifice Pattern. The basic triplet design employed consisted of 

two fuel streams impinging on a center oxidizer stream (F-O-F). The propellant 

feed lines were reversed to the injector manifold for a test series with injector 

unit SA. The element orifice pattern consisted of two oxidizer streams impinging 

on a center fuel stream (0-F-O). Combustion performance versus chamber pressure 

for the reversed flow tests is shown in Fig. 141.  Included in the figure are pre- 

viously presented triplet (F-O-F) element data. No significant difference in per- 

formance between the element flow configurations was noted. 

Concentric Injector c* Performance 

c* efficiency was evaluated for different injector configurations as a function 

of chamber pressure, chamber contour, chamber length, oxidizer post recess, and 

fuel injection velocity/density. 
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Effect of Chamber Pressure, c* efficiency as a function of chamber pressure for       ~\ 

the concentric injector designs is shown in Fig. 142. The performance of injector 

units 7E and 7F was approximately equivalent. Both injector units 7E and 7F 

showed the same trend of decreasing performance with increasing chamber pressure. 

Tests with injector unit 7F showed the same trend of decreasing performance with 

increasing chamber pressure. Tests with injector unit 7F conducted with ambient 

temperature hydrogen at chamber pressures exceeding 600 psia showed high-frequency 

instabilities, as described later in the stability discussion (page 270). These 

unstable tests are not included in the data plots for the concentric injectors. 

Effect of Chamber Contour. Concentric injector unit 7F was tested in chambers 

having wall convergencesover the full chamber length (chamber unit 6) and over a 

partial chamber length (chamber unit 5). No significant difference between the 

performance in chamber units S and 6 (1^* 3 inches) was noted. This result dif- 

fers from the previously discussed results with the triplet which showed a slight 

effect of wall contour on performance. 

Effect of Chamber Length. Concentric injectors were tested in chamber lengths of 

3 and 3.5 inches. Results shown in Fig. 143 indicated no significant difference 

in performance between the two chamber lengths. This result also was the case for 

triplet injectors, discussed previously, which showed no performance improvement 

with chamber lengths exceeding 3 inches. 

Effect of 0xidi2er Post Recess. Concentric injector units 7E and 7F were modified 

to provide oxidizer post recesses of 0.100 and 0.010 inch, respectively. Results 

shown in Fig. 143 indicate performance with the oxidizer-post recess elements was 

essentially the same as that obtained with the blunt-tip element for both concen- 

tric injectors. 
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Effect of Fuel Injection Velocity/Density. The fuel injection velocity was varied 

by reducing the fuel injection temperature. Again, the fuel density changed and 

the (pV)_ parameter remained essentially constant. Combustion efficiency as a 

function of fuel velocity for constant chamber pressure is shown in Pig. 143. The 

results indicated a slight decrease in performance with decreasing injection 

velocity. 

The decrease in fuel injection velocity reduced the (V--V ) parameter because V 

remained essentially constant. Other investigators (Ref. 9) have noted in cold- 

flow mixing tests that mixing degrades as (V' -V ) is reduced. 

To compare the concentric injector hot-fire results with the cold-flow results 

(Fig. 129 and 130), the individual effect of hot-fire AV and hot-fire thrust per 

element was plotted as shown in Fig. 144 and 145, respectively. Figure 144 shows 

that as M' is halved, the performance decreases—0.7S percent. Figure 145 shows 

that as thrust per element is halved, the performance increases —1.75 percent. 

Thus, if both iV and thrust per element are halved simultaneously, a net increase 

in performance of —1 percent is indicated. As previously described in the cold- 

flow section, Fig. 145 includes the combined effect of both L\'  and thrust per ele- 

ment on performance, where both AV and flowrate were approximately halved simul- 

taneously. Comparison of the net increase from hot-fire testing (i.e., —1 percent) 

compared closely with the increase of *-0.7S percent noted in cold-flow testing. 

Therefore, the cold-flow modeling appeared to correctly predict the effects of AV 

and throttling as observed in hot-fire testing. 

Trislot Injector c* Performance 

c* efficiency was evaluated for one trislot injector configuration as a function 

of chamber pressure and fuel injection velocity, den»it/. 

Effect of Chamber Pressure, c* efficiency as a function of chamber pressure for 

trislot injector unit 9 is shown in Fig. 14b. Perf. rma.ice decreased with increas- 

ing chamber pressure dropping from 100 percent at lc*. chamber pressure (P »200 psia) 

to 96 percent at high chamber pressure (P «900 psia). 
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Effect ot Fuel Injection Velocity/Density, Fuel injection velocity was varied by 

varying the fuel injection temperature. Again, fuel density changed and (PVK 

remained essentially constant. Combustion efficiency decreased as fuel injection 

velocity was reduced as shown in Fig.147. 

The decrease in performance with lower fuel injection velocity, at constant flow- 

rate/element, was approximately 1 percent per 1000 ft/sec. Using the same method 

of cold-flow and hot-fire data comparison previously discussed for the concentric 

injector (i.e., combining the hot-fire trends for £V and flowrate/element to com- 

pare with cold-flow results), a correlation between predicted and measured results 

could not be obtained. The lack of correlation between cold-flow and hot-fire 

data trends with combined AV r.v' flowrate/element perturbations is not presently 

understood. 

Double-Panel Segment Heat Transfer 

The basic coolant-channel design philosophy utilized in the single-panel segment 

was adopted for design of the double-panel segment thrust chamber. Using gaseous 

oxygen/gaseous hydrogen heat transfer data obtained during the single-panel water- 

cooled chamber testing, the gas-side heat transfer coefficient distribution shown 

in ^ig. 14S was established and used in the initial coolant channel design for the 

cast NARloy combustor of the double-panel regeneratively cooled segment thrust 

chamber. 

As mentioned in the performance section, the high c* efficiency objective required 

a 3-inch injector-to-throat chamber length; therefore, the following discussions 

are based on this chamber length. As typically shown in Fig.149, the heat flux 

distribution obtained from testing was found to be lower than the design curve, 

particularly in the throat. The measured combustion chamber heat input (Fig. ISO, 

indicated that three of the five injector configurations tested achieved heat 

inputs lower than the design curve which was desirable from a thrust chamber cool- 

ing standpoint. These injectors included:  (1) triplet unit 8A, (2) trislot unit 9, 

and (3) concentric unit 7F (0-inch recess). Comparison of the heat flux distribu- 

tions of the injectors evaluated (Fig. 151 and 152) indicated that previously men- 

tioned injectors had lower injector region heat fluxes relative to the other injectors. 
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As in the single-panel water-cooled chamber testing, an investigation of hydi^gen 

injection velocity revealed that a substantial decrease in injector region neat 

flux and combustion chamber heat input was achieved with a decrease in injection 

velocity as illustrated in Fig.153 through 155. For example, for triplet injector 

unit 8A at 620-psia chamber pressure, a decrease in velocity from 2000 ft/sec to 

1000 ft/sec decreased the injector region heat flux by 50 percent and the heat 

input by 12 percent, as shown in Fig. 155. 

Evaluation of chamber unit 4 (single-panel chamber, e ■ 4.38) . nd chamber unit 6 

(double-panel chamber, e « 5.82) with triplet injector unit 8A at approximately 

equal injection velocities (Fig. 154) resulted in essentially the same heat flux 

from the injector face to approximately 1 inch downstream. This result indicated 

that the heat flux level in this region of the chamber was primarily dependent on 

injection velocity and weakly dependent on contraction ratio and fuel temperature. 

Figure 157 shows that if the injectors were compared at equal injection velo- 

cities, triplet injector unit 7G would result in lower injecto  egion heat 

fluxes and lower heat inputs than triplet injector unit 8A for an injection veloc- 

ity greater than 1500 ft/sec. In general, triplet injector unit 8A and trislot 

injector unit 9 were more sensitive to variations in hydrogen velocity ^an triplet 

injector unit 7G or concentric injector unit 7F. 

A comparison of liquid oxygen/gaseous hydrogen test data obtained with the 0.125- 

inch throat gap chamber and the gaseous oxygen/gaseous hydrogen obtained with the 

0.85-inch throat gap chamber is presented in Fig.156. An interesting result shown 

in Fig. 156 is that the peak heat flux obtained with the gaseous oxygen/gaseous 

hydrogen propeilant was 3 to 25 percent lower than that obtained with liquid oxy- 

gen/gaseous hydrogen propeilant. Qualitatively, this phenomenon may be explained 

by a "softer" combustion fluid with the ftaseous propeilant creating a longer effec- 

tive boundary layer development length, resulting in a lower peak heat flux. For 

the gaseous oxygen/gaseous hydrogen propeilant, the peak heat flux varied approx- 

imately with the following relationship: 

«l/A a Pc
1-1 

) 
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c 
The final gas-side heat transfer coefficient distributions for triplet injector 

unit 8A were obtained by cross plotting data for each water passage versus hydro- 

gen injection velocity for different chamber pressures. Based on the design con- 

dition injection velocity, velocities at lower chamber pressures were determined. 

Knowing the injection velocity, the gas-side heat transfer coefficient for each 

water passage was obtained from the cross plots. This procedure was performed 

for passages near the injector to the sonic location. Downstream of the sonic 

location, as for the sinf»,!?-panel combustor, the analytically predicted values 

were used. The final fjas-sid? heat transfer coefficient distribution for the 

design chamber pressure, 2 to 1 throttling condition, and the 5 to 1 throttled 

condition are presented in Fig. 157. For a design gas-side wall temperature of 

1000 F, the predicted peak heat rlux at 950-psia chamber pressure was 48 

Btu/in. -sec. 

Double-Panel Combustion Stability Evaluation 

A combustion stability evaluation test series was conducted using the unit 8A 

triplet injector and unit 4 water-cooled segment chamber. The unit 4 chamber was 

initially fabricated as a single-panel segment chamber with significant dimensions 

as noted in Table 12. The unit 8A injector was modified by plugging two injec- 

tion elements (one adjacent to each side plate) to make the injector compatible 

with the unit 4 chamber. All other interface items were identical for single- 

panel and double-panel injectors. The pulse-gun hardware was similar to the 

assembly used for the single-panel segment combustion stability evaluation, but 

differed in the size of the pulse charge used. 

A 300 H 6 I! magnum cartridge case loaded with 20 or 30 grains of Bullscyc pistol 

powder was used to provide the pulse. A 10,000- or 20,000-psi burst disk was 

used to produce a steep-fronted chamber disturbance. 

A Type 614A4, high-frequency response, Kistler » .liuia-bleed transducer was used 

to monitor disturbances in the combustion zone. The transducer sensing port was 

located in the side plate, 0.45S inch downstream of the injector face. A Type 

2307, high-frequency response, Photocon transducer located in the oxidizer injec- 

tion manifold was used to monitor disturbances in the oxidizer injection manifold. 
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The stability evaluation tests were conducted for an average duration of 6 seconds, 

with the pulse initiated after 5 seconds of mainstage duration, to ensure stabilized 

mains tage conditions at the time of the pulse. A steep-fronted pressure disturbance 

in excess of SO percent of operating chamber pressure was a program requirement and 

was obtained on all tests. The pressure disturbance was required to damp within 

40 milliseconds per the program requirement. 

The test data are summarized in Table 17. In all cases, very high overpressures 

were obtained and damping occurred within 2 milliseconds. In nearly all cases, 

the initial pulse overpressure was the maximum pressure noted. 

Detail characteristics of a representative pulse (test No. 274) are shown in 

Fig.158. The amplitude scales differ by a factor of 23, yielding an overpressure 

of 280 psi in the oxidizer injection manifold for a 3700-psi overpressure in the 

chamber. This degree of attentuation was caused by the high-resistance oxidizer 

orifices. The squib detonation was observed as a small vibration appearing in 

the pressure, and a subsequent rupture of the pulse-gun burst diaphragm co'ild, in 

most cases, be detected. The chamber overpressure immediately followed the rupture 

of the burst disk with a rapid rise rate to the maximum level followed by immediate 

decay. The damp time of this pulse was on the order of 2 milliseconds. 

In tests 266 through 269, the Kistler data were somewhat obscured by vibration. 

7n these cases, the chamber overpressure was estimated from the LOX injection 

manifold Photocon transducer measurement by use of the attentuation factor noted 

previously, and these estimates appeared reasonable when compared with the Kistler 

transducer data. 

Most of the frequency content was in excess of 10,000 Hz. There were, however, 

slight indications of the first transverse mode at about 6000 Hz which damped in 

one or two cycles. 

The results of the tests were considered satisfactory evaluation of the combustion 

stability characteristics of the triplet-type injector for use with the double- 

panel, regeneratively cooled segment. 
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Double-Panel Injector Combustion Stability Characteristics 

All water-cooled segment chambers were designed and fabricated with the capability 

for use of a Kistler helium-bleed transducer to monitor chamber pressure during a 

test. A Kistler transducer was installed in the combustor and monitored during 

every single-panel and double-panel test. 

With the exception of the combustion stability evaluation tests, there were three 

instances of self-induced, nondamping, high-frequency, acoustic instability noted 

during the entire single-panel and double-pare1 hot-fire test programs. These 

occurred during the double-panel program and were confined to the unit 7F injectors. 

The tests of unit 7F injector (12 tests, no oxidizer post recess) with ambient 

hydrogen injection temperatures resulted in three instances of ignition-chamber 

pressure surge-induced, high-frequency, **5700-H: acoustic instability. The insta- 

bility ocrurred on tests 202-71, 204-71, and 205-71 and was confined to tests at 

chamber pressures of 600 psia and higher. 

In the three instances which occurred, there was no recovery during the entire 

duration of the test; however, no hardware or facility damage occurred. The only 

significant effect of the instabilities was a very slight increase in upper combus- 

tion zone local heat transfer rates and a 2* to 3-percent decrease in n . 
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DOUBLE-PANEL SECMENT TEST EVALUATION SUfWARY 

The double-panel segment test program objectives were the same as those applicable 

to the single-panel segment program, i.e., injector-combustor performance, heat 

transfer compatibility in the regeneratively cooled mode, and evaluation of com- 

bustion stability characteristics. 

Figure 1S9 presents the injector-combustor development flow chart which depicts 

the various injector-chamber configurations evaluated. 

Injector-Combustor Selection 

The program requirements for the double-panel injector-combustor assembly were as 

follows. The design shall have high combustion efficiency over the complete throt- 

tling range, 97 percent minimum n # based on full snifting c
#, smooth ignition and 

chamber pressure transient characteristics, no excessive injector streaking, and 

uniform heat transfer into the chamber wall with no sharp peaks in predicted local 

will temperatures that would jeopardize the chamber durability requirements. 

The combustor assembly was required to be as small as possible so that the thrust 

chamber assembly weight requirements could U« met. 

The double-panel concept, although unique, was a logical evaluation of the single- 

panel design. Therefore, the basic single-panel design philosophy was extended 

to the double-panel concept. 
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The minimum L*, L , and low-volume combustor approach with a low thrust per element 

injector was retained for the double-panel segment. Two distinct advantages were 

realized: 

1. Program requirements had been met for the single-panel concept and, 

therefore, a baseline had been established. 

2. Commonality of test components, particularly injectors, provided maximum 

development versatility, minimum tiaic. -»:d cost. 

As noted previously, the initial gas-gas injector investigation was conducted with 

a modified triplet injector, unit 2D, that had been used for single-panel, gas- 

liquid injector development. 

The initial combustor configuration provided an L « 2.5 inches, which was 0.5 

inch less than the selected single-panel combustor configuration. The decrease 

in length from that selected for the single-panel design was due to an expectation 

that gas-gas mixing and combustion could be accomplished in a shorter Lc than gas- 

liquid due to lack of a vaporization process. Combustion chamber length (Lc) is 

considered the primary parameter for low-volume combustors and L* is not particu- 

larly significant. 

The test results showed that an L « 3.0 inch is required for the double-panel 

combustor to obtain high performance. The combustor configuration selected for 

the regeneratively cooled double-panel combustor includes an L * 3.0 inch and 

has the characteristics noted in Table 11 (unit 6 modified). 

The two primary criteria for selection of the injector were combustion efficiency 

and injector influenced heat transfer to the combustor. The selection criteria 

are presented in the following sections. 

i 
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The injectors which were evaluated all demonstrated acceptable heat transfer, but 

some were lacking in performance. The triplet-type injectors demonstrated satis- 

factory performance, 98 to 99.5 percent c* efficiency over the design throttle 

range. The concentric and trislot types provided good performance (100 percent 

c* efficiency) at the full chamber pressure design point but marginal performance 

at the full throttled design point (96 percent c* efficiency). 

The injector configuration selected for the double-panel, regeneratively cooled 

segment assembly was the unit 8 triplet with the following design parameters: 

.. Number of elements: 51 

. Oxidizer injection velocity: 500 ft/sec 

. Fuel injection velicity: 1400 ft/sec 

. Two rows of elements equally spaced in the circumferential direction 

. Oxidizer orifice diameter: 0.033 

Fuel orifice diameter: 0.050 

Element geometry and wall spacing same as unit 8 triplet 
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fX The predicted performance for the double-panel, regeneratively cooled injector 

is shown in Fig. 160. 

Heat Transfer. The heat transfer characteristics of the injectors were presented 

in Fig. 151 through 154. The triplet injector selected for the double-panel in- 

jector adequately met the combustor assembly design requirements. The peak local 

heat flux in the throat was less than originally predicted (Fig. 149), and the 

total heat rejection rates were less than originally predicted (Fig. 150 ). 

The final gas-side heat transfer coefficient distribution for the double-panel 

regeneratively cooled chamber is presented in Fig. 156. 

Predicted Double-Panel Injector Pressure 

Loss Characteristics 

The predicted pressure loss characteristics for the double-panel, regeneratively 

cooled injector during hot-fire test are shown in Fig, 161 and 162. 

General Test Program Summary 

A total of 154 hot-fire tests was conducted during the double-panel test program. 

Test component durability was excellent. 

Combustion Chamber Configuration. Four variations of combustion chamber configura- 

tions, with a constant injector end width of 0.50 inch, were evaluated: 

1. Constant convergence, L ■ 2.5 inch, unit 5 

2. Constant convergence, L «3.0 inch, unit 6 modified and unit 2 

3. 2.5-inch constant convergence, and 0.50-inch straight section (water- 

cooled spacer), unit 5 

4. 3.0-inch constant convergence,and 1.00-inch straight section (water- 

cooled spacer), unit 6 
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The increase from 2.5 to 3.0 inch in the constant convergence configuration was 

necessary to provide the required performance. No distinct advantage w^s 

determined for increasing to L » 3.5 inch. 

The straight section adjacent to the injector was found to be detrimental to per- 

formance, 0.75- to 1.5-percent decrease, and the degradation was a function of in- 

jector type, which was significant with triplet injectors. 

A combustor with a constant convergence angle through the combustion zone, an 

L «3.0 inches, a 0.5-inch injector end width, and a 0.085-inch throat gap was 

established as the configuration for the double-panel, regeneratively cooled 

segment chamber. 

Injector Configuration. The triplet, concentric, and trislot injectors all demon- 

strated satisfactory heat transfer characteristics. 

The triplet injectors and sevtr*l of the concentric orifice configurations demon- 

strated satisfactory performance. The trislot injector indicated decreasing per- 

formance with increasing chamber pressure. This result appears to be a thrust per 

element (flowrate per element) effect. The trislot had 30 injection elements 

compared to 51 for the unit 8 triplet and over 100 for the concentric 

triplet, unit 2. Sufficient evaluation was not conducted to ascertain the exact 

cause of the performance decrease, although sufficient data were obtained to 

detect a dependency on fuel injection velocity. 

An injector similar to the unit 8 triplet, with 0.050-inch fuel orifices, 0.033- 

inch oxidizer orifices, and 51 elements, was selected for the double-panel, regen- 

eratively cooled segment chamber. 

Test Facility. Facility operation was satisfactory throughout the test program. 

No problems were encountered in either facility or data-acquisition systems. 

J 
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SECTION VI 

TEST FACILITY 

The test facility used for the single-panel and double-panel water-cooled segment 

testing is located in the Propulsion Research Area (PRA). The PRA is comprised 

of five multiposition firing pits with a centrally located blockhouse which per- 

mits direct observation of the test firings. Test stand Peter was used for the 

segment hot-fire tests. Test hardware installation is shown in Fig. 163 and 1°4* 

PROPELLANT SYSTEMS 

The propellant system schematic is shown in Fig.165. 

Oxidizer 

As shown in Fig. 165, a 15-gallon, jacketed,liquid oxygen (LOX) tank was employed 

as a high-pressure run tank for single-panel segment testing. The LOX was trans- 

ferred to this tank at the start of each test period from low-pressure LOX storage 

spheres. The maximum liquid oxygen injector inlet pressure was 1250 psig at the 

maximum flowrate of 2.0 lb/sec. Two tandem Fischer Porter turbine flowmeters 

(series 10C150S, 3/4 in.-23) were used for flow measurement complemented by a cav- 

itating venturi meter for flow control and measurement. A filter, 40-micron nomi- 

nal rating, was located close to the injector inlet to prevent foreign material 

from entering the injector and plugging the oxidizer orifices. 

For the double-panel segment tests employing gaseous oxygen (G0X)f the 15-gallon 

LOX tank GNL pressurant supply was disconnected and a 72-bottie gaseous oxygen sup- 

ply was connected to the system. In this manner, the tank pressurization system 

was employed to set GOX run pressures, and the rest of the system, excluding LN 

chill, remained the same. For the heated GOX tests, an open-air heater similar to 

that used for the fuel (Fig. 165) was employed. The flowmeters and cavitating ven- 

turi were replaced with a Flowdyne Company sonic venturi, Type V160-SA, for flow 

measurements on both heated and ambient GOX tests. 
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C Fuel. 

The hydrogen was obtained directly from gaseous storage bottles. Maximum gaseous 

hydrogen injector inlet pressure was 12S0 psig with the maximum flowrate of 0.34 

lb/sec for the single-panel tests and 13S0 psig at 0.33 lb/sec, respectively, for 

the double-panel testing. A sonic venturi meter fabricated and calibrated by Flow- 

dyne Company was used for flowrate measurement. The gaseous hydrogen was at ambient 

temperature at the point of flowrate measurement. A hydrogen-fired soak heater was 

provided to increase the fuel temperature prior to inlet to the injector. The 

increased injection temperature was necessary so that an approximate matching of 

the fuel injection temperature expected with the regeneratively cooled chamber 

could be obtained for water-cooled segment testing. 

SLUG HEATER 

I 
The propellant hydrogen for the single-panel and double-panel investigation was 

heated, where desired, by use of a slug heater. The heater is shown in the fore- 

ground in Fig. 163. The heater consisted of a heat source and a heat storage de- 

vice. The heal was provided by burning gaseous hydrogen with air in close proximity    i 

to the heat storage device. The storage device consisted of two 6-foot sections of     ( 

heavy-wall CRES pipe, stacked two high. The pipes were completely filled with 5/8-     I 

inch-diameter scrap ball bearings. The ball bearings provided the actual heat 

storage capability. 

j 

The slug heater did not maintain a constant temperature over the complete test dur- 

ation, but the temperature range of operation during the test was small, as shown 

in Fig. 166. A slug heater identical to the hydrogen heater was used to heat the      t) 

gaseous oxygen for tests 168-71 through 170-71. 

i 
IGNITION SYSTEM 

Ignition was provided by use of ambient temperature, gaseous fluorine from a K-        • 

bottle. The GF was introduced into the oxidizer main line upstream of the injec- 

tor and expelled into the chamber by subsequent oxidizer flow. A supply pressure 

of 200 to 400 psia was used for ignition. The igniter oxidizer valve was opened 

for l.S seconds, then closed. 
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WATER-COOLANT SYSTEM 

The water-coolant system was capable of providing 30 lb/sec of water at a water 

inlet pressure of 2000 psig. The water was filtered through a nominal 100-micron 

filter prior to entrance into the thrust chamber cooling passages. The coolant 

flowrate for each circuit was measured by a turbine-type flowr.teter. The differen- 

tial between inlet and exit temperature of the water also was measured with 

thermocouples. 

PRESSURANT AND PURGE SYSTEMS 

The purge gas for the fuel system -'as ambient gaseous nitrogen dried to maintain 

a water content of 5 ppm or less. No prcssurant was required for the fuel system 

because the hydrogen is taken directly from a high-pressure ambient gas source and 

regulated to the desired pressure. 

The pressurant and purge {as for the oxidizer system was ambient gaseous nitrogen 

dried to maintain a water content of S opm or less. 

The purge gas for the gaseous fluorine ignition system was dried gaseous helium. 

A water content of S ppm or less, at a helium flowrate of 5000 scfm, was maintained. 

Ambient gaseous nitrogen was used for the dual 0-ring seal purge at the injector- 

to-thrust chamber joint. The pressure was set at SO psig greater than operating 

chamber pressure. 

TEST PROCEDURES 

Injector Passivation 

The injectors ware LOX cleaned prior to assembly on the test stand. Prior to 

initial tests, GF- was flowed through the injector to ensure passivation with the 

igniter propellent. 

Test Sequencing 

Water-coolant flowwas fully established and verified prior to initiating the start 

sequence.    Test sequencing employed for the single- and double-panel testing was 

2tS 

i 
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the same except for injector chill procedures for the LO. side with the single- 

panel tests. A schematic of the test sequence is shown in Fig. 167. A fuel lead 

was first established followed by slug injection of GF- with oxygen.. System pur- 

ges were slaved to propellant main valves and the GF2 was checked off against the 

oxygen line pressure during ignition. Subsequently, the igniter valve was closed 

and the mains tage duration of the test conducted. The run duration was controlled 

by means of an electronic timing device which controlled the opening and closing 

of the propellant and purge valves. The shutdowu sequence consisted of automatic 

closing of the main oxidizer valve and opening of the oxidizer purge valve followed, 

after a period of fuel lag, by the main fuel valve closing. The fuel purge valve 

is opened, at which time both purges are active and, finally, both purge valves are 

manually activated closed. 

System Cutoff Devices 

Automatic redline cutoff devices, which were part of the Beckman Data Acquisition 

system, were used to terminate the test if any of the following parameters exceeded 

the required limits: 
i 

Chamber Pressure : automatic cutoff, if greater than 30 psig 
above desired P 

Water Coolant Manifold Pressure: automatic cutoff, if less than 1500 psig 

Oxidizer Flowmeter Temperature : automatic cutoff, if higher than -275 F 

Fuel Venturi Upstream Pressure : automatic cutoff, if lower than 70 psig 
below desired pressure 

Chart observers also were used to monitor the following critical parameters: 

1. Water coolant pressure in the three coolant passages in the throat 

region. Any sudden decrease in established pressure required test cutoff. 

2. Water coolant discharge temperature. Any sudden increase in established 

discharge temperature required test cutoff. 

3. Chamber Pressure. Any sudden significant decrease in established chamber 

pressure required test cutoff. 
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4. Analog output from the water turbine flowmeters. Monitored, both pretest 

and during the test, to ensure that all passages were supplied with water 

or required test cutoff. 

TEST INSTRUMENTATION 

Experimental combustion performance was calculated from measurement of propellant 

flow and both chamber pressure and thrust. Scaled data from the computer print- 

outs were input into appropriate computer analysis programs to provide corrected c* 

performance values and heat transfer values (Appendixes II and III). 

The hot-fire instrument list for the segment tests is presented in Table 18  Re- 

dundant measurements were made on the important experimental parameters to in- 

crease data reliability. All instrumentation and control requirements were accom- 

modated by a hard wired J box system located on the test stand. Control switches 

and data recording amplifiers were "patched" into the system in the blockhouse, 

while jumper cables were added from Peter stand J boxes to the appropriate valves, 

loaders, transducers, etc. 

The types of measurements and calibration procedures used are described below. 

Measurement Types 

The particular transducers used for the various types of measurements are des- 

cribed as follows. 

Thrust. The thrust chamber mount was supported on flexures which allowed free 

movement parallel to the engine axis (horizontally) restrained in the thrust 

direction by a load cell. 

Pressure. Low-frequency pressures were measured with bonded strain gage trans- 

ducers (Taber "Teledyne" Series 206 or equivalent). Chamber pressure was 

measured at several positions on the injector face and chamber wall. High- 

frequency pressures were measured with Photocon transducers (injector inlet pres- 

sures) and Kistler helium bleed transducers (chamber pressure). 
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c 
TABLE   18.   INSTRUMENTATION LIST 

Parameter Range Beckman DIGR OSC ! 

Low-Frequency Instrumentation 

Chamber Pressure (2-6 Places), psi 0 to 1000 X X X 
Oxidizer Injection Pressure, psi 0 to 1200 X X X 
Fuel Injection Pressure, psi 0 to 1200 X X X 
LOX Cavitating Venturi Inlet Pressure, 0 to 2000 X X 

psi 
Fuel Venturi Supply Pressure, psi 0 to 2500 X X 
Fuel Venturi Throat Pressure, psi 0 to 2500 X X 
GÜX Venturi Supply Pressure, psi 0 to 2500 X X 
GOX Venturi Supply Temperature Ambient X 
Water Log Pressure Manifold, psi 0 to 2500 X X 
No. 3 Water Passage Pressure, psi 0 to 2500 X X 
No. 4 Water Passage Pressure, psi 0 to 2500 X X 
No. 5 Water Passage Pressure, psi 0 to 2500 X X 
GF, Igniter Pressure, psi 
GF- Igniter Supply Pressure, psi 
LOX Flowmeter A Temperature, F 

0 to 2000 X X X 
0 to 500 X X 
0 to 325 X X 

LOX Flowmeter B Temperature, F 0 to 325 X 
Oxidizer Injection Temperature, F 0 to 325 X 
Fuel Injection Temperature, F 0 to 1000 X 
Fuel Supply Temperature Ambient X 
GOX Supply Temperature Ambient X 
Reference Junction Temperature Ambient X 
Fuel Heater Discharge Temperature, F 0 to 1000 X 
Injector Fuel Inlet Temperature, F 0 to 1000 X 
Power Supply, volts 0 to 10 X 
Thrust, pounds 0 to 1000 X X 
Water Flowrates (13 or 17 passages), 0 to 3 X 

lb7sec 
j Water Coolant AT (13 or 17 passages), 0 to 5 X 

millivolts 
LOX Flowmeter, lb/sec 0 to 2 X X 
Base Pressure, psi 0 to 14 X 

High-Frequency Instrumentation 

Chamber Pressure, psi 

Range Transducer 

0 to 2000 Kist 1er, 614A4 
Oxidizer Injection Pressure, psi 0 to 2000 Photocon, 2307 
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Flowrates. The liquid oxidizer flowrates were measured by means of both a cavi- 

tating venturi and Fischer-Porter turbine flowmeter of a type proved suitable for 

service in oxygen. The oxidizer line had two flowmeters in series to measure the 

volumetric flowrate. Density of cryogenic propellants is a sensitive function of 

temperature; therefore, accurate measurements of propellant temperature as close 

to the flowmeters as practical were required. These measurements were accomplished 

by use of shielded platinum resistance bulbs (Rosemont Model 176) immersed in the 

liquid stream immediately downstream of each turbine flowmeter. 

The gaseous oxidizer and fuel flowrates were measured using Flowdyne sonic Venturis. 

Both pressure and temperature were measured at the sonic venturi inlet stations. 

Calibration Procedures 

Transducer calibrations were used to obtain appropriate factors for test data re- 

duction and to develop statistical histories for each transducer so that estimates 

of short- and long-term deviations could be made and probable error bands calculated. 

The calibration methods used for the various types of transducers are described below. 

Thrust. The thrust-measuring load cell was calibrated in-place. A permanently 

mounted, manually operated, hydraulic force cell was employed which deflected the 

load cell exactly as did the thrust chamber, through a yoke-tension rod system. 

Known loads were applied to the force cell through an electronic Morehouse, 

compression-type, temperature-compensated, proving ring, Serial No. L-1335, and 

Serial No. 1292 balance box. 

This "end-to-end" calibration technique (i.e., one in which the complete measuring 

system is included, in addition to the transducer itself) provided reliable deter- 

mination of the thrust force acting on the load cell. An extensive series of thrust 

calibrations was made with the feed lines in place, chilled and unchilled, pres- 

surized and unpressurized, to determine possible effects of line temperature and 

pressure on the thrust readings. 
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I 
Pressure. Pressure transducers were calibrated end-to-end by mounting them on 

stand manifolds in which pressures were read with high-precision Heise Bourdon- 

tube gages. The latter were calibrated periodically on Ruske deadweight testers. 

Flowrate. Calibrations of the turbine flowmeters to obtain volume flowrates as 

functions of rotational speeds were made on a water flow bench. Corrections were 

made for the hot-firing tests to account for the density changes between the cali- 

bration fluid (water) and the propellant. Cavitating Venturis were calibrated in 

the system, during initial tests, using the system flowmeters to define a venturi 

C«. The sonic venturi meters were calibrated with GN. by the manufacturer to 

determine the discharge coefficient (CD). Gaseous oxidizer and fuel flowrates 

were calculated from the venturi flow equations using the appropriate values for 

specific heat ratio, as explained in Ref. 11. 

Temperature. Resistances of the platinum resistance thermometers used in the 

liquid oxidizer line were converted to millivolt outputs by a triple-bridge system. 

Calibration was accomplished by substituting a decade resistance box for the sen- 

sor, and setting various resistances corresponding to a temperature-resistance cal- 

ibration supplied by the manufacturer for each instrument. These precision platinum 

resistance sensors had no significant calibration drift. 

Thermocouple data were reduced on the basis of the standard NBS millivolt/tempera- 

ture tables. Thermocouple recorders were electrically calibrated. 

Data Recording 

All pressure, temperature, and flow measurements were recorded on tape during 

each firing by means of a Beckman Model 210 Data Acquisition and Recording System. 

This system acquired analog data from the transducers, which converted the data to 

digital form in binary-coded decimal format. The latter was recorded on tapes 

which were then used for computer processing. 

The Beckman Data Acquisition Unit sequentially sampled the input channels at a 

rate of S625 samples per second. Programmed computer output consisted of tables 

of time versus the average parameter value over an approximate 200-millisecond 
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slice time, printed out at the approximately 200-millisecond intervals during 

the firings, together with calibration factors, prerun and postrun zero readings, 

and related data. The instantaneous parameter values were machine-plotted and 

displayed as CRT outputs on appropriately scaled and labeled grids for simple 

determination of gradients, establishment of steady-state conditions, etc. 

Although primary data recording for these firings was on the Beckman 210 System, 

the following auxiliary recording systems were employed: 

1. An eight-channel, Brush, Mark 200 recorder was employed in conjunction 

with the Beckman unit, primarily to establish time intervals for computer 

data reduction and, additionally, for "quick-look" information on the 

most important parameters. This system was direct-inking, with display 

high-gloss graduated paper moving at 20 mm/sec. 

2. A CEC,No. S-119P4-36-01, 36-channel direct reading oscillograph was used 

as backup for the Beckman 210 System and for indication of any oscillatory 

combustion. 

3. Direct-inking graphic recorders (DIGR's), both Dynalog rotary chart and 

Esterline-Angus strip chart were used to set prerun propellant supply 

pressures, for recording of propellant manifold pressures, to provide 

quick-look information, and as secondary backup to the Beckman and 

oscillograph recorders. 

4. An Esterline-Angus, 20-channel event recorder was used for direct-inking 

recording of main propellant valve signal and travel, as well as for 

chart drive and camera actuations. 

5. High-frequency tapes were used to monitor Photocon and Kistler responses. 
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COMBUSTION MODEL STUDIES 

Combustion model studies were conducted to support the single-panel injector de- 

velopment effort. These studies included prediction of:  (1) the vaporization 

limited combustion efficiency, and (2) the chamber stagnation pressure loss. 

The objective of combustion model studies, for prediction of vaporization-limited 

combustion efficiency, was to provide information for performance analysis of 

hot-fire results. More specifically, the studies afforded: (1) an analytic pre- 

diction of vaporization losses for comparision with vaporization losses implied 

by hot-fire results, and (2) an evaluation of the validity of combustion modeling 

to correctly predict vaporization losses. Furthermore, the assignment of vapor- 

ization losses, enhanced by correlation of both analytic and measured results, 

can be used as guidance for improvement of hot-fire test performance. The ap- 

proach toward performance analysis and the contribution of combustion model 

studies in these analyses are described in the subsequent paragraphs. 

The approach used in performance analysis has been developed in other programs 

(Ref. 1-1 and 1-2) conducted at Rocketdyne. Overall combustion efficiency is ex- 

pressed as the product of mixing and vaporization efficiencies: 

V • V »ixx V v»p (»-» 

where 

rr*   ■ overall combustion efficiency 
c 

n     ■ mixing limited combustion efficiency 
c nix 

(assuming complete vaporization) 

n #    ■ vaporization-limited combustion efficiency 

(assuming complete mixing) 

Ji 

4 
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Predictions of mixing limited combustion efficiency can be obtained from:  (1) 

cold-flow mixing tests with propellant simulants, or (2) hot-fire performance in 

large L* chambers where vaporization is essentially complete. 

Prediction of vaporization-limited combustion efficiency can be obtained from: 

(1) combustion model analysis using dropsize data from cold-flow atomization tests 

with propellant simulants, or (2) hot-fire performance in vaporization-limited 

chambers, with known mixing losses, through use of Eq. 1-1.  Although cold-flow 

mixing and atomization (dropsize) experiments with the LO./GIL AMPT injectors were 

not conducted (except for single-element coplanar cold-flow mixing tests), para- 

metric combustion model analysis of vaporization efficiency for impinging-type 

elements can provide the ranges of predicted propellant dropsizes required to 

attain desired performance levels. Assuming complete propellant mixing (i.e., no 

mixing losses), the combustion model analysis defines an upper limit on propellant 

dropsize concomitant with performance goals. Additionally, relative magnitudes 

of chamber operating/geometric variable effects on vaporization efficiency are 
described. For the concentric-type clement, a special version of the combustion 

model is available (discussed later) which internally computes a dropsize distri- 

bution. Therefore, for this element type, an estimate of vaporization efficiency 

can be made even without cold-flow atomization (dropsize) data. 

The objective of combustion model analyses for prediction of chamber stagnation 

pressure loss was to provide information for performance computation. These 

analyses provide prediction of stagnation pressure loss correction factors to 

convert measured injector face stagnation chamber pressure to a predicted throat 

stagnation pressure for computation of combustion efficiency. 

The following sections sequentially describe: (1) the combustion model employed, 

(2) the calculated impinging stream element (coplaner and triplet) vaporization 
efficiency as a function of propellant dropsize and chamber operating/geometric 

variables, (3) the calculated concentric element vaporization efficiency and cup 

pressure drop as a function of element geometry and chamber operating variables, 
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c 

and (4) the stagnation pressure loss associated with the predicted chamber enthalpy 

release profiles. 

COMBUSTION MODEL DESCRIPTION 

The droplet heating and burning processes occurring within a rocket have been 

described (Rcf. 1-3) and are briefly reviewed herein. Consider the behavior of an 

oxidizer droplet when suddenly placed into a near-stagnant, subcritical-prossure, 

hot fuel-rich gas. The processes which occur, as reflected in droplet temperature 

changes, arc shown in Fig. 1-1. The droplet temperature initially increases until 

the droplet approaches an evaporative "wet bulb" temperature. After some time, 

the mole fraction of droplet vapors around the drop reaches a critical temperature 

and ignition occurs. The droplet temperature rapidly adjusts to a higher combustion 

wet bulb condition,and the burning rate is more rapid. Under convective flow con- 

ditions present in a rocket combustion chamber, the residnce time of droplet vapor 

in the gas film boundary is short compared to tho induction time required for 

ignition. Therefore, ignition occurs when droplet vapor enters the droplet wake. 

As a consequence, droplets see bulk gas temperature, and flame enhancement of 

vaporization does not occur (i.e., quasi-steady evaporation continues to t.., , 

which is the time to complete vaporization of the droplet). 

Combustion models have been developed at Rocketdyne which treat the evaporation 

process alone (KPRIME model) or the complete preheat/vaporization process (CSS 

model).  In the KPRIME model, droplets are assumed to be injected at the wet bulb 

(vap) temperature (i.e., quasi-steady evaporation is assumed, —37^"°» arui preheat 

time is neglected as being small compared to quasi-steady evaporation time). A 

detailed description of the combustion models is presented in Ref.1-3. Differences 

between the two combustion models, as they relate to selection of a model for the 

0-/H. A.MPT combustion model analysis, are described in the following paragraphs. 

The importance of including preheat time can be assessed by consideration of the 

propellant combination which strongly influences the relative magnitude of droplet 

heating time compared to quasi-steady evaporation time. For liquid/liquid pro- 

pellant combinations with similar vaporization rates, the combustion gas mixture 
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ratio is near the injected mixture ratio and the gas temperature rapidly increases. 

Thus, the preheat process (Fig. 1-1) can be relatively short. Conversely, for gas/ 

liquid propellant combinations, such as L0-/G1L, the combustion gas mixture ratio 

at injection is essentially zero and the combustion gas temperature increases at 

a lesser rate. Therefore, the preheat time can be extended and consideration of 

the preheat time (i.e., use of the CSS model) becomes very important. 

Further differences between the two combustion models (KPRIME and CSS) result from 

the treatment of the properties (specifically, thermal conductivity of combustion 

gas film surrounding the droplets). 

KPRIME is a thin flame droplet burning model which envisions the droplet as bcin^ 

surrounded by an actual flame envelope. The film properties are integrated be- 

tween the droplet wet bulb temperature and the temperature corresponding to the 

local bulk gas mixture ratio. Such an integral path for thermal conductivity is 

shown in Fig.1-2 (point A to point B). For LO-/GH. propellants, this technique 

biases oxidizer drop film properties toward those of 0~ at low temperatures cor- 

responding to low injection mixture ratios.  In actuality, the gas film surrounding 

a heating oxidizer droplet is primarily fuel and, therefore, influences of H0 on 

til« properties must be considered. This result is particularly important when the 

properties of the oxidizer and fuel are considerably different. Such is the case 

with 0_/H, where the thermal conductivity of H- is considerably larger than that 

of 02. 

CSS is a diffusion model which provides for diffusion of combustion gas into the 

film surrounding the drop. Film properties are based on an assigned mole fraction 

of II, in the gas film.  In this manner, the effect of H, properties on the gas film 

are taken into account. The net result is that the thermal conductivity of gas 

fil« at low combustion gas temperature is greater for CSS than KPRIME and, con- 

comitantly, the vaporization rate (dependent on thermal conductivity) is increased. 

Considering the two combustion models, KPRIME and CSS, the CSS model is considered 

to best represent the combustion process for the LO./GII. AMPT chamber. The CSS 

«o«lel provides for droplet heating which can be significant and accounts for the 
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influence of H2 on film properties. The applicability of KPRIME is limited by 

the specific propellant combination employed and that KPPTME can often satisfac- 

torily model the combustion process for other type propellant combinations, 

particularly liquid/liquid propellant combinations with nearly equal oxidizer 

and fuel vaporization rates. The CSS model was used for the parametric combustion 

model analysis of L02/G!L AMPT vaporization efficiency. A set of generalized 

vaporization efficiency charts, generated using the particular droplet combustion 

droplet combustion model used in CSS, was recommended by the JANNAF Performance 

Subcommittee to NASA for combustion model analysis of the L0?/GH- SSME engine 

system (Kef. 1-4). 

IMPINGING STREAM ELEMENT VAPORIZATION EFFICIENCY 

Combustion Model Input 

A total of 16 cases were run. Combustion model input consists of injector spray 

parameters, chamber operating conditions, and chamber geometry. Specific data in- 

put for all cases are tabulated in Table 1-1. 

Injector spray parameter input includes mean oxidizer dropsize, dropsize distri- 

bttion, oxidizer injection temperature, oxidizer injection velocity, and injected 

mixture ratio. Four mean propellant dropsizes (Ö_Q*60, 120, 180, and 240 microns) 

were input at each of three (cases 1-12) injection velocities (173, 110, and 37 

ft/sec) corresponding to flowrates for the coplaner injector at three different 

chamber pressures. A Nukiyama-Tanasawa (NT) dropsize distribution, about the mean 

dropsize (Ref.1-1), was used for all cases. The NT distribution was used for 

comparative purposes in the absence of experimental dropsize distribution data for 

the coplaner injector clement. Oxidizer injection temperature and injected mix- 

ture ratio were 170 R (-290 F) and 5.87, respectively, for all cases. 

Chamber operating pressure inputs were 700, 450, and 150 psia. The design chamber 

pressure of the 0JH2  AMPT single-panel engine is 750 psia at full thrust. How- 

ever, to avoid possible combustion model computation problems near the critical 
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TABLE 1-1. TABULATION OF COMBUSTION MODEL CASES 

Cases 

Chamber 
Pressure, 
psia 

Propel1ant 
Dropsize, 
microns 

Oxidizer 
Injection 

Temperature, 
R 

Oxidizer 
Injection 
Velocity, 
ft/sec MR 

Chamber 
Length, 
inches 

\ap' 
percent 

1 700 60 170 173 5.87 3 99.98 

2 120 93.21 

3 180 75.64 

4 
1 

240 60.32 

5 450 60 110 99.94  j 

6 120 92.80 

7 180 77.40 

8 240 60.14 

9 150 60 57 99.99 

10 120 96.76 

n 180 87.60 

12 ' 240 - 77.70 

13 7C )0 60 173 4 100.00 

14 120 97.30 

15 180 86.60 

16 • 240 • 69.90 
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oxidizer pressure, 738 psia, the high-pressure combustion model case was input at 

700 psia. Results for cases run at 700 psia should closely represent performance 

at 750 psia. 

The nominal design, 3-inch length L02/GH2 AJ1PT chamber geometry was input for 

cases 1-12. Additionally, a 4-inch-length L02/GH2 AMPT chamber geometry, consisting 

of the 3-inch-length chamber with 1-inch spacer, was input (cases 13-16) for the 

aforementioned four dropsizes at a chamber pressure of 700 psia. Respective chamber 

characteristic lengths, L*, for the 3- and 4-inch chamber are 7.87 and 12.15 inches. 

Combustion Mcdel Results 

The effect of oxidizer dropsize on vaporization efficiency for each of three chamber 

pressures is shown in Fig. 1-3. All data are for the 3-inch-length chamber.  In- 

creased dropsize reduces vaporization efficiency at constant chamber pressure. 

At 700-psi chamber pressure, the maximum dropsize, D_n, yielding complete vaporiza- 

tion, is 60 microns. 

The effect of chamber pressure on vaporization efficiency at constant oxidizer 

dropsize can be seen in Fig. 1-4, which is a cross plot of the Fig. 1-3 data. For 

small oxidizer dropsize (D,Q»60 microns), there is no significant effect of chamber 

pressure on vaporization efficiency. At larger oxidizer dropsizes (D «120 microns), 

the vaporization efficiency increases at lower chamber pressures. This improvement 

in vaporization efficiency at lower chamber pressures is attributed to the lower 

oxidizer injection velocity, associated with the lower chamber pressures, which in- 

creases the droplet residence time in the chamber and thereby improves performance. 

In actual rocket engine throttling, with a fixed area injector such as the LO /GH2 

AMPT injector, the dropsize increases as injection velocity is decreased due to 

a lesser degree of hydra .ic atomization. Therefore, the improvement in n 

at low chamber pressure «.2.1 be offset by an increased dropsize, and the per- 

formance may drop rather than increase with chamber pressure throttling. 
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The effect of chamber length, Lc. on vaporization efficiency, is shown in Fig. 1*5       \ 

All data are for a chamber pressure of 700 psia. The maximum allowable dropsize, 

Ö-0, yielding complete vaporization is increased from 60 microns with the 3-inch 

chamber to 70 microns with the 4-inch chamber. For larger propellant dropsizes, 

the improvement in vaporization efficiency with the 4-inch-length chamber becomes 

more pronounced. 

All parameters evaluated affected vaporization efficiency with the strongest de- 

pendence being attributed to dropsize. This result emphasizes the need for good 

atomization to obtain high combustion performance. 

CONCENTRIC ELEMENT VAPORIZATION EFFICIENCY 

Additional combustion model analyses for concentric element-type injectors were 

conducted. The objective of the analyses was analytic prediction of:  (1) the 

vaporization efficiency, r\ and (2) the cup pressure drop. Cases were run 

for:  (1) the concentric injector unit 3, and (2) various designs for the con- 

centric injector unit 7 (7-.006, 7-.008, and 7D). 

The combustion model, designated as CSS, was employed for the analysis. A cursory 

description of the model was presented in a previous section. Basically, the 

model considers the complete preheat/vaporization process occurring in the com- 

bustion chamber. Additionally, for the specific concentric element configuration, 

the model describes the liquid jet stripping and resulting droplet formation (i.e., 

the model computes propellant dropsize and dropsize distribution from input element 

geometry and operating conditions). The CSS combustion model as used here assumes 

that the flame does not enter the recessed cup of the concentric injection ele- 

ments and does not account for any increased performance or cup AP associated 

with combustion in the cup. 

Combustion model results for the concentric injectors are tabulated in Table 1-2 

and are described in the following paragraphs. 

^^m 
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Injector Unit 3 

Combustion model cases were run for varying post recesses (0.050, 0.075, and 0.100 

inch) at chamber pressures of 450 and 700 psia. Combustion model predictions of 

vaporization efficiency, n  , and cup pressure drop are listed in Table 1-2. 
vap 

Vaporization efficiency increased with:  (1) increasing chamber pressure at con- 

stant recess, and (2) increasing recess at constant chamber pressure. Cup pressure 

drop and percent of oxidizer vaporized in the cup increased in a similar manner. 

Injector Unit 7 

Injector unit 7 was tested in various configurations. The element configurations 

and corresponding combustion model results are tabulated in Table 1-2. All element 

configurations utilized an oxidizer post geometry identical to injector unit 3. 

Injector unit 7-.006 represented an elenent design that:  (11 had a fuel injection 

velocity and total number of elements the same as injector unit 3, and (2) had a 

fuel gap and oxidizer injection velocity less than injector unit 3. The latter 

two constraints result from the lower thrust/element requirements of injector 

unit 7 compared to injector unit 3. 

Injector unit 7-.008 represented an element design which: (1) had a fuel gap and 

total number of elements the same as injector unit 3, and (2) had a fuel anri 

oxidizer injection velocity less than injector unit 3. 

Injector unit 70 represented an element design which has a lesser number of ele- 

ments, 66, and a larger fuel gap, resulting in a lower fuel injection velocity 

and higher oxidizer injection velocity. 

For all cases, both increased chamber pressure and post recess improved n . 

The vaporization efficiency öf injecto.. unit 7-.006 was similar to that of in- 

jector unit 3. For injector unit 7-.008, the vaporization efficiency was slightly 

lower due to the reduced fuel injection velocity resulting from an increased fuel 

gap. The vaporization efficiency predicted for injector unit 7D, which had the 

largest fuel gap, was intermediate between injector units 7-006 and 7-008. 
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The reason for the intermediate performance with injector unit 7D, even though ) 
this injector had the largest fuel gap, is related to the element geometry. 

Figure 1-6 schematically shows the gaseous fuel jet expansion in the concentric 

element cup, as treated by the combustion. The expanded fuel gas area and, in 

turn, the fuel velocity for injector unit 7D is intermediate between that for 

injector units 7-.006 and 7-.008 (Fig. 1-6).  This intermediate expanded fuel velo- 

city, which affects droplet stripping and formation (i.e., atomization), results 

in the prediction of an intermediate performance level for injector unit 7D. 

STAGNATION PRESSURE LOSS 

Stagnation chamber pressure loss in a thrust chamber results from irreversible 

processes occurring in the combustion zone (Ref.1-5). As heat is released, the 

gas volume increases and the gas must be accelerated to satisfy conditions of 

constant mass flow. Energy must be expended to accelerate the gases and, because 

this energy becomes unavailable, the process in nonisentropic. The energy ex- 

pended on accelerating the gases is manifested as a pressure force which, for 

dynamic flow equilibrium, must equal the time rate of change of flow momentum. 

The pressure difference associated with this pressure force describes the 

stagnation pressure loss. 

For conventional, constant cross-sectional area thrust chambers, the Rayleigh 

criterion (Ref.1-5), describing heat addition in a constant area duct, can be 

used to approximate the stagnation pressure loss. Assuming complete combustion 

prior to nozzle convergence, the difference between flow momentum (stream impulse) 

at the injector and at nozzle convergence describes the pressure force expended in 

accelerating the combustion gases. Because the area over which this pressure 

force is expended remains constant, stagnation pressure loss also is defined by the 

boundary flow conditions at the injector and at nozzle convergence (i.e., stagnation 

pressure loss is not a function of the enthalpy release/Mach number profile in the 

constant area chamber section where combustion is completed). 
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Prediction of stagnation pressure loss for the AMPT thrust chamber requires addi- 

tional considerations specific to the chamber geometry. The L0-/C1L AMPT segment 

thrust chamber employs a tapered wall design in which the chamber cross-sectional 

area decreases continually from the injector face to the throat. Therefore, the 

area over which the pressure force is expended, to accelerate gases, varies and 

consideration of the enthalpy release/Mach number profile is needed to predict 

stagnation pressure loss. The Mach number profile and, in turn, stagnation pres- 

sure loss, for heat addition in a variable area duct can be approximated by the 

method of influence coefficients (Ref. 1-5) using an assumed enthalpy release pro- 

file. Prediction of the enthalpy release profile can be obtained from combustion 

model analysis of the injector/thrust chamber. However, combustion model analysis 

provides, in addition to the enthalpy release profile, definition of the Mach 

number and stagnation pressure profile. In the combustion model, stagnation pres- 

sure is computed as the sum of the static pressure and dynamic pressure (velocity 

equivalent) at stepwise axial positions from the injector to throat. Therefore, 

direct use of the combustion model to predict stagnation pressure profile was 

selected as the best approach for prediction of AMPT thrust chamber stagnation 

pressure loss. 

Combustion model analyses were conducted, as described in a previous section, to 

predict impinging stream element vaporization efficiency *s a function of injected 

oxidizer dropsize, chamber pressure, and chamber geometry (specifically length). 

As output from these combustion model analyses, the chamber stagnation pressure 

loss also was provided. A tabulation of the combustion model cases is listed in 

Table 1-3 with corresponding chamber stagnation pressure losses.  (Data for large 

dropsize, D «240 microns, runs have been omitted because vaporization efficiency 

was below that of interest.) 

The stagnation pressure loss, expressed as (ptwroat/
p«n*ector)0» versus vaporiza- 

tion efficiency is plotted in Fig. 1.7. Stagnation pressure loss for all cases 

correlates with vaporization efficiency. Changes in chamber pressure and chamber 

length do not significantly alter stagnation pressure loss for a fixed combustion 

efficiency. As vaporization efficiency decreases from 100 to 75 percent, the 

stagnation pressure loss increases, reflected by a respective (ptkro.t/f\ t ) 

decrease from G.99 to 0.93. 
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TABLE 1-3. TABULATION OF STAGNATION PRESSURE LOSS RATIO 

Case 
No. 

j Chamber 
Pressure, 
psia 

Injected 
MR 

Propellant 
Dropsize, 
microns 

Chamber 
Length, L, 

inches 

nvip' 
percent 

Stagnation 
Pressure Loss, 

percent 

1 700 S.87 60 3.0 99.98 0.009 

2 120 93.21 0.963 

3 i 180 7S.64 0.927 

S 450 60 99.94 0.988 

6 120 92.80 0.962 

7 ♦ 180 77.40 0.935 

9 ISO 60 99.99 0.988 

10 120 96.76 0.979 

11 i 180 87.60 0.959 

13 700 60 4.0 100.00 0.994 

14 120 97.30 0.982 

IS i 

1 

1 
180 86.60 0.953 
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r      The stagnation pressure loss variation with vaporization efficiency can be ex- 

* plained by consideration of the combustion process. The differences between 

vaporization efficiency for the cases tabulated in Table 20 result from variations 

of input dropsize, chamber pressure, and chamber geometry. However, the net re- 

sult is that vaporization efficiency is a direct function of the enthalpy release 

profile. Tor high vaporization efficiency, a large portion of the enthalpy is 

released close to the injector where the chamber contraction ratio is largest. 

For low vaporization efficiency, the enthalpy is:  (1) partially released further 

downstream where the chamber contraction ratio is smaller, and (2) released in 

the nozzle divergence (i.e., not burned in the chamber). Because the enthalpy 

release for lower performance cases occurs at smaller contraction ratios, the 

pressure force required to accelerate the gas is necessarily greater than that 

required for en.halpy release at larger contraction ratios (i.e., high-performance 

cases). Therefore, the stagnation pressure loss is greater. This result occurs 

in lieu of the fact that combustion is not complete in the chamber for low per- 

formance cases (i.e., unburned propellants result in a reduction of the required 

pressure forces). 

This stagnation pressure loss relationship with combustion efficiency was used 

to determine throat stagnation pressure as described in Appendix III, Performance 

Calculations. 
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AritiiDIX  I NOMENCLATURE 

AMPT Advanced Maneuvering Propulsion Technology 

c contraction 

CSS Combs, Sutton, Schuman 

d diameter 

°30 mean dropsize diameter 

c area ratio 

F degrees Fahrenheit 

f feet 

f fuel 

GH2 gaseous hydrogen 

H2 hydrogen 

in. inch 

JANNAF Joint Army, Navy, NASA, Air Force 

L* characteristic length 

L02 liquid oxygen 

mix mixing 

MR mixture ratio 

NASA National Aeronautics and Space Administration 

NT Nukiyama-Tanasawa 

°2 oxygen 

OX oxygen 

p pressure, static 

Po pressure, stagnation 

psia pressure, absolute 

P 
c 

chamber pressure 

R degrees Rankine 

ign time of ignition 

'life 
time of complete drop vaporization 

vap vaporization 

V velocity 

;.p pressure drop 



n # overall combustion efficiency 

n  * mixing-limited combustion efficiency cw mix 
n # vaporization-limited combustion efficiency 

H . mixing efficiency mix 
n vaporization efficiency vap 
dt time differential 

dT temperature differential 
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APPENDIX II 

HEAT TRANSFER ANALYSIS METHOD 

Analysis of the test data was directed toward determining the effects of various 

parameters on the heat transfer rates throughout the thrust chamber, and particu- 

larly at the throat of the nozzle. The effects of chamber geometry, injector 

pattern, and propellant injection velocities were evaluated. 

The method of analyzing the heat transfer data is discussed first, followed by 

presentation of typical results. 

METHOD OF ANALYSIS 

The heat transfer test data included the coolant water flowrate and overall bulk 

temperature rise for each transverse water-coolant passage in the chamber and 

nozzle. The water flowrates were measured with turbine flowmeters, and the bulk 

temperature rises were determined with chromel-alumel thermopiles installed to 

measure directly the difference between the inlet and outlet temperatures at each 

passage. The analysis procedure is illustrated in Fig. II-l. 

The heat transfer rate into each water passage is given, in terms of the water 

flowrate (i 

(ATb). by: 

flowrate (m), the water specific heat (C ), and the water bulk temperature rise 

Q « m C  AT. (II-l) p    D f 

The average chamber heat flux in the region of each coolant passage is obtained 

by associating a one-Jimensional, gas-side heat transfer area with the passage 

and dividing the heat transfer rate into the passage by the appropriate area: 

m C AT. 
q/A -  Er-i- (II-2) 
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c The coolant-side film coefficient is computed by using the relation: 

hc ■ 0.023 D ^ v /    k 

where k, pf u, and V are the thermal conductivity, density, viscosity, and 

velocity, respectively, of the coolant water. 

A coolant-side wall temperature, T , assuming forced convection with no nucleate 

boiling, is then computed from the bulk temperature, T, , as: 

wc   b  h 

If this value exceeds the coolant saturation temperature, T  , the coolant-side 

is assumed to be in a nucleate boiling regime and the coolant-side wall temperature 

is found by the relation: 

T  ■ T   ♦ SO C"-» 
wc   sat 

Otherwise, the value for forced convection given by Eq.II-3 is used. An average 

gas-side film coefficient is then obtained for each passage using the one- 

dimensional equation: 

h, - -j r^ 3—Tjr CII-4) 
«   Taw " lwc   1- «A 

X and kw are the effective thickness and thermal conductivity, respectively, of 

the wall between the chamber and the cooling passage. The adiabatic wall tem- 

perature, T , is obtained from the actual combustion temperature by the relation: 

i * e^w ¥ < 
T.w " Tc     Y-i  3 (II'S) 

NpR is the ?randtl number, Y is the specific heat ratio, and M^ is the free-stream 

gas Mach number. 
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The actual combustion temperature, T , is given in terms of the ideal combustion 

temperature corresponding to 100-percent combustion efficiency by: 

T = T      (nc#)2 (II-6) 
c   cideal V c ' 

The combustion tempeature, combustion gas specific heat (C ), and the specific 

heat ratio (gamma) are in equation form in the computer program and are calculated 

for the test run conditions of chamber pressure, mixture ratio, and the fuel 

injection temperature. 

Although the coolant passage geometry is highly two dimensional, a one-dimensional 

relation, such as Eq.II-4, will yield correct heat transfer coefficients if the 

proper value of the wall thickness is used. Use of the arithmetic average be- 

tween the maximum and minimim "reaches" for each passage was previously substan- 

tiated by the conduction anilysis of the segment chamber. 

Heat transfer data correlations using either the local heat flux or gas-side flow 

coefficient have two distinct advantages:  (1) these parameters are functions of 

chamber pressure, propelJant combustion, mixture ratio, anu characteristic ve- 

locity efficiency; and (2) these parameters vary strongly with the local mass 

velocity (area ratio) and, therefore, increase at a rapid rate in the throat re- 

gion. A more gem.ra' <•*relating parameter can be obtained by nondimensionalizing 

the heat transfer coefficient by dividing by pVC to form the Stanton number, 
V3 " and multiplying by (C u)fc /fc, thereby forming the Stanton-Prandtl parameter which 

is related to Reynolds number based upon the momentum boundary layer thickness 

through the modified Reynolds analogy: 

NST  x  NpR
2/3 /oveV0-25 cn-7) 

) 

w 
where 0 is the momentum boundary layer thickness. 
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c 

This relation indicates that the Stanton-Prandtl parameter is a weak function of 

local mass velocity and, hence, chamber pressure, area ratio, and characteristic 

velocity efficiency, and also a weak function of combustion product properties. 

The Stanton-Prandtl parameter can be used to provide a direct indication of the 

local boundary layer development. The distribution of this parameter along a 

thrust chamber wall surface indicates which regions of the chamber contour are 

effective in promoting boundary layer growth. 

In addition, using turbulent flow analogies between energy and momentum transfer, 

the Stanton-Prandtl parameter can be closely related to the skin friction co- 

efficient. For flow over a flat plate: 

NST X NPR2/3'£ <""« 

This relationship is affected by the presence of *ree-stream turbulence, pressure 

gradients, and surface roughness. However, based on this simplified relationship 

of Eq. 11-8 typical experimental values of skin friction coefficient versus length 

Reynolds number can be used to indicate approximate values of Ns_ X NpR  . 

Typical test results are shown in Table II-l and Fig. II-2. 
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AMPS • WATER COOLED TEST 251 

PASS ST«PRt2/3 
1 0 
2 0 
3 0 
4 1.45604E-3 
5 1.97246E-3 
6 3.13681E-3 
7 3.05813E-3 
8 3.16112E-3 
9 2.96789E-3 
10 3.12915E-3 
11 3.33413E-3 
12 3.247466-3 
13 3.6683E-3 
14 4.65557E-3 
15 5.4418ZE-3 
16 5.7124E-3 
17 5.27866E-3 

PASS TAW-F 
1 0 
2 0 
3 0 
4 5797,89 
5 5845.91 
6 5902.49 
7 5904.89 
• 5906.17 
9 5906.94 
10 5907.4 
11 5907.8 
12 5906. 
13 5908.15 
14 5908.27 
15 5906 4* 
16 5906.45 
17 5908,45 

PASSAGE 0(B/SeC) 
1 0 
2 0 
3 0 
4 32.6698 
5 103.772 
6 108.732 
7 102.454 
8 85.7212 
9 61.2943 
10 76.922. 
11 74.' ,4* 
12 65 «923 
13 67,*. 11 
14 75.1799 
15 94.0328 
16 67.3997 
W 62.6922 

Mt 

rABLE II-l 3 
SLICE 61 PC«  995.2 PSIA 

HG EPSILN MASS VEL 
0 0 0 
0 0 0 
0 0 0 
2.00U6E- -3 2.96 1.33087 
5.9759E-3 1.35 2.93776 
9.2101E-; s 1.393 2,64708 
7.36624E* ■3 1.696 2.33568 
6,400556. -3 2.02 1.96336 
5.156376' •3 2.37 1.67341 
4.705286- -3 2.72 1.45608 
4,264146- •3 3.198 1.24014 
3.736226- -3 3.555 1.11561 
4.031266- •3 3,945 1.00532 
4.379376- •3 4.348 .912139 
4,338656« -3 5.13 .773096 
4.01443E« •3 5.62 .66144 
3.709636- •3 5.62 .68144 

TWG-F TWC-F O/A 8/IN2 
0 6 0 
0 0 0 
0 0 0 
516.508 243.41 10.5649 
1135.8 530.815 28.1472 
1358.87 550 41.8472 
126V.17 550 34.1476 
1265.56 550 29.7024 
1111.7 505.323 24.7261 
1023.-? 454.671 22.9605 
95'.093 417.781 21.1233 
8C0.535 404,426 16.7464 
921.601 417,744 20.1021 
961.049 415.656 21.6657 
1024.65 422.666 21.1881 
1234.35 550 16.763« 
1168.56 550 17. M9 

SUM 0 Wtl/StC) DELTA T 
0 0 0 
0 0 0 
0 0 0 
32.6898 2.41871 13.5154 
141.462 2.32631 46.7572 
25C.193 2,27017 47.8959 
352.647 2.42056 42.3264 
436.366 2.26606 37.7949 
519.662 2.16101 37.6167 
396.565 2.32277 33.1167 
«70.67 2.36318 31.1702 
736.362 2.15941 30.3286 
604.116 2.24362 30.1959 
679.2V6 2.46245 30.2*545 
973.326 2.31769 40.5662 
1040.74 2.4321 27.7126 

1 1103.62 2.53351 24.8241 
32.74 f/SEC 
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TABLE II-l  (Concluded) 

C 

AMPS • WATbR COOLED TEST 251 SLICE 61 PC«  995.2 1 PSIA 

TEST NO SLICE NO PC PS1A HR W DOT TOT 

251 61 995.2 5.79 2.2687 

AREA C SUB P GAMMA PR NO TIF-F 

.57204 ,90653 1.13815 .82416 500.747 

PASSAGE NACH NO LOC GAS TEMP HC N.T. AREA 

1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 2.368 4590.67 5.88772E-2 3.0942 

5 1.65 5360.68 6.25183E-2 3.8644 

6 .483 6267.79 6.14788E-2 2.5983 

7 .379 6306.22 6.38303E-2 3.0003 

a .31 6326.79 5.98949E-2 2,886 

9 .26 6339.19 5.759616-2 3.2878 

10 ,225 6346,59 6.030056*2 3.34/3 

11 .19 6352.95 .06123 3.5167 

12 .1695 6356.17 5.645646-2 3,4936 i 

13 .1528 6358.53 5.81939E-2 3.3705 1 
14 .138 6360.42 6.31099E-2 3,47 i 

15 .1168 6362.79 6.1381*6-2 4.43d 

16 .1106 6363.41 3.01452E-2 3.592 

17 ,1106 6363.41 3.08953E-2 3,592 , 

PASSAGE WALL THICK RES NO. H20 VfcL i 

1 0 0 0 1 

2 0 0 0 
3 0 0 0 , 
4 ,1203 5.295216- •2 227.416 

5 ,0993 5.09294E- »2 218.72V 

6 .0893 4.97002E- •2 213,45 

7 .0973 5.29927E-2 227.59 

a .1113 4.96541E- •2 213.252 

9 .1133 4.73105E- ■2 203.187 

10 .1143 5.08519E- -2 216.396 
11 .1173 5.21744E- »•» 224.076 

12 .1198 4.72754E 203.036 

13 .1158 4.91233E 2 210.972 •■ 

14 .1163 5.43477E •2 233.41 1 
15 .1313 .050745 217,937 

16 .1685 5.32453E -2 206.559 

17 .1685 5.546546 -2 215.17? * 

OCTOTAD/U DOT PROP >  486.455 
CZ HEAT LOAD. INJ TO HALF OF THROAT IS  1016,54 BTU/SEC 

CZ HT, LD. / W DOT PROP. «  448.074 

Z*  6FF        H20 LOG PR    H20 TEMP      CH CODE 
.993 2086.41       57.036        60 

UNITS OF HC AND HC ARE: B/(1N2-SEC-F) 

SPACER 
3 

WATER F/M FACTORS Cl- 17 »I 
.0105  .01035  .0104  .01038  .01038  .01017  ,01068  .01017 
,01062  .01042  .0103  .01049  .01058 .0107  ,01064  .005526 
.005377 

M« 
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I 
APPENDIX II NOMENCLATURE 

A area 

BTU British Thermal Units 

b bulk 

C- skin friction coefficient 

c specific heat 

c combustion zone 

c* characteristic velocity 

I) diameter 

F/M flowraeter 

h coolant-side heat transfer film coefficient 

h gas-side heat transfer film coefficient 

IL hydrogen 

in. inch |» 

k thermal conductivity 

M mach number 

M water flowrate 

NM Prandtl Number ■ uc /k p 
?R p 

N«-. Stanton Number ■ hg/V c 
5T p p 

Q heat, Btu/sec 

q/A heat flux, BTU/in.2-sec 

PR pressure 

PROP propeHants» fuel ♦ oxidiier 
R degrees Rankine 

sec second 

T temperature 

T temperature, adiabatic wall aw 
T. temperature, coolant bulk 

T temperature, combustion 

TSAT temperature, water saturation 

T temperature, coolant w»U wc       ^^ 
T temperature, gas wall 

V velocity 

U-9 



K wall 

k weight flowrate 

«b 
water bulk temperature rise 

Y ratio of specific heats 

n efficiency 

e momentum boundary layer thickness 

p density 

M viscosity 
Ob free stream 

1110 
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APPENDIX III 

PERFORMANCE DATA REDUCTION WATER-COOLED THRUST CHAMBER TESTS 

Data analysis procedures used for the AMPT testing were compatible with the 

JANNAF Liquid Rocket Engine Performance Calculation Methodology. The data from 

the AMPT water-cooled thrust chamber test were obtained using a "Beckman" digital 

data acquisition system coordinated with an IBM Type 360 computer system. The 

magnetic tape from the Beckman system was read and interpreted by the IBM com- 

puter, which provides a tabular printout of digitial data in engineering units. 

These digital data were provided for a series of preselected sequential time in- 

crements through the entire test run. A graphic presentation was also provided 

of selected data parameters versus time, using the CRT (cathode ray tube) feature 

of the IBM computation system. 

The data (both tabular and graphic) were reviewed to select a representative 

steady-state test "slice." The data were extracted from the tabular printout and 

manually input by keyboard to a previously established data file in the Honeywell 

440 Time Sharing Computer System. This data file was utilized by the data re- 

duction program stored in this computer system to provide the calculated, corrected 

performance data. 

DATA REDUCTION PROGRAM 

The data reduction program was written in FORTRAN computing language for the 

Honeywell 440 Time Sharing Computer System. The program used the overlay feature 

available in this system to call numerous subroutines, permitting rigorous com- 

putation techniques without making the primary data reduction program ponderous 

and cumbersome. The program has the capability of reducing data taken for any 

of the numerous combinations of thrust chambers and injectors for either jws-liouid 

or gas-gas injector operation. The data file for this program can be set up to 

hold a single test or several hundred tests with varying configurations. 

111-1 
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Many of the performance parameters were computed by redundant methods to provide 

a cross check on the validity of the input data and to ensure the most accurate 

results. For example, c* was computed using as many as six different chamber 

pressure taps, and n thrust method as well, likewise, liquid oxvgen flow was 

computed by the use of'  two turbine flowmcters and a cavifating venturi. The 

printout options with this program were a Ho flexible, providing the full-page 

format printout either on the teletype console or listing it to a file for sub- 

sequent high-speed printer output.  V one-lino output was also available for 

quick checkout of data results.  V simplified block diagram of the data reduction 

program is shown in Fig, 111*1. 

The data reduction program read the input dit i fn»m .1 previously prepared input 

file which could contain either a single test or up t.» «even! hundred tests. As 

the data fror, each test run were read, the program rude i simple test to determine 

if t! . 0roper number of input it ess hive been *tippli»-d.  Ihe program then called 

for  a .subroutine which read« the injector at;d t!.iij*t ch.ir?**T c »des ind supplied 

appropriate physical values and proper instruct 1 »n< iVr .derations influenced by 

these hardware differences. Liquid oxygen flowrvtrr information w.»s also in- 

cluded in this subroutine. 

The program then selected the appropriate procedure* based on g.t*-ga* or gas- 

liquid coding, and computed propellant flowrites and fixture ratios. Fuel flow- 

rate was computed using a sonic venturi, and oxidi:cr flow was computed from two 

turbine flowncter.« and a cavituting venturi, for the liquid tests, and a sonic 

venturi for gaseous tests.  *hc next parameters were vacuum corrected thrust and 

c* efficiency values based on the various redundant flow-rate measurements, and 

the different charter pressure measurements. Propellant momentum, and momentum 

ratios, were also computed at this point. 

Propellant enthalpy values were determined using subroutines called "PIIEXTH" and 

"OXYIIS." These values of propellant enthalpy were used in a subroutine called 

"THEOSH" to obtain the proper value of theoretical Performance for the test 

Mixture ratio and chamber pressure. 

III-2 



c 
CALL 

XODIKT 

SELECT 
PROCEDURE 
GAS-LIQUID 
GAS-GAS 

"OSOIUC'» 
SONIC 
FLO¥ 

OXYGEN 

"CODINJ" 
REAM COOES 
FOR INJ. k CHMBR. 
PROVIDES DATA 
ON INJECTOR AND 
CHAMBER AND 
LQX t/H  

CALCULATE 
aov 
GAS-GAS 

"HSONIC" 
SONIC 
flO¥ 

HYDROGEN 

CALCUUTE 
FLOV 

GAS-LIQUID 

"OKIE" 
OXYGEN 
ENTHALPY 

3 
.73 

"OXYDEN" 
OXYGEN 
DENSITY 

C'flfllTE 
PRorELUwr 
ENTHAI 

STLJ 
ÜÜ   I. 

THENTH" 
FIEL 

ENTHALPY 

CORRECT 
FUEL 

ENTHALPY 

RALEIGH 
LOSS 

COMPUTATION! „ 

ZZE 
CORRECTED 

C» 
mricittcY 

COMPUTES 
ItNColuafiCTKD 

C« PEHF. 

COMPUTES 
CORRECTED 
C» PERF. 

SELECTS 
PRINTUT 

FORM 

OKE-LIMI 
CONSOLE 

PAGE 
CONSOLE 

X 
PAGE 

H/SPEED 
PRINTER 

Figure III-1.    Data Reduction Program Diagram 
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Uncorrccted c* efficiency based on thrust was calculated at this point using a 

thrust coefficient dependent upon the test assembly e      , obtained from expansion 
the theoretical data subroutine. 

c* efficiency corrections were computed using input values and computed parameters 

at this point, and wc.*e combined with other corrections that were provided.    Cor- 

rections were made for:    combustion zone heat  load, throat  flow coefficient, 

throat thermal/pressure area change, propel I ant kinetic energy, propel Iant momen- 

tum, and Raleigh loss,    c* efficiency fron thrust was corrected for:    kinetic 

losses, divergence losses, drag, propel laut kinetic energy, and combustion zone 

heat  load.    Further detail on »hese correct ions  is contained in a later section 

of this appendix. 

Figures III-: through Ml-4 show samples of the program printout.    The short out- 

line printout  (Fig.  Ill-;)  is valuable for providing relatively quick performance 

values for a ser;es of tests.    I he information providrd by tin* output was the 

test run number,  injector code number, turns! charter code number, corrected 

chamber pressure frsr. the injector end measurement, and chamber pressure fr;>n 

the wall taps.    Six different values of c* efficiencies were presented, based on 

injector end ?rvtmrc* wall pressure, and thrust, first using turbine f I owner er 

values for flow rites, and then the same parameters using venturi  flowrates. 

The gas-liquid printout  '1 ig. III-5i demonstrates the large amount of information 

presented by this ?rw*rt.    Performance data are shown for injector end chamber 

pressure measurement, thrust, and wall chamber pressure measurement.    Flowrate 

data are shown for both turbine-type flowmetcrs and the cavitating venturi.    A 

typical gas-gas test printout is shown in Fig. UI-4. This printout is largely the 

tan« as the gas-liquid printout except that turbine flmaacters were not used, as 

indicated by the zeros in those columns.   An example of the one-line data printout 

it shown in Fig. II1*2.   These again are gas-gas tests, and no data are shown for 

the turbine flowneters. 
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MNJ   -    injector code 
KOI     -    chaaher code 
PC       •    injector end chamber pressure 
PC*     •   wall tap chaahcr pressure 
ITA     •    ch.-u-fcer pressure c# efficiency • average of flowaeters 
liTW     -   wall pressure c* efficiency • average of flowaeters 
fcFF     -    thrust c# efficiency • average of flowaeters 
LTAC\' •    chantier pressure c* efficiency based on oxidiscr cavitating 

venturi   flowrate 
ETnV   •   c# efficiency based on turbine flowaeter 

flowrate 
EFFCV -   thrust c* efficiency based on oxidizer cavitating   venturi 

flowrate 

Figure III-2 typical One-Line Printout 
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AHM 
OXYGEN/GHZ HATER COOLED CHAMBER TEST AT PRA      TEST NO, 
CHAMBER COOE  40   *INJ CODE  710    PC WALL ■ 774.349 
U/N 4 CH. NO SPACER»  70 COAX»  .050 RECESS»  8-9-71 

112 

PERFORMANCE nATA 
PC INJ ENO • 765,614 PSIA  SITE TM«ST« 612.209 LHF 
SLICE NUMi  70        M/S OURAT « 10,4)0 SEC SL 

0A METER  «t* MFTFR 
TOTAL TLOrfRATE U4H/SEC) 
MIXTURE RATIO 
MEASUREO C« FROM PC (FPS) 
MEASURED C« FROM F (FPS) 
TMEOMETICAL C« (FPS) 
MNCOARECTEO C» ErF (PC) 
UNCORRFCTEO C« «FF (F) 
CORRECTED C« EFF (PC) 
CORRECTED C« EFF (F) 
CORRECTED C« EFF (WALL) 
TMfrOR, I-SU9-S >  4W,d70d 

2,2043 
5,5371 
7474,01 
7432,01 
7060,5« 
100,2314 
94.5502 
96,5579 
9*.2670 
97,6592 

?.?941 
5.5652 
704S.ll 
7401.04 
705?.39 
99,9072 
94.2520 
V6.2451 
96.9495 
•7.3429 

THEOR, CF • 1,6014 

VAC THRU* 
ICE TIME» 
AVG A6H 
2.209? 
5.5511 

70M.VJ 
7416.00 
7056.49 

100,0692 
94,4048 
«6.4011 
99,1059 
»7.$007 
EPSILON 

Ts987.3?4 
9.700 ScC 
CAV VE*T 
?.?953 
5,4*41 
7960.12 
7528.41 
7664,90 

101.2076 
95,4706 
97,4979 
100.2334 
90.6099 

t 9.5621 

INPUT  DATA 
START   TIM»     ©.270 CAV   VfiN  CO*          U.97$ FUEL   VEN  P> ??39.439   PSU 
SLICE  T|xt  19,970 CAV VfiNT  P*  1946,tM3 PSU FuEL  VEM  T« 67.2>5 PefiF 
iN.)  T|«E  •  iv.700 01  tA  CPS  *    309,334 CPS FUEL   INJ Pt 9/3,932 PSIA 
CM3M           t    1,006 OX  fB CPS  «    315,350 CPS FUEL   !»J  Ti 326.343 DEGF 
TH»T  C0R5*     o.9»l OX  «A   TE«P*  •291,096   DESF HJ E*D »C« 779,111  K*|A 
CO     CORR  a     3.996 OX   «e  TE«P>  «292.694  üEGF |%j  t*D  PC« 760.141  P»U 
:RA3  CORR»     0.993 Ok   I'U PRSi     973,1)40  PSIA SIT«   T^iTa 6J?.?J9 LI? 
MV     CCRR«     0,9*9 0«   JNJ  Tfcut  •276.60* OIGF i-fc»   Trf«T   • 0.717» S*)!*» 
<I'. CORR •    0.994 X «OX VENT«    IOJ.000 $r? **,£«$ ■ 260.9)2^S|A 
'AL  LOSS  •     P.9*6 TOT  »T  LöS       366,UOO 6/L* F-SA*  COR  • 1,9922 
r*L  COR     »     0.9799 iNfRGf COR»       0,999 

CAV   v£\   :•  0.1969   (MCM 
CELTA r/-t o.sooo % 

r|.0»RATE  UWSFO 
CALC  AND  PJPUT CO 
TEMPERATlHE   (DE'» f% 
HNSITV   (L4M/FT««3) 
'LOITER FACTOR 
INJ    VEL   ■     22.04 FPS 
INJ AREA   «0.11943 SUN 
INJ M3*f  «      1,33 U' 
OX  «AC»i  >     0,720 

OXIOUER 3ATA 
CAV   ViN  P«   1946,94  PSIA 
SAT   .«MOL»   30,43   i/FU«J 

•A METER       «0 MfcTER 
1.9349 1,9447 
0,6001 0.89?0 

•291,0900     -292.6940 
71,1799 72,J4?3 

1907,3206    1551,0076 
tNJ  TEMP  ■•276.609 U«CF 
l\j RMOL  ■  106,110  «/FT3 
INJ DEL  P»   190,414 PSIO 
RMOOP      « 20204,702 

VAP P48.S« 17,93 PSIA 

AtfG A4* 
1,9396 
0.9906 

CAV   V?NT 
1.9959 
9,0759 

•295.9120 
71.7901 

INJ P»ES* 974,04  P*|* 
01  WAL  •       0,00 
MOOT <»F?t 0,0144  f/StC 

FutL  DATA 
INJ    VSL   •  1205,09 fPS       INJ TFMP t    326.34 OeGF 
INJ   «AC*««   0.240? INJ     M*F   t   0,186      «/FfJ 
VENT OIA « 9,1069 l»C* R FACTOR • 9,90009**Og 
VEN SUP P« 2239,43 PSIA VCN S<i» T« 07,29 DECF 
FMO« •   13,4971     . Aflj  TIF     •     3?6.34 t 

MISCELLANEOUS OPERATING CONDITIONS 
DURATION«  10.4300SEC      CALf  TM «  •    0.0097 »OlN    VI   •  VOX  •  1263.09 FPS 
VRAT r/U«      99,49 «ON RATt   10,993      DEL PC«    0.132      D*L  »»CM«     0,984 
TMRT  0/A«     37,000       RALL  PC»  •       76?,67?       770,410 0,000 O.OOO 
tTMEOft-INTMPi   • REDUCTION U*Tt 29I2> JAN 03»  1972 

FLOMRATC«   0.1494   f/SEC 
INJ  AREA«   0,2105 SO  IN 
INJ PRES«  073,93 PSU 
INJ OEL»«    94,31 PSlb 
4N0F«DP •    17.94? 

Figure III-5.    Typical Printout Gas-Liquid Test 
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A   N  P  S 
OXVGgN/aH*  tUTgR  ClJOLbP  CHAMflk»*   TfeST   AT  PRA TtjST  NO. 
CHAHUklR   CÜÜfc        OU INJ   CÜÜ»-        41 PC   »«HI   •   4i»4.1ft* 
U/N  6  CMAMH,,     3-INCH,     HA   TWtPLf-T   HJ,,      11-29W1 

240 

PfcWm^MANCH   HATA 
ITt   fMhST«   33>.0?7 LHF 
Ü'.'IAT   I   10.404  SbC    Si 
• A   *tlt*        ffd   rfrftrM 

MC   I*J   tNO   ■   43Ü.I40   PSM      S 
SUC*   »AIM«      üb U/S 

TOTAL   run-RATfe   UtjrvSKCl 0.1970 0.U78 
itxTUM*   MATIO O.UUOU O.uOOO 
n*StNhO C«  r«OH  PC   <FPS) 0.00 ft.ng 
igAsuofcu c» rrfOH f <r»»s) j.oo o.oo 
TM^üMtTiCAL r« <fps> o.co (i.no 
•i\Cü«»ntcTfen r« *rr «PCI Q.UWOO o.nooo 
•tsco^ttfcCTfcO c* trr <r> u.uooo o.nooo 
ro'^cCTtt; c» «FF IPC» g.uooo 0.0000 
c^ufccuo C« t*r cf > o,:oon O.GOOO 
MMWJCHU C«  e'F   CwACt» 0.3000 O.nono 
TH«i34,   t*$W(io   ■     409,£0*4 WO*.   CP   ■   l,ft%«U 

VAC TH^USTt 
ICb TIMM 19 

Ayr,  A«H 
0.9991 
9.2/61 

o.oo 
0.00 
o.uo 

0,0000 
o.ouoo 
0.0000 
o.ooao 
O.OOtftf 
fc»SllO-'< 

US,/?** 
,9*3  v:c 
UAV   9*-«T 

O.VMU 
9.2/M 

mntst 
7341,U 

**.o*?j 
93.0*n9 
99.77M 
91.1691» 

4.9041 

»TA*T Tj«*t 
Si!C§  Tl*t 

:«o«       ■ 
T*,1f Cf^i 
*i)     CC8«   » 

■*Aii cr-»->« 
'U   c:—« 

•11 CO*» » 
J*c 13** • 
r-i. «To*    • 

10.2o7 
29,4*0 
*o,i/i 

l.Olfl 

0.9*9 
J.970 
0.939 
l.CüO 
3.9/3» 

c«v vt\ cat 
CAV v£*.T P* 
01   «A   C*>S   t 
Qi •-> cs • 
v'l   «A   Tfc-Pi 
Ok t* Ti»**Pt 
0« 1 »g ?^S* 
Oi   I'.J   T"*M 

!0»  -t   t".« 
CNS«'*V   C14C 

T   OAT* 
0.*rt» 

t643fVli 
llll.noo 

64.»;6 
3.:oo 

497.oj 
71.^4» 

ICü.wOO 
439,9?* 
0.9*9 

»SlA 
CPS 
*»>9 

JSuf 

fall  WB%4 •»« 
f jfeL   *fe\   Tt 
r.»£t lnj PI 
ruK i«u T« 
p;j 1.0 PCt 
|VJ t '[) *Ct 
HIT* TH^TI 

A-t»    N-J   • 

r ,i^ co»' » 

!*>*, »33 »"»14 
94,149 f -V 

464,4>A ->|A 
40,1)3 ic'.t 

4^5.^*4 »>|A 
4?».4J? i^U 
33*.4^? Lll 
||.99#? < i\u 

«13.4)0»--|A 
1.0040 

:A. «E. ü« a.ist? ^CN 
.fLT* r/*i»».4|44 % 

^Li^^AT^ ftfv/S£CI 
:AUC A'.ö INPUT co 
re^PeOAf^e i^u ri 
T.SI»»  lw**^/fT»»3l 

v*j   m • j9i.*7 fP$ 
\\J *s»feA  1^,13^43 son 
IVj *0"1  •      9.3» Lpr 
.)i »AC*«t  •    C.334 

OAl'-iUt«»   «IA.4 
CAV    Wit**   •«   19«3.H1   »*^|A 
SAT «»o,.*    O.o »/r?t»j 

• A   *uU»i       fg  »MH 
0,0000 
0.-000 

94,0200 
0.3000 
0.0000 

nj ft»»»« A 
to *«<\i,   • 
IVJ  OU  Pi     71,«Vf P^Ifl 
fc«0»3*       »       ;79#7?> 

»A»* ^-rS*Wi.Jo  «*S|A 

0,0000 
o.nooo 
0.0000 
o.nooo 
9.0000 

Atfb     A«H 
0.4313 
9.3000 

CA9   Vt\* 
0.f3^3 
0.9»»»i 

P4C%?9W 

71.9P9   w'Gf      |\J  l*W|St   49/,»9  PSIA 
rf,»*3  »/r?3  0«     UAL   •       1.00 

ri  Of    *rft   <?.yl9i   A/ivC 

rubw DATA 
H^M**!i»   0.1970   «/SEC     IVJ     ««•!.   •   I04f9(44  »PS        t«J   T• *P   •       9J.13   -«• •» 
INJ   A4t»,   3,t>il   $f4   |1      hj   -AC^Ai   0.2.17ft I   J      .1»    •   »».144      A/H| 
r*J  »'P^Si   4ft4,4ft   P**|A »*.M   UfA   A   J.14JII   |^CM        N   f Atff$M   •      J.U»tf«<Jt «CO 
llg Oti»»    3«*.93 •'SilO      •fe'« >f»» •»•  1*>S.U PSU    <-^ *****  t«      «A.49 .»-nr 
•MO»«O(* •     t.fti* r^c*«        A   9.04#o Ai^ Ttr   •   30*1.10 • 

•MSC'UA  &Oü» 0»MAT|Xfc C^iOtUis 
;.u*iAric«t io.404osiic     t»tc r« A •   e.9>*»« >u*<   9» - *jt •   ftft7.#o i«»s 
v»AT  r/iii rf.§9 PO**  •»*»•      I.V40       bfi  *'C«     0*?99       an.  Pf-t     rt.jOo 
TH0T   Q/At     17,191        -Ait   *r%   • tt.i.00 0.0*0        «0.01ft        4/9,/H 
iT»«fe»i0.|vTft*t*i . 0r/biCM« /Hi «ri:/l JA . 0*.  1*7? 

Figure IIf-4.   Typical Printout Gas-Git Ttst 
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CORRECTION FACTORS 

Practical considerations prevent the direct measurement of many of the performance 

parameters of interest. For instance, to measure the total pressure at the 

throat station during hot fire is impractical, and to mechanically measure throat 

area during the firing is equally difficult. For this reason, a technique of 

applying correction factors, to parameters which can he measured, was generally 

used to compute the desired parameters. The correction factors utilized in this 

data reduction program are described herein, grouped under the parameters to 

which they arc applied. 

FORMULAS 

Formulas for ctraputation of various performance parameters using correction factors 
are described in this section. 

nÄ# from injector end P. measurement: c* c 

m        c* measured 
c#     c# perfect injector 

*toul * «'OOU " <*« * V 

n # fro« wall P   measurements: 

n</c(^>^c^)-\hroat(Cd^c'»c)^ 

"total * c#00IF. * <H1 a V 

n # fro« thrust: 

 measured Vr  
"perfect injector 
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n #*—Ls—iüs £ £i_: x loo; 
w t x i   x (H x EJ 
t0tal   SODU:    C   C 

Abbreviations used above: 

Correct i ons 

R, * Raleigh loss 

M « momentum correction 

C. • throat discharge coefficient 

PR throat pressure deflection correction 

II.    throat thermal distortion correction 
c 

HL  ■ combustion :one heat loss correction 
c 

E » injected kinetic energy correction 

G • wall tap geometric correction 

S/T » static to total pressure correction 

B. ■ thrust base pressure correction 

KIN • kinetic correction 

PR ■ drag loss correction 

DIV ■ divergence correction 

Parameters 

P    • chamber pressure 

Nhroat * *eoilitri€ «hroat area 

Notal * tot4* propel!ant weight flowrate 

F     • thrust 
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I     » specific impulse 
> 

g     ■ gravitational constant (32.13 ft/sec") 

OH 11;   s one* dimensional ideal iscntropic equilibrium 

Chamber Pressure 

Raleigh Loss. A stagnation pressure loss occurs in a thrust chamber combust ion 

zone as a result of irreversible processes. As heat is released, the gas volume 

increases and the gas must be accelerated to satisfy corJitkns of constant mass 

flow, Uncrgy must be expended to accelerate the gases, and because this energy 

becomes unavailable, the process is noniscntropic. The energy expended on ac- 

celerating the gases is manifested as a pressure force which, for dynamic flow 

equilibrium, must equal the time rate of change of flow momentum. The pressure 

difference associated with this pressure force describes the stagnation pressure 

loss. For a conventional, constant, cross-section area combustion :one thrust 

chamber, the Raleigh criterion is accepted as a reasonable approximation of this 

pressure loss. 

The magnitude of this pre«-ure loss bears an inverse relationship to the contrac- 

tion ratio of the combustion :one. Since the AMPT tnrust chamber is a constant 

convergence combustion chamber, the precise definition of the ontraction ratio 

at the mean flame front is difficult tu determine. For this reason, the combus- 

tion process in the VtPT chamber was modeled using a vaporisation-limiting com- 

bustion model computer program to establish a relationship between combustion 

efficiency and mean flame front location. These data were used to compute the 

resulting relationship between combustion efficiency and the pressure loss cor- 

rection (Fig. HI-5). The data reduction program uses a curve-fit technique to 

compute the pressure loss correction as a function of combustion efficiency, and 

a small iteration loop is used to converge the interrelationship between the 

pressure loss correction and computed combustion efficiency. The normal range of 

thi* correction is a decrease of 1 to 3 percent. Total Kileigh loss is applied 

to injector end P computations, and one third of this decrement is applied to 

the wall tap pressure commutations. (The combustion reaction is essentially 

complete upstream of the wall pressure tap.) 
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\      • 

Propel!ant Injection Moment urn. The injector end chamber pressure tap is located 

upstream of the propellant injection plane, and the measured pressure value is 

depressed by the momentum of the propel lant injection velocity. The total pro- 

pel I ant injection momentum is divided by the injector race area to provide a 

momentum pressure. This value is added to the measured pressure at the injector 

end pressure taps. This correction is not applied to the wall pressures. Un- 

normal range for this correction is about 1 to 3 percent. 

Inject ion Incrgy. Ti,rt kinetic energy of the injected propel taut* represent* ad- 

ditional energy supplied .0 the combustion chamber and is converted to heat over 

and above the available eortbustion energy.    The equivalent value of  thi* energy 

is computed.  Mus correction is typically less than 11.5 percent, and is applied 

to all methods of computing c*. 

hall Pressure Tap Correction. The wall chamber pressure taps measure the static 

pressure component of the flowing gases, requiring a staric*to-totil pressure 

correction. An additional correction is required for the geometric configura- 

tion of the chamber wall and the pressure tap. A flush static pressure tap of 

finite diameter will recover a portion of the flow velocity component from the 

downstream edge of the hole. Also, a static pressure tap on a converging wall 

will recover a component of the velocity head. The geometric corrections were 

made to the measured data, and an isentropic static-to-tottl pressure conversion 

was computed based on garra and contraction ratio. These corrections applied 

only to the wall tap chamber pressure measurements. 

Threat *rea 

Pressure Correction.    A «mall threat area change accurs «luring hot fire du«* to the 
deflection of the thrust chamber walls from chamber pressure.    This change is in 
the direction of increasing throat flow area.    The magnitude of this effect wa« 
computed for each water-cooled thrust chamber by structural analysis.    A typical 
correction curve fur one of the water-cooled thrust chambers is sliown in Fig. 111*6. 

111-12 
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Thermal Correction«    A significant change in throat area of the water-cooled thrust 

chambers result?  from differential expansion under hot-fire thermal   loadings.     This 

type of dimensional change is experienced by virtually all  types of thrust  chambers, 

but  is  even more significant  in high-aspect-ratio,  noncircular throat  configurations. 

The inner wall   is  heated by the combustion gases while the outer wall   is cooled by 

water flow.    The resulting differential  expansion bows the walls  inward,  reducing 

throat  area.    The throit  area change was computed for various values of throat heat 

flux using a  f inito-ele.ient stress analysis computer program which has as   its pri- 

mary input:    temperature distribution.     The  isothermal  temperature distribution was 

computed by a two-dimensional heating, thermal  analyzer program.    Typical   values of 

the area correction for one of the water-cooled thrust chamber is shown in Pig.II1-7. 

Throat   Pischarge Coefficient   U'.J.    The discharge coefficient   is defined as the 

ratio,   cf actual  flowrate through the throat, to the theoretical maximum based on 

geometric throat  area and  ideal one-dimensional  flow.    The coefficient accounts 

for the deviation from predicted one-dimensional  flow, and the calculated potential 

value of u.99b was determined by use of the No:;le Transonic Flow Computer Program. 

The program computes the flow properties   in the region extending from a 'tach num- 

ber of O.S to  \.2 for a constant gamma with irrotational  flow using a series-type 

solution. 

Propel Iant 

l-nthaIpy. The actual inlet enthalpy of the propellants to the injector is used in 

the calculation of perfect injecto performance. 

Combustion Cone Heat Loss Ml J.  In a regeneratively cooled, nonadiabatic, wall 

thrust, chamber the heat rejected from the products of combustion to the chamber 

vails is added to propel 1 ant enthalpy, and is thus n.* lost to the system. Kith 

a water-cooled thrust chamber, this heat transfer causes a reduction in measured 

performance wnich should be corrected for, to provide proper evaluation of in- 

jector performance. With dimensionally small combustion chambers, which have a 

high ratio of "wetted a.eaM to volume, this heat rejection to the wall becomes 
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a very significant parameter. For example, the total enthalpy from the reaction 

process is about 10,500 Btu/lb of propellants, and a midpoint operating point with 

the water-cooled thrust chamber typically will reject about 450 Btu/lb of propel- 

lants, equivalent to about 4.3 percent of the tctal heat available. 

The heat loss in the combustion :onc is assumed to occur in two ways.  In the 

upper combustion :onc the reaction is progressing vigorously and no ordered bound- 

ary layer flow has been established. The heat rejected in this :onc is assumed 

to come from the entire reacting flow. Farther downstream, the boundary layer is 

established.and the reaction is primarily complete.  In this zone, the heat loss 

is corrected for in terns of the boundary layer. The demarcation line between 

the two rones is established by analysis of the experimental heat transfer data. 

The performance correction values for various heat loads are shown in Fig.III-8. 

TIi rust 

The basic th-ust value is corrected for a base pressure area tern which is taken 

from pressure meisurenents made in the area around the thrust chamber exit. These 

pressures are rultiplied by the appropriate area values and the result subtracted 

fron the measured thrust. 

The normal exit area-ambient pressure correction is also made to compute a vacuum 

thrust value. 

Frietional i'rag Correction (Pj-C)« This factor corrects for energy losses due to 

drag forces icsulting from the viscous action of the combustion gases on the noz- 

zle walls. Its magnitude, which is the integral of  the local friction forces over 

nozzX* inside wall, is determined by »ears of a boundary layer analysis utilizing 

the integral momentum equation for turbulent flow. The values determined by anal- 

ysis, which are a function of chamber pressure, are presented in Fig. Ill-9. 

Kinetic Correction (\in)>    A correction to account for kinetic losses in the 

nozzle which consist of a deviation fron full chemical equilibrium expansion is 

calculated by the JANNAF one*dimensional exact kinetic performance program. The 

value, as a function if chamber pressure, is shown in Fig. 111-10. 
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Divergence Correction (fljiv). The one-dimensional theoretical performance calcu- 

lations assume that flow at the nozzle exit is uniform and parallel to the nozzle 

axis. The correction factor, (L. , allows for nozzle divergence (i.e., for non- 

axial flow) and nonuniformity across the nozzle exit plane. The divergence factor 

is calculated by a computer program (which has been checked against the JANNAF 

TDK program) which utilizes the axisymmetric method of characteristics for a 

variable property gas. The factor is almost completely independent of chamber 

pressure and mixture ratio and is 0.999. 
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AIW.NDIX III NOMENCLATURE 

A 

Bc 
Cd 
CODINJ 

c* 

div 
c 

c 

Ec 
F 

c 
HLC 

«SONIC 

KINC 

Mc 

ODIE 

OSONIC 

OXYDEN 

OXYH 

PIIENTH 

h 
S/Tc 

vap 

ii 

n 

I 

area 

thrust base pressure correction 

throat discharge coefficient 

injector identification code 

characteristic velocity 

divergence correction 

drag loss correction 

irea ratio 

injected propellant kinetic energy correction 

thrust 

wall tap geometric correction 

gravitational constant 

throat thermal correction 

combustion :one heat loss correction 

hydrogen flowrate calculation subroutine 

specific impulse 

kinetic correction 

momentum correction 

one-dimensional ideal isentropic equilibrium 
oxygen flowrate calculation subroutine 
oxygm density calculation subroutine 
oxygen enthalpy calculation subroutine 
chamber pressure 
hydrogen enthalpy calculation subroutine 
throat pressure dc.'lection correction 
Raleigh loss 
static-tc-total pressure correction 

vaporization 
weight flowrate 
efficiency 
percent 
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The following arc applicable to Fig.III»3 and 111-4 onl) 

AW adjusted 

cue calculated 

CAV VEX, 
CAV VliNT 

cavitaring vonturi 

CD throat discharge coefficient  (C ) 

CF thrustt coefficient 

owi momentum correction (M-) 

cm correction 

LTS c»*lcs per second 

n •a «meter 

Ntf degree 

NIL P pressure drop 

»IV CWR divergence correction (DIV^.) 
m\c> C:OKR drag Ios9 correction (DR~) 

WWAT duration 

I:FF efficiency 

EXCRGV CORK injector kinetic energy correction (1: ) 

thrust F 

i' fuel 

F degrees Fahrenheit 
nit cuiabustion zone heat loss correction (HI—) 

FF foot, feet 

FPS feet per second 

F/M flovaeter 

CF, gaseous fluorine 

tat, gaseous hydrogen 

I.NJ injector, injection, injected 

I SUBS specific impulse 

k\\ com kinetic correction (K!NC) 

im pound (mass) 

•mxß Mach number 

wir am momentum correction f-L) 
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( MOM «AT momentum ratio 

M/S mainstage 

XUM number 

OX oxygen 

PC chamber pressure» injector 

PCW chamber pressure, wal» 

PRESS pressure 

rsri) pressure di fferenc»* 

QUAL quali ty 

RAL LOSS Ralri&h ioss correction (R.) 

SU» density 

MUL liquid density 

SAT saturated 

SEC second (time) 

SUP supply 

TEM, TEMP temperature 

TliRST CORR thrust 

TIIRT CCRR throat thermal correction (IL) 

TIM tine 

VAC vacuum 

VAP vapor 

VEl velocity 

VRAT velocity ratio 

KUOT flow rate 

KOX VEX oxidiser flowrate, cavitating venturi meter 

1 percent 

• pound 

• multiplied by 
•* to the power 
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0,/H, Advanced Maneuvering Propulsion Technology Program, Water*Cooled 

Segment Testing Final Report 

Final Report (I December 1970 to 3 December 1971) 
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Rockctdyne Engineering 

April 19?: 
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based on test and evaluation; December 1971.    Other requests for this document must 
be referred to AFRPL (ST1NF0), Edwards, California 935Z3 

•• •••«••• 
Air Force Rocket Propulsion Laboratory 
Air Force Systems Command, USAF, 
Edwards AFB, California   93523 

This report describes the analysis, design, fabrication, and test of water-cooled 
segments to define the most suitable injector configurations and combustion chamber 
geometries for 25,000-pound-thrust, Oj/Hj. lightweight, aerospike thrust chambers. 
Two-hundred and seventy-one hot-fire tests with numerous injector and chamber con- 
figurations were conducted at chamber pressures between 140 and 988 psi.    The injec- 
tor development was supplemented with cold-flow tests of single injection elements. 
High mea«ured performance (~c»-99 percent) was demonstrated in low-volume combus- 
tion chambers (3.0-inch length from injector face to the throat). • Favorable heat 
transfer characteristics were established which will enable satisfactory coolant- 
circuit design for the regeneratively cooled segments which are to be demonstrated 
in the next phase of the program. ■ 
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