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FOREWORD 

The Hot Gas Secondary Injection Thrust Vector Control Program, Project 
No. 623A, was conducted under Contract AF 04(611)-11408 by Thiokol Chemical 
Corporation, Wasatch Division, Brigham City, Utah. The Air Force Project 
Officer was Capt. Dan Stump, RPMC. The program was started in February 1966 
and completed in September 1968, The report, which was submitted in Jar 'ary 
1969, contains no classified information extracted from other classified do uments. 
The secondary report number is 1268-2'‘226. 

This technical report has been reviewed and is approved. 
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UNCLASSIFIED ABSTRACT 

This program was established by the Air Force and Thiokol Chemical Corpo¬ 
ration to design, develop, and demonstrate a hot gas secondary injection thrust 
vector control system (HGSITVQ for large solid propellant rocket motors. The 
program was initiated in February 1966. Phase I of the program was the design, 
analysis, and optimization of a 156 in. diameter motor HGSITVC system. The data 
from this baseline d.« ign was used to design four test pintle valves for demonstration 
on 65 in. diameter test motors. Phase II consisted of designing a four valve, 120 in. 
diameter motor HGSITVC system using the basic designs and design data developed 
under Phase I. The 120 in. diameter test motor demonstrated four foil scale 156 in. 
diameter motor pintle valves. The 151 in. diameter motor uses 16 pintle valves of 
the design tested. 
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SECTION I 

INTRODUCTION AND SUMMARY 

A. INTRODUCTION 

An orifice evaluador analysis and redesign effort was undertaken to show 

why three of the Hot Gas SITVC orifice ports failed during the test of the 120 in. 

TU-52Q. 04 motor in August 1067 and how the orifices can be Improved for reliable 

120 sec performance. 

The design, design criteria, and fabrication cycle are briefly discussed 

to orient the reader, but the bulk of these topics are covered in the Large Motor 

HOT VC Final Report. 

A poet-test evaluation includes interpretation of the test data (movies, photo¬ 

graphs, instrumentation, erosion, and hardware) and the fabricad«! and material 

processing planning a bee ta to determine the modes and times of failure during the 

first 45 see when orifice 3 waa lost. 

The analysis of the orifice port includes aerodynamic, thermodynamic, and 

structural analyses to verify the predicted orifice, failure times and modes and the 

extent of overstreased material. The aerodynamic analysis provides predicted 

pressure, heat transfer coefficients, and erosion vs time from closed port cold 

flow test data and theoretical analysis. 

A thermodynamic analysis was made to predict the temperature gradients 

through the orifice and nozzle in the area of redesign. The heat transfer coefficients 

generated in the aerodynamic analysis were used as input to an axiaymmetrlc heat 

transfer computer program. The structural analysis applies the predicted temper¬ 

ature, presaure, and pintle loada to the orifice-nozzle design to determine thermal 

mechanical stresses and overstressed material areas. 



Design recommendations are made after evaluating the hardware, tnatru - 

mentation and analyses to Improve the orifice design concept for 120 sec survie- 

ability. Major problem areas are defined with their causes and solutions outlined 

for redesign guidelines. 

A preliminary redesign effort was conducted to incorporate the design 

recommendations, current material technology (raw materials and new processing 

and fabrication) and the requirements of a 156 in. submerged Hot Gas TVC System. 

Nine alternate orifice designs are defined and a modified design Is selected for pre¬ 

liminary evaluation. After preliminary aero, thermo and structural analyses, a 

preliminary redesign was recommended. The final orifice redesign includes the 

recommendations and solutions to major orifice problem areas. 

The current and Improved designs are shown In Figures 1 and 2 . Design 

changes Include the replacement of all overstressed materials with Improved 

materials as Indicated in Table I. Design changes also Include a threaded connection 

of the throat subassembly to the insulation sleeve, moving the pintle support leg 

holes out to a larger diameter, and Increasing the thickness of the aft exit cone liner. 

B. SUMMARY 

The three hot gas SITVC orifice ports failed because of the following problem 

areas. 

1. The differential heating, pressure loads and erosion 

around the orifice nozzle exit cone. This condition 

was caused by the nozzle exit cone gas resttachment 

downstream inside the orifice cavity during the closed 

position and the nozzle exit cone gis shock from up¬ 

stream of the orifice cavity t.* lug the open gaa injection 

duty cycles. 

2. The unpredictable orifice throat subassembly outward 

movements toward the valve pintle face during open 





events end after 16.0 sec of motor firing time when the 

adhesive bond breaks down. 

Insufficient throat subassembly outer diameter support 

due to valve teg cutouts In the carbon cloth Insulation 

sleeve and graphite Inlet ring. 

The above problem arear caused cracking and délamination In the PTB and 

pyrolytic graphite exit cone, copper tungsten nut, and graphite Inlet. 

The recommendations to Insure t reliable orifice performance for a 120 sec 

motor test Included the following major design changes. 

1. Change the orifice materials, processes and wain 

orientation and simplify the orifice design; the new 

materials to be more erosion resistin' and not sut>~ 

Ject to spalling or chunking while subjected to differ¬ 

ential beating and pressure forces around a 360 deg 

circumference. 

t. Move the valve leg support cutout holes out and 

increase the insulation sleeve thickness to Insure 

better support at the throat subassembly outer edge. 

3. Provide a more heat resistant adhesive bond along 

the orifice material interfaces aui provide a positive 

connection between the throat and the Insulation sleeve. 

The condition of the three failed and one survived orifices demands a significant 

Improvement to the existing design without going to a new concept which would involve 

a development program. 

Thus, the preliminary design selected for the orifice Includes only 'three 

materials and five rings Instead of the Initial six materials and six rings. The 

initial orifice exit cone materials (PTC, and pyrolytic graphite) ’sere replaced by 

one ring d regraphltlzed graphite cloth phenolic. The throat and nut rings now 

usa the asme 2 percent tborlated tungsten material and forging process. The inlet 

Graphite »0 ring is now replaced with a ring of regraphltlzed graphite cloth phenolic. 
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SjSCTIÖN d 

DESIGN, FABRICATION, AND POST-TEST EVALUATION 

A. DESIGN 

The main design function of the orifice port acting with the pintle valve waa 

to meter gaa into the nozzle exit cone and create aide force loads. The second 

design function was to maintain port cavity shape when the port is open or closed 

and subjected to steep unsymmetrlcal thermal gradients, a large range of unaym- 

metrlcal pressures, nozzle compression unsymmetrlcal membrane loads, and a 

pintle valve seating load. 

The current design to meet the functional requirements is shown in Figure 1. 

The tungsten ring provides a nonero*,iuç, stable, high strength at temperature ma¬ 

terial and a hard, stiff, distribution xurt for the pintle load into the circular, curved, 

center hole, composite material plate. The graphite inlet, the pyrolytic graphite 

forward exit cone, the PTB aft exit cone and the c* njon doth sleeve maintain the 

shape of the orifice port cavity and nozzle exit cone walls while supporting the hot 

gas temperature and pressure. In addition, the c&ibon cloth sleeve insulates the 

nozzle structural steel shell. 

A tungsten-copper nut was threaded to the tungsten throat and seated on the 

Graphite 90 inlet to form the throat subassembly. The large inlet pressure area of 



the throat subassembly provides a large seating load during pintle retraction and port 

open duty cycles. 

Concentric conical rings of the orifice materhls with the apex pointed toward 

the nozzle centerline were used to transmit the Isrgi- pintle load (15,000 lb) and the 

chamber pressure loads (630 pel and 75,000 to 95,000 lb) through the port orifice to 

the nozzle conical steel «hell by wedge action. In addition, the port orifice fills the 

hole in the steel conical shell and supports the nozzle unsymmetrical hoop and axial 

compression loads. 

All four orifice ports were identical in design except for PTB aft exit cone 

material. Orifice port 3 used a long PTB billet that allowed It to be the support for 

both the tungsten nut and the pyrolytic graphite ring. Orifice ports 1, 2, and 4 used 

a short PTB billet which allowed It to support only the pyrolytic graphite ring. Three 

carbon cloth phenolic, tape wrapped parallel-to-centerllne rings were fabricated by 

Thlokol Chemical Corporation to provide support for the tungsten nut. 

The current orifice design (Figure 1 ) must maintain the orifice port wall 

aerodynamic shape while subjected to exhaust gas temperature and pressure, pintle 

actuator loads, and nozzle compression loads. 

Three basic load conditions are shown in the following sketch and in Figure 3 

for port 3, the first port to fail. Load condition PB was not investigated, since the 

maximum retract load when opening was zero during the first 45 sec and the re¬ 

sulting condition is less severe than A and C conditions. The other three ports 

also show zero retract load when opening. 

Each load condition la applied to four surfaces 360 deg in circumference; 

the inlet, orifice, nozzle exit, and the boundary. 

The inlet surface shows the same gas temperaba« and pressure upstream 

and downstream. During port open, the gas pressure will be the same for the up 

unH downstream surfaces, but differ from a port closed pressure. 
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The orifice wall reflects a constant gas temperature, while the pressure 

around the port upstream and downstream differ. During a port opon condition, 

the gas temperature and pressure increase uniformly around the circumference. 

The nozzle exit cone wall surface shows the same gas temperature during 

open and closed port duty cycles. The pressure increases during port open con¬ 

dition due to hot gas injection shock waves and varies in magrntturU» around the port. 

At the boundary conditions on the nozzle shell away from the port plug, the 

axial direction was fixed with the radial direction free to move while loaded with the 

nozzle compression loads. An alternative boundary condition rixed both the 

and radial directions. 

The identifying terms for the loaded surfaces is indicated below. 

T = gas temperature P = extend pintle load 

p] “ «as pressure Pß = retract pintle load 

Pc * nozzle loads 

The loads are applied simultaneously on all four surfaces to determine the 

stress levels in each material. No attempt was made to apply the 'oadu increment- 

ally one at a time except for the application and release of the pintle actuator load. 
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B. FABRICATION 

Fabrication of the orifice port starts with the receipt oí preshaped material 

billets read;' for final machining. The major material billets, listed in Table I, are 

purchased from the material supplies and fabricators with the indicated grain or 

ply orientation (Table II). 

After machining and fitting operations on each material billet, the port 

orifice is ready for float assembly. The inlet, throat, nut and spacer form the throat 

subassembly by threading the nut onto the threat ring and seating it on the rubber 

spacer and graphite. The forward and aft exit cone rings and spacer are bonded to 

the throat subassembly, forming the liner subassembly. The insulation sleeve is then 

bonded to the inner subassembly, completing the port assembly, as indicated below. 

INLET 

MACHINE FIT BOND 
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The orifice assembly is then fitted, machined and bonded into the conical 

holes in the side of the ribrnerged non le wail. When the final inside and outside 

diameters erf the submerged norale are machined, the orifice port Is flush with 

the noczle walls except for the recessed inlet. Photographs of a pretest machined 

orifice port inlet and a pintle valve assembly orifice port are shown in Figures 4 

and S, respectively. 



c. POST-TEST EVALUATION 

Th« post-test evaluation include# Interpretation of the teat data (movies, 

photographs, instrumentation, erosion, and hardwire Inspection) and the Manufacturing- 

Quality Control planning process sheets to determine the modes and times of failure 

during the first 46 sec when orifice 3 was lost. 

1. HARDWARE EXAMINATION 

A visual examination of the pretest condition of the port and the immediate 

noxile area around the port is provided by a series of photographs. Figures 6 thru 8 

show the machined, installed port in the noszle OD and the port-pintle valve-nosile 

assembly. Figures 9, 10and llshow the machined, installed port In the exit and the 

complete nozzle, valve, closure assembly. 

The post-test condition of the components is shown In photographs. Figures 12 thru 

15 show four views of the one surviving port, valve 1 after teet. Note the valve, 

pintle and .’eg, and orifice port erosion patterns on the upstream side. 

The nozzle and orifice port 1 exit cones are shown in Figures 16 thru 19. Note 

the characteristic teardrop erosion downstream of port 1, the loss of all the pyrolytic 

graphite and PTB orifice port exit cone material and the Graphite 90 inlet cracks. 

The bumthrough around the nozzle and case circumference and locally In 

the aft closure after port 2, 3, and 4 ejection Is shown In Figures 20 thru 22. A 

cross section view of the dissected nozzle through port 1 and through a plane 46 deg 

away from the port Is shown in Figures 22 thru 24. 

Components from port 1 that lemained in place during the motor test are 

shown in Figure 25 (inlet graphite face: note three radial cracks), Figure 26 (carbon 

cloth phenolic insulation sleeve) and Figure 27 (tungsten throat and nut). Note the 

erosion at valve leg holes in the carbon cloth insulation sleeve. Gas leakage through 



Um remaining orífice throat submerged assembly occurred at the leg hole cutout 

end at the graphite radial cracha. 

parta from the four hot gas ports were found la the fields Immediately 

around the test bay. Figure 28 shows ring segments of Inlet graphite from the other 

three ports. Figure 29 shows the pieced together segmented and layered section 

of the port exit core PTB material. Figure 30 shows small segments of the ports 

2, 3, and 4 carbon clovvh ring and sleeve and tungsten nut. Figures 31 and 32 

show the 360 deg Intact throat tungsten rings from porta 2 and 3. Tha tungsten throat 

rii* «or port 4 and the pyrolytic rings on all four ports have not been found. Note the 

port 2 throat ling eroded locally at interface with the pyrolytic graphite ring. 

An evaluation of the post-tested hardware indicates that the orifice port 2, 

3 and 4 failure initiated the burnthrough of the nosxk, aft closure and case, and the 

Ci Hure of the exit cone. 

A preliminary conclus Ion based on visual examination of the post-tested 

hardware indicates that the PTB chunked out in partial ring and layer segments, as 

shown below. Layer I came out in ring segments, starting with segment (1) on the 

downstream face. As the last segments (3 and 4) of layer I were leaving the flret 

segments (1 and 2) of layer □ were ready to chunk. This chunking parallel to the 

grain direction continued until all the port aft exit PTB material was gone and allowed 

the pyrolytic graphite forward exit cone to be ejected. The pyrolytic graphite was 

probably ejected with PTB layer m. 

DOWNSTREAM 
LAYERS 

DOWNSTREAM 

PARTIAL RING 



AU four porta were Identical, except lor the PTB material area. Porta 1, 

2 and 4 uaed abort PTB bUleta Oayera I, U, ffl) with carbon doth phenolic (Upe 

wrapped parallel to orifice centerline) filling In layer IV. Port S uaed a long PTB 

biUet and did not need a carbon doth phenolic ring filler. The failure of the carbon 

doth phenolic (3) wua probably due to a combinatk>n of eroelon and fracture, aa 

evidenced by the few recovered sections and shown In Figure 32. *.1*1 

Probably on porta 2, 3 and 4 the throat and nut wera pushed through the 

cracked graphite after the PTB and pyrolytic graphite rtnga were ejected. The 

graphite ring wae probably lost at, or shortly after, the tungsten ejection. The 

carbon doth inaulation aleeve was eroded out or loet when the pintle vilve assembly 

wae pushed through the enlarged orifice port after the three lega were burned through. 

The surviving port orifice 1 remained closed after its first duty cyde (t - 

33 sec) and loat only its PTB, pyrolytic graphite, and the carbon cloth phenolic Aller 

ring. At t - 80 sec, the second scheduled open duty cycle, It remained dosed due 

to the loes of electrical and hydraulic control lines. At the end of the static teat the 

tuiyaten throat and nut had been pushed up the graphite support ramp about 0.5 In., 

Indicating the throat failure mode. 

2. PORT PERFORMANCE 

Three porte were loet during the motor static firing (2, 3 and 4) with the fourth 

port (1) remaining In the motor. Erosion dimensions were taken for port 1, with the 

other three ports showing only the eroded hole radii. 

Port 1 erosion, shown in two planes 90 deg to each other (Figures 33 and 34) 

shows the upstream, lateral and downstream erosion. The inlet erosion depth varied 

from 0.10 to 0.20 in. with some cocking of the inlet graphite on the downstream aide 

after the test. The tungsten throat and nut rings were pushed up die graphite support 

ramp an estimated 0.5 in. while still welded to the extended p'ntie valve. At the 

port exit plane, the erosion depth varied from 0.48 in. upstream, to 1.39 to 1.40 

In. laterally, to 2.44 in. downstream. 



Port« 2, 3 %ttd 4 erooion «re ahown ln Flgurea Si thru 37 with the maximum 

•rodad radius varying flora 10, 

mdtna firytng frora 0,10 to 0,20 tuche», 

12.00 ln., and the downstream erosion 

3 was open «mi longest after throat 

ejection and »hows the largest upstream erosion radius (12.00 In. ) and the complete 

unbending locally of the noaale carbon cloth Insulation liner from the steel shell. 

A comparison of port loads, duty cycle times, and failure timen Is presented In 

Table HI, His pintle actuator extend stall load against the port orifice varied from 

16,000 to 16,000 pounds. Hie pin«? actuator retract load waa sero when the port 

was just opening, assisted hy a 3,300 to 4,410 lb chamber pressure load on a amall 

segment of the pintle front face at the outside diameter. The Initial port faUurea 

(throat ring lost) occurred from 36. T4 to 77.60 seconde. Hie total actual valve 

open time up to 140 sec varied from 7.60 sec (port i) to 113.24 esc (port 3). Hie 

open time includes open time before and after Initial port failure. For porto 2, 3 

and 4, the total actual valve open time before failure is 12.46, 8.98 and 5.70 see, 

The total aide force created durit« open port oondUioos varied from 34,000 

to 44,000 lb, aa required by the duty cycle. 



TA RT f TTi I ii I. M II I) i I il 

ORIFICE PORT PERFORMANCE SUMMARY 

Performance Itcma 

End Test Condition 

Orifice Tungsten Throat Loss 
Time (sec) 

Valve Tungsten Shell Loss Time 
(sec) 

Valve Loss Time (sec) 

Total Actual Valve Open Time (sec) 
to 140 Sec* 

Total Programed Valve Open 
Time (sec) to 140 Sec 

Total Actual Valve Open Time 
Before Failure (sec) 

Maximum Actuator Extend 
Load (lb) 

Maximum Actuator Retract 
Load (lb) (when pintle opens 
orifice port)** 

Maximum Side Force (lb) 

Port i Port 2 Port 3 

Survived Failed Failed 

65.76 35.74 

98.43 

106.56 55.56 

7.0 86.69 113.24 

39.0 54.00 58.00 

12.45 8.98 

16.000 16.000 15.000 

0 0 0 

44,000 47,000 34,000 

Failed 

77.50 

116.50 

75.45 

42.00 

5.70 

16, 000 

0 

38,500 

*TU-520.04 Motor Performance 
Predicted Actual 

Web Time (sec) 122.5 Approximately 95.0 
Action Time (sec) 123.5 Approximately 140.0 

»♦Chamber pressure on pintle front face between 7 in. contact diameter and 7.5 In. 
pintle diameter provides an unseating load when valve extend oil pressure drops 
to zero. The chamber pressure load Is 3,390 lb at 600 psia and 4,410 lb at 
780 psia. However, the pintle position transducer follows the input signal closely 
during the open events of the duty cycle, indicating the pressure is not unsticking 
the pintle-orifice interface, but assisting actuator retract pressure in pushing 
back the pintle face. 
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8, PHOTOGRAPHIC COVERAGE 

Tha test bay was ringed with 10 cameras operating at speeds from 24 to 

400 ft/sec and located from 50 to 2,500 ft away from the test bay. The sketch below 

Indicates the location of the cameras. The chart indicates the camera speed and 

distance from the test motor. 

ORIFICE PORT 1 
ORinCE PORT 2 
ORIFICE PORT 3 
ORIFICE PORT 4 

SPEED 
CAMERA FRAMES/SEC 

64 
64 
64 
64 
24 

400 
400 
400 

24 
24 

DISTANCE 
FT 

50 
100 
100 
100 
100 

50 
50 
50 

2* 500 
1.250 

The movie film viewing was confined to the first 45 sec and the bright objects 

leaviiqc the nozzle were identified by size, time and direction. Cameras 6, 7, and 

8. (50 ft from the nozzle and 400 fps) were used to establish the baseline data for 

objects leaving the nozzle. Cameras No. 1, 2, 3 and 4 (50 to 100 ft from the nozzle 

and 64 fps) were used as backup data. 

Tables IV thru X. show the raw data taken from the movie viewing. Generally, 

for the first 20 sec, the sparks and small bright objects were seen leaving from the , 





TABLE V 

CAMERA 7 BRIGHT OBJECTS 

Object Slit 
Sntric Small Medium Large 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

19.4 

19.5 

19.5 

19.6 

19.7 

19.8 

19.9 

20.0 

20.1 

20.1 

Port Side Leaving Nozzle 
PI P2 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

P3_ P4 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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36.4 

36.7 

36.9 

38. O 

39.1 

40.0 

40.1 

40.7 

40.8 

40.9 

41.2 

41.7 

41.9 

42.0 

42.2 

42.3 

42.7 

42.8 

42.9 

43.2 

43.7 

44.2 

44.6 

44.8 

47.8 

TABLE V (Cont) 

Tim® 

CAMERA 7 BRIGHT OBJECTS 

Ofolect Size Port Side Leavimc Nozzle 

C»eci 

36.3 

Stark Small 

X 

Medium Large Pi P2_ PL Zi 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Exit Con® Lost 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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2 

3 

29.3 

29.5 

29.8 

31.1 

34.9 

35.1 

35.3 

35.3 

35.5 

35.7 

36.9 

36.1 

36.3 

36.5 

36.9 

37.3 

37.5 

37.7 

37.9 * 

Port Stde Leaving Nozzle 
PI P2 P3 P4 



TABLE VI (Cont) 

Time 

(8e£l 
38.1 

38.3 

39.1 

39.5 

39.7 

39.8 

40.1 

40.2 

40.3 

41.6 

41.8 

42.0 

42.6 

43.1 

43.9 

44.0 

44.2 

44.3 

44.4 

44.5 

48.3 

Spark 

CAMERA 8 BRIGHT OBJECTS 

Object Size 
Small 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Medium 
Pert Sic e Leaving Nozzle 
PI P2 P3 P4 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Exit Cone Failure 



Exit Cone Lost 
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TABLE Vni 

Time 

iggcj 

4.2 

16.1 

26.9 

30.3 

31.2 

34.4 

35.5 

35.8 

37.7 

39.7 

40.3 

40.8 

41.3 

42.1 

42.6 

43.2 

44.2 

47.61 

Spark 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

CAMERA 2 BRIGHT OBJECTS 

Object Size __ 
Small Medium large 

X 

X 

X 

Port Side Leaving Nozale 
£L P3_ fi 

X 

X 

X 

X 

X 

Out of Film 



Exit Cone Leaves 

30 



TABLE X 

Time 
(sec) 

34.1 

34.8 

CAMERA 4 BRIGHT OBJECTS 

Object Size 
Spark Small Medium Large 

X 

47.0 Exit Cone Lost 
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2 and 3 oort quadrants of th« nozzle. Over the next 25 sec, objects were still 

leaving the nozzle on the 2 and 3 quadrants, but an Increasing number of objects 

were seen leaving from the 1 and 4 quadrants. 

Figure 38 shows the erratic speed (frames/sec) of camera 8 per foot of 

developed film. Using the Figure 38 curve, the times for departing bright objects 

were modified and agree closely w<th the other cameras on the time of exit cone 

tellure. 

After viewing the movie film, locating and identifying hardware in the field 

surrounding the test bay, and timing departure of the hardware, it is believed that 

large and medium objects generally left the nozzle 180 deg away from the originating 

port. The small and "spark" objects are thought to have been ejected in the same 

quadrant as the originating port. 

Figures 39 (cameras 6, 7, and 8) and 40 (cameras 1 thru 4) classify the 

size and departure time of each bright object into the quadrant of the nozzle from 

which the bright object departed. In some camera coverage (7 and 8, for example) 

due to the angle of coverage it is only possible to identify the closest two quadrants; 

thus the bright object is plotted in both quadrants. The plots represent the number of 

objects seen leaving the nozzle by seven cameras versus time. A bright, large object 

could be seen by seven cameras and plotted seven times. The tables provide good 

indications of trends of object size and departure tt ne. In Figure 39 , small objects 

are seen to leave the nozzle as early as 1.7 sec and continue to leave the nozzle over 

the first 45 sec time span. Sparks and small objects predominate for the first 18 sec, 

then medium size objects depart from 2 and 3 quadrants with the large size objects 

starting to leave at 30 sec from 2 and 3 quadrants. Large objects leave quadrants 

1 and 4 at 33.5 seconds. 

The departing objects are clustered in time spans and port quadrants corre¬ 

sponding to the hot gas duty cycle open time everts. Port 2 (1/4) open (5.9 to 

10.6 sec), port 3 full open (15. 8 to 24.7 sec), port 4 full open (28.6 to 34.4 sec), 

port 1 full open (32.5 to 40.2 sec) and port 3 open füll throughout the test after the 

throat insert was lost at 35.7 seconds. 
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Figure 39 (cameras 6, 7 and 8) illustrating bright objects departure at 50 ft and 

400 fps presents a more detailed sequence of failure than cameras (l thru 4) at 100 ft and 

64 fps (Figure 40). The objects appear larger and more objects are observable leaving 

the ir .tor with the closeup cameras. However, the general trend of departing objects 

c? stered at port open conditions and increasing in size with motor firing and open port 

operating time is also noted in the distant cameras (Figure 40). The earliest departing 

objects are comparable between sets of cameras, 1.7 sec for the close cameras and 

4.2 sec for the distant cameras. 

4. INSTRUMENTATION DATA 

The major types of instrumentation included chamber pressure, motor thrust, 

motor side force, valve position, valve actuator pressure, hydraulic system pressure, 

valve cavity pressure, and valve support plate strain. The most significant instrument 

in ascertaining failure time and mode was the chamber pressure and pintle valve po¬ 

sition transducers vs time as plotted in Figure 41. 

After the initial pressurization of the motor, the initial interface of the throat 

orifice and pintle tungsten shells is dependent on material volume change with temper¬ 

ature, pintle actuation loads, and the gradual shifting of the tungsten in the orifice and 
valve. 

The pressure trace (Figure 41 ) is normal up to 35.74 sec. when orifice 3 

ejected. Pressure decreases are shown during the opening and closing of Ports 

2, 3, 4, and 1. The pintle position indications for each of the four orifice port- 

pintle valve interfaces are also plotted. The plus and negative output position trans¬ 

ducer reading indicates movement away from or towards the nozzle centerline, 

respectively, as sketched on the following page. 

Figure 41 shows the chamber pressure and the four valve-orifice interface 

movements vs motor test time. For the first 12.5 sec, all ports are closed and the 

interface movement is dependent on material thermal size change, chamber pressure 

and pintle load. From 12.5 to 45 sec, all four ports open once and close. The interface 

position is discontinuous during open port condition. The position of the interface be¬ 

comes more positive after closing due to higher heating rates during port-open and 
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the shifting of materials in the orifice and valve assemblies. 

Orifice valve 2 opens first and after closing, the interface continues to move 

positively away from the nozzle. The interface movement is +0.008 in. closed, open, 

+0.075 to +0.158 in. closed. Orifice valve 3 opens and closes with the orifice valve 

interface moving in a negative position into the nozzle centerline and through its 

initial t*0 position. The interface movement is +0.007 closed, open, +0.081 to 

-0.0015 in., to +0.050 in. att=35.6 throat ejection. Valve orifices 1 and 4 open and 

close with a large relative interface movement (+0.033 in. closed, open, +0.245 to 

+0.190 in. closed) at t=45 sec, orifice valve 1, 2, and 4 are inUct and show a large 

positive Interface reading, while orifice valve 3 has failed after showing a reverse 

interface movement (-) into the nozzle centerline. Orifice 3 probably lost a significant 

amount of material during. and shortly after, its open port condition, allowing the inter¬ 

face to move opposite to the other three identical crifioe valve designs. 

Tb locate the Initial failure time, Figure 41 was magnified in the time scale t=0 

to t-16 seconds. The resulting plot (Figure 42 ) shows the failed orifice valve 3 interface 

moving out (+) at the fastest rate until t=5 sec. Then orifice valve 3 growth rate flattens 



out, with the interface growth (+) of orifice valve 1, 2, and 4 continuing to high 

positive values. 

The interface movement of the two orifice valve ports in subscale motor 2 

(TO-521.02) is shown in Figure 43. Early in the test, both valves were open and then 

alternating open pooition to 19.2 sec when n third auxiliary nonmcdulated pert was 

opened with a burst disc. Gas flow was only through the orifice pert. Orifice valve 

3 was open four times in the first 45 sec with the port closed Interface movement 

varying from +0.040 in. at t=5.1 sec to +0.150 in. at t=22. l sec after open cycle to 

0.095 in. at t*45 sec after open cycle. Orifice valve 4 was open three times in the 

first 45 sec with the port closed interface movement varying from +0.175 in. at 

1=16.5 sec after open cycle to +0.104 in. at t=40.6 sec prior to opening. Both orifices 

3 and 4 were successful; though material cracks or delamination were noticeable in 

the PTB, pyrolytic graphite, tungsten nut and graphite after the 96.6 sec webtime 

motor test. 

Based on valve feedback transducer data, an initial failure time appears to be 

t=5.0 based on Figure 42 , the major failure occurring during and shortly after the 

first open duty cycle. 

5. FABRICATION DATA 

EXiring port fabrication, manufacturing and quality control process sheets indicate 

the problems associated with semifinished materials billets and final assembly. 

The evaluation of the four orifice ports and the surrounding nozzle material 

include« (1) inspection of the material quality control logs and fabrication shop 

travelers, and (2) tests of postfired material specimens. 
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Each port had a teat firing valve number, orifice serial number, and manu¬ 

facturing daah number, as shown below: 

Valve No. * 

1 

2 

3 

4 

Orifice S/N 

2 

1 

4 

3 

Part No. 

7U40564-02 

7U40564-02 

7U40564-01 

7U40564-02 

♦The valve number is also used to identify the orifice in this report. 

An evaluation of the quality control logs and material Inspection before assembly 

indicates that the materials were satisfactory! except a circumferential crack in orifice 

3 finished PTB ring (Ref Table XI, Figure44 ) at the thin large diameter end. The 

billet was accepted on an MRB action due to the location of the crack with respect to 

the heated inside diameter surface and the consideration of the material Irregularity 

as a precrack in an area normally subjected to cracking during the test. While this 

crack did not Initiate failure, it probably contributed to the complete loss of the 

PTB material. The pyrolytic rings snowed some outside diameter surface delaminations 

and tool marks before final machining which were eliminated during final machining. 

The carbon cloth phenolic sleeves were specified to be cured at 200 psi, but only 

one of the four rings was autoclaved to 200 psi. The other three sleeves were hydro¬ 

clave cured at 1,000 psi. Material performance should be improved with a higher 

pressure cure; thus no MRB action was taken. The final assembly sequence as illustrated 

by Figures 44 , 45 and 46 of the failed orifice 3 was completed successfully for 

all four valve ports. 
An evaluation of the nozzle quality control log, TableXII for the materials imme¬ 

diately around the four valve orifices indicated the materials tested out at acceptable levels 

for strength, density, and cure Indicators (acetone extraction, volatile content, resin 

content) except the inside and outside carbon cloth phenolic liners (items 9 and 13 

The acetone extraction percentage was higher than specificatioi (1.78 to 4.75 percent) 

to (0.50 to 1.00 percent) indicating an incomplete cure of the debulked and hydroclave 

cured liners. However, since the other indicators (resin content, volatile content, 
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strength, and density) met the material specifications, the liners were accepted for 

final assembly. 

To further evaluate the orifice materials, samples were selected from the test 

fired rings of PTB and graphite 90 for compression tests at room temperature and the 

tungsten throat and nut for photomicrographs. No pyrolytic graphite rings were found 

from any of the four orifice ports to evaluate. No tests were conducted on the carbon 

cloth insulation sleeve. 

The results of the PTB material tests are shown in TableXIII. The test specimens 

were taken from the gas exposed surface and the surface back of the tungsten nut exposed 

to thermal gradients. The test fired material showed lower density and ultimate 

compression strength than the good virgin material at room temperature as expected. 

A further comparison of subscale 2 (TU-521. 02) PTB successful material to TU-521.02 

fullscale failed material indicated higher densities and lower strength of the failed 

specimens compared to the successful specimens. Lower time exposure at elevated 

temperatures for the failed parts, accounts for the differences in material properties. 

To verify the compression strength, a final test cf virgin material was tested at 3500*F 

to double check the test flroc material and to be used in the structural analysis of the 

orifice port. The reported compression ntrength was3,870 psi at 3500*F. 

The test results of the ‘nlet graphite 90 material specimens indicate a narrow 

range of density and compressive strength variations (Table XIV). The good specimen 

test data out of a subscale and fullscale motor test brackets the failed specimen test 

data, indicating equal material quality. The good virgin unfired specimen test data 

show a lower density than the fired specimens and a lower compression strength than 

two out of the three fired specimens. These data agree with the vendor strength and 

density versus temperature curves showing increased strength and density with higher 

temperature. 

The test data do point out that the good and failed specimens were of comparable 

quality and the reason for poor performance of the TU-520. 04 orifice valves cannot 

be attribute*’ to a change of graphite and PTB material processing and quality. 
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Photomkcrogr.iphs at 250 magnification were taken of the tungsten throat and nut 

from different orifla* to verify the quality of the tungsten received and used throughout 

the program. Four different throat ringe—three from the fullscale TU-520.04 motor 

and one from the »ubetale TU-521.02—were compared to each other (Figures 47 thru 

53 ) with no significant anomalies noted between throat rings. Figure 47 shows the 

six mounted specimens und their origin in the throat or nut rings. 

Specimen 1 (Figure ) selected from the survived orífice 1 throat at the thread 

la compared to s peel nun 2 (Figure 49 ) selected from the ejected orifice 2 at the 

thread—both from the full ccale TU-520. 04 motor. The plated surface of specimen 1 

indicates uniform dispersioi of the 2 percent thorla throughout the forged tungsten 

throat. For the etched surftices, the main difference Is the larger grain size of the 

ejected tungsten specimen, jocally in this area, the tungsten shell exhibited erosion 

(Figure 31 ). The local erosion resulting from a shifted or cocked throat and gas 

leakage would Indicate high heating rates and cause larger grain growth than specimen 1. 

However, both specimens indicate no anomalies that would reject the tungsten 

material. 

Specimen 3—selected fron the ejected orifice 3 throat plane of the full scale 

ru-520.04—was compared to specimen 4 from the survived port 4 throat plane of 

the TU-521.02 subscale motor. Ho appreciable grain growth difference Is noted and 

no voids or cracks arc apparent. Both specimens are of similar acceptable forged 

tungsten material. 

Specimen 5—selected from the survived orifice 4 nut of the TU-521.02 subscale— 

h, compared to specimen 6—selected from the survived orifice 1 rut on the full scale 

TU-520.04. The nut is composed ot 20 percent copper and 80 percmt tungsten evenly 

dispersed throughout the two rings, as noted In the polished surface photomicrographs. 

The grain size has enlarged In specimen 6 due to higher heating rate In the cavity when 

all surrounding material (PTB, pyrolytic graphite) Is ejected from the motor. Figure 26 

shews a raised tungsten-copper material bubble on the upstream leg side. However, 

both specimens indicate no anomalies that would reject the copper-turgsten material. 
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6. SUMMARY 

A review of the orifice hardware and performance, the movie® and instrumentation, 

and orifice manufacturing and quality control reports indicates the following. 

1. Initial orifice failure started at 5.0 sec, probably with the 

ejection of small layered ring segments of PTB in the orifice 

exit cone. 

2. First major orifice failure occurred during and immediately 

after the first orifice 3 open duty cycle, t=25.0 seconds. 

3. Orifice 3 PTB exhibited a circumferential pretest crack. 

The crack did not initiate PTB material failure, but did 

contribute to the total loss of the PTB and throat tungsten 

ejection. Other orifice materials satisfied specifications 

and quality control inspection. 

4. The throat subassembly shifts axially, or cocks, during 

and after the first orifice open duty cycle as noted by one 

sided throat erosion (orifice 2, Figures 31 and 32 ). eroded 

configuration of orifice 1 and large plus interface movements 

of orifice valve after orifice open duty cycle (Figure 41 ) not 

accounted for by material thermal size change, 

5. Valve leg holes cut out of the orifice after assembly to the 

nozzle, contribute locally to the erosion of the carbon cloth 

insulation sleeve and cause graphite radial cracks around 

the local leg hole area. 
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Figure 3. Orifice Fort 3 Load Conditions 
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Figure 5. Pintle Valve Assembly 3 Orifice Port
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Figure 6. Nozzle-Orifice-Valve Assembly 1 and 2
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Figure 14. Nozzle-Orifice Porte Erosion at Exit Cone

0
i



is . ■.

*

v vi:am: . ,

' f:/fnt:'

,'■ K

m
W

a

au
I

/

: :l

■i

2

56



0

0

Figure 16. Post-Test Nozzle Exit Cone, Port Orifice 1
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Figure 33, Orifice Port 1 F roe ion 10 to ISO Deg Plane) 
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Figure 35. Orifice Port 2 Erosion 
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CARBON C10TH 
PHENOLIC TAPE 
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o.»f 
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PHENOLIC TAPE 

NOTES: 

1. 
1. 
ï. 
4. 

5. 
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MATERIAL GRAIN OR PLY ORIENTATION AS SHOWN 
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PINTLE VALVE DRO 'S INTO MOTOR AT lit. 5 SEC 
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Figure 37. Orifice Port 4 Erosion 
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CAMERA COMMItmOW AT fXIT œHK fAILUHg 

CAMERA TIME 
NO. <SEQ nUME/SEC 

e 4«.a 400 

T 4T.n 40« 
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I 4«. t «4 

t 47.01 04 (HI MOUT) 

3 40.00 M 

4 47.00 64 

19 39.3 

FIRING TIME (SEC) 

39.4 40.3 

Figure 38. Camera 8 Speed va Film Length and Firing Time 





F
ig

ur
e 

40
. 

M
ot

io
n 

P
ic

tu
re

 A
na

ly
st

*.
 C

am
ér

as
 1
 t

hr
u 

4 









OUTER 
iwsuumoN 
SLEEVE 
CARBON 
eLOTH 
PHENOUC 

AFT EXIT 
CONE PTB 

MRB ACTDN 
CRACK IN MATERIAL 
BILLET 

FORWARD EXIT CONE 
PYROLYTIC GRAPHITE 

Figure 44. Orifice 3 Components 
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Figure 46. Orifice 3 Throat Subassembly - Aft View 
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THROAT 

SPECIMEN SOURCE - PARTS BROKEN WITH GEOLOGISTS HAMMFR» 
MOUNTED, AND PHOTOGRAPHED 

SPECIMENS 

NO. 1 NO. 2 NO. 3 

Figure 47. Orifice Tungsten Photomicrographs - Specimen Location 
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ETCHED SURFACE 

TU-520.04 FULL SCALE MOTOR 
SURVIVED THROAT ORIFICE 1 

2% TH ORIA TED - TUNGSTEN SPECIMEN AT THREAD 
MAGNIFICATION - 250 

Figure 48. Orifice Tungsten Photomicrographs - Specimen 1 
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TU-520.04 FULL SCALE MOTOR 
EJECTED THROAT, ORIFICE 2 

2% THORIATED - TUNGSTEN SPECIMEN AT THREAD 
MAGNIFICATION - 250 

Figure 49. Orifice Tungsten Photomicrographs - Specimen 2 
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ETCHED SURFACE 

TU-520.04 FULL SCALE MOTOR 
EJECTED THROAT, ORIFICE 3 

2% THORIATED - TUNGSTEN SPECIMEN AT THROAT 
MAGNIFICATION - 250 

Figure 50. Orifice Tungsten Photomicrographs - Specimen 3 
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ETCHED SURFACE 

TU-521.02 SUBSCALE MOTOR 
SURVIVED THROAT ORIFICE 4 

2% THORIATED - TUNGSTEN SPECIMEN AT THROAT 
MAGNIFICATION - 250 

Figure 51. Orifice Tungsten Photomicrographs - Specimen 4 
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ETCHED SURFACE POUSHED SURFACE 

TU-520. 02 SUBSCALE MOTOR 
SURVIVED NUT FROM ORIFICE 4 

20% COPPER - 80% TUNGSTEN SPECIMEN AT OUTSIDE DIAMETER SURFACE 
MAGNIFICATION - 250 

Figure 52. Orifice Tungsten Photomicrographs - Specimen 5 
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ETCHED SURFACE POUSHED SURFACE 

AWAY FROM OUTSIDE DIAMETER 
SURFACE 

nut outside diameter surface at 
BUBBLE OF COPPER-TUNGSTEN 

TU-520.04 FULL SCALE MOTOR 
SURVIVED ORIFICE 1 NUT 

20% COPPER - 80% TUNGSTEN SPECIMEN 
MAGNIFICATION - 250 

Figure 53. Orifice Tungsten Photomicrographs - Specimen 6 
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SECTION m 

FAILURE ANALYSIS 

To provide an analysis model of the TIF520.04 orifice a number of limitations 

were necessary. These limitations and the reasons therefore are listed below: 

Reason Limitation 

1. Selection of port 3 for analysis 

2. Analysis time span of 45 seconds 

3. Material loss limited to predicted 
erosion 

4. Use of port 3 duty cycle for 
analysis 

5. Symmetrical heating and loads 
on orifice 

6. Current material properties 
where possible 

7. Twenty-two inch diameter port 
and orifice analysis area £ 1.5 
orifice outside diameter 

8. Analysis area is a symmetrical 8. 
circular flat plate with a hole in 
the middle 

1. First port to fall 

2. Orifice 3 throat insert lost at 35.7 
seconds 

3. Actual material loss rate vs time 
unknown 

4. To agree with port under analysis 

5. Limitations of thermo and structural 
computer programs 

6. Cost to obtain additional properties 
prohibitive to this program scope 

Includes orifice-nozzle erosion area 
and limits effects of boundary 
conditions on orifice materials 

Limitations of thermal and structural 
computer programs 

With these limitations and the analysis model defined, an initial failure time 

of 5 seconds (closed) and a major failure time of 25.0 and 25.1 seconds (port open, 

port closed) was established. 



Three separate disciplines, aerodynamics, thermodynamics and stress 

analyses provide outputs that are mutually required to determine the overstressed 

regions of the orifice and provide a basis for the orifice port redesign. 

The aerodynamic analysis, including cold flow simulation model static test 

data and the evaluation and use of industry research papers on simflar problems, 

provides a cross check for the theoretical flow and pressure patterns in and around 

the orifice cavity. Final adjustment of theoretical flow and pressure patterns with 

cold flow simulation data and other industry static test data is input to the computer, 

and provides a final wall pressure and heat transfer coefficient upstream, down¬ 

stream, and cross stream of the orifice centerline for the orifice inlet, orifice and 

nozzle exit cone at three separate time«, 0, 16, and 25 seconds per the eroded 

orifice shape. 

For the thermodynamic and structural analysis a two-dimensional (radial 

length and axial width) common element orifice grid is drawn (Figure 54 ). 

For structural analysis the elements close to the orifice wall are divided in half 

for a more accurate stress and deflection output. The basic input includes the 

location of each element corner or center node with respect to the orifice and 

nozzle reference plane and the material physical and thermal properties. 

The thermodynamics two-dimensional computer model inputs heat transfer 

coefficients and erosion along the three walls for the thermal gradients through the 

elements in the analyses area for the upstream and downstream walls at five seconds. 

An evaluation of the thermal gradients for the upstream and downstream planes 

showed that the downstream walls exhibited higher wall temperatures and erosion 

on the weaker materials. Based on this evaluation the downstream plane was 

established as the critical plane to be assumed for the symmetrical orifice computer 

model. Inputting erosion at 16 and 25 seconds into the oril lee computer model by 

eliminating elements or nodes, thermal gradients were provided at 16, 25, and 

25.1 seconds. 



The structural analysis using the common orifice element grid further sub¬ 

divided at the orifice wall inputs the wall pressure, element temperatures, valve 

seating loads, and boundary loads or conditions into the orifice computer model to 

provide the axial and radial-stress and deflection and the shear and hoop stress for 

each element. Comparing die actual to allowable stress at temperature for each 

node Indicates the overstressed elements are located In the downstream plane. 



A. AERODYNAMIC ANALYSIS 

Uaiii« the results of an extensive literature survey of similar aerodynamic 

problems,a theoretical model was used to simulate the actual orifice open and 

closed conditions. Using a subscale submerged nozzle and orifice cavity model, 

cold flow studies were made to simulate full scale nozzle and orifice conditions. 

A correlation of simulation model data, static test data., and theoretical predictions 

allows for the adjustment of the theoretical model to the actual flow and pressure 

conditions. Since the orifice cavity changes shape with erosion,empirical predictions 

are required based on previous Thiokol-Wasatch-AFRPL Static Tests for upper stage 

HGTVC, and Lockheed Jet Pipe HGTVC static tests for large motors, to alter the 

theoretical model shape with motor static test time. The computer output provides 

the pressure and heat transfer coefficient around and in the orifice cavity at 0, 16, 

and 25 seconds. 

1. LITERATURE SURVEY 

A literature survey was made to uncover applicable test data for flow in 

cavities. The desired flow conditions in the cavity are the wall Mach numbers 

and heat transfer coefficients. 

The investigation began with a survey of publications in the Thiokoi Library 

through an Information Retrieval Request under the general topic, "Aerodynamic 

Interaction" (270 references). Two other literature searches conducted were the 

National At ■'•onautics and Space Administration Literature Machine Search under 

"Supersonic Flow," two parts (1480 references), and the Defense Document Center 

Report Bibliography Search on "Supersonic Flow" (500 references). 

These sources were supplemented by a search of current publications, for 

the recent years, from the Index of Papers published in the American Institute of 

Aeronautics and Astronautics (published annually); Index of Papers published in the 



Journal of Spacecraft and Rockets (published annually); Transactions of the American 

Society of Mechanical Engineers (published quarterly); Journal of Heat Transfer, 

journal of Basic Engineering, Journal of Applied Mechanics; Technical Abstract 

Bulletin (published semimonthly); Applied Science and Technology Index (published 

quarterly); Scientific and Technical Abstract Reports (published semimonthly); 

Classified Scientific and Technical Abstract Reports (published semimonthly); and 

Business Periodicals Index (published semiannually). 

In addition, bibliographies on similar subject matter, recently conducted, 

were reviewed. These include a Bibliography of Bibliographies, A Report Bibli¬ 

ography prepared by D. D. C. (March 1965); Report Bibliography prepared by the 

Air Force Rocket Propulsion Laboratory (December 1966); An Aerosonics Bibli¬ 

ography prepared by the University of California at Los Angeles (April 1965); A 

Review of Separated and Reattaching Flows with Heat Transfer prepared by the Inter¬ 

national Journal of Heat and Mass Transfer (June 1967); ind Transverse Jet Experi¬ 

ments and Theories, a Survey of the Literature prepared Ly the U.S. Army Missile 

Command at Redstone Arsenal (June 1967). 

The literature survey is divided into four parts as follows: 

1. Reports on Flow and Heat Transfer in a Cavity, 

2. Reports on Flow and Heat Transfer Behind Rear¬ 

ward Facing Steps, 

3. Reports on Flow and Heat Transfer in Front of 

Forward Facing Steps, 

4. Reports on Generally Related Flow and Heat 

Transfer Effects. 

Item 1 consists of an identification of the document and authors, a summation 

of the contents, and extraction of the data and/or theory presented. Items 2 and 3 

present only the summation of contenta, and item 4 presents limitations of contents 

relative to the investigation. 

Documents not fùlly reviewed from the literature survey and still probably 

applicable to the investigation are listed without numerical reference at the end of the 
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a. Reporto on Row and Heat Traasfer in a CaviJ^ 

(l) Rhudy, J. P., andMa«iuw. J. D., Turbulent Cavttv now Inveiitigation 

at Mach Number» 4 and 8. AEDC-TR-66-73, von Karman Gas Dynamics Facility, 

Arnold Engtoeertnf Development Center, June 1966. 

Investigations of turbulent flow over a cavity in an aerodynamic 

surface at M-4 and 8 with Re = 8.0 x 106 and 11.0 x IQ6 respectively. Wall-to- 

free-stream stagnation temperature ratio is at 0.4 and 0.8 and at 0.75. Ratio 

of initial boundary-layer thickness to cavity depth was approximately 0.2. Surface 

pressure and temperature measurements and flow field surveys of pilot and static 

pressures and total temperature were made. Results showed that the recirculating 

fluid temperature was not less than 0.7 times the free stream stagnation temperature 

despite decrease of the wall temperature to 0.4 the free-stream value. Compressible- 

flow experimental velocities correlated well with theoretical profiles. A linear 

relation between velocity and total temperature is adequate to describe the total 

temperature variation across the mixing layer. The mixing zone similarity parameter 

was near 12 regardless of Mach number or wall-to-free-stream stagnation temperature 

ratio. 

(2) Mills, R. D., On the Transfer of Heat in a Cavity at High and Low Speeds, 

R and M No. 3428, Ministry of Aviation, Aeronautical Research Council, London, 

July 1964. 

Discussion on transfer of heat between a fluid and a cavity in a solid 

surface over which it flows. Using a closed inner boundary layer concept, a (con¬ 

stant pressure) integral condition is derived specifying the net flux of heat through 

the cavity at all Mach numbers. Velocity and temperature profiles are obtained as 

Amenons of Mach number and Prandtl number, while heat-transfer coefficients are 

developed in terms of these parameters. 

(3) Fox, J., Surface Pressure and Turbulent Airflow in Transverse 

Rectangular Notches, NASA TN D-2501, Lewis Research Center, November 1964. 



(4) Baron, M. L. and Mathews, A. T.. ” Diffraction of a Pressure Wave 

by a Cylindrical Cavity in an Elastic Medium, ” Journal of Applied Mechanics, 28, 

September 1961, pp 347-54. 

(5) Sparrow, E. M., Albers, L. U., and Excert, E. R. G., "Thermal 

Radiation Characteristics of Cylindrical Enclosures, " Journal of Heat Transfer. 84, 

February 1962, pp 73-81. 

(6) Mor risette, E. L., "Effect of Mass Injection into a Cavity on Hypersemie 

Boundary-Layer Transition, " AIAA Journal, 4, August 1966, pp 1488-90. 

(7) Filetti, E. G. and Cays, W. M., "Heat Transfer in Separated, Reattached, 

and Redevelopment Regions Behind a Double Step at Entrance to a Flat Duct, " Journal 

of Heat Transfer, 89, Miy 1967, pp 163-68. 

(8) Schubert, G., "Viscous Incompressible Fk’w over Wall Projections and 

Depresoions, " AIAA Joui nal, 5, February 1967, pp 373-75. 

(9) Emery, A. F., Sartunas, J. A., and Loll, M., "Heat Transfer and Pressure 

Distribution in Open Cavity Flow. " Journal of Heat Transfer. February 1967, pp 103-08. 

(10) Haugen, R. L. and Dhanak, A. M., "Heat Transfer in Turbulent Boundary- 

Layer Separation Over a Surface Cavity, ” Journal of Heat Transfer, pp 1-6. 

(11) Charwat, A. F., P^oos, J. N., Dewey, F. C., and Hitz, J. A., "An Investi¬ 

gation of Separated Flows - Part I: The Pressure Field," Journal of the Aerospace 

Sciences, June 1961, pp 457-70. 

The article describes an investigation of several types of separated 

regions such as blunt-base wakes and cavities formed with cutouts in the boundaries 

and ahead of or behind two-dimensional steps in supersonic (Mach numbers 2 to 4) 

and subsonic flow. The conditions for the existence, the geometry, and the pressure 

field are described in this paper. 

A second article (to be published) will describe investigations of the 

internal flow and the heat transfer across such separated regions. 



It Ib found that there Is a maximum (critical) ratio of the length of 

the separated free-shear layer to the depth of the depression of the boundary beyond 

which the cavity collapses, leaving mutually Independent separated regions at each 

protrusion. This critical length changes greatly upon laminar-turbulent transition 

in the oncoming boundary layer; in either laminar or turbulent flow it is approximately 

Independent of Mach and Reynolds numbers. A semiempirical correlation predicting 

the conditions under which the flow will span a depression of arbttraiy depth is pro¬ 

posed. 

Detailed pressure distributions along the boundaries of a cavity (In 

turbulent flow) are presented as a function of the ratio of the cavity length to the 

critical length, which is found to be the pertinent similarity parameter. For short 

notches (L/L < 0.5) the impact pressure due to the reversal of the inner portion of 
c r 

the shear layer at recompression tends to thicken the shear layer and a type of 

boundary layer-free streim interaction patterns the pressure field. The pressure 

in the cavity is nearly constant and can be higher than free-stream. In long notches 

(L/L > 0.5) the shear layer bends inward at separation and curves back gradually 
cr 

ahead of the recompression point. The cavity-pressure variation is pronounced 

and the recovery pressure at reattachment Is small. The variation of the drag 

coefficient on Mach number reflects the change from one to the other mechanism 

of recompression. 

Detailed surveys of the Mach number distributions in a blunt-body 

wake and the mixing region behind its throat, as was in the shear layer spanning a 

cutout in a wall, are presented and analyzed. It is found that, in general, the 

assumptions of the simple supersonic-wake models which rely on a principle of 

steady flow with mass conservation in the cavity are not adequate in cavities in 

which there is recompression against a boundary. 

Results show the Influence of the thickness of the initial boundary 

layer (in the range of 0.3 to 3 times the notch depth). 



(12) Charwat, A. F., Dewey, C. F., Roos, J. N., and Hltz, J. A., "An 

Investigation of Separated Flows - Part II: Flow In the Cavity and Heat Transfer,' 

Journal of the Aerospace Sciences, 28, July 1961, pp 513-27. 

The first portion of this paper describes studies of the internal structure 

of the separated flow in a notch at a free-stream Mach number of 3. Observations in¬ 

clude: flow visualization, spark-Schlleren pictures of the fluctuations of the free shear 

layer, and diffusion of heat from sources placed in the separated region. The second 

part describes measurements of local heat transfer to the wall. 

The external Mach number, the length-to-depth ratio of the cavity, the 

ratio of the oncoming boundary layer thickness to the notch depth (in the turbulent 

flow region), the thermal-to-momentum thickness ratio of the boundary layer and, 

finally, the geometry of the internal boundary of the separated region is varied as 

systematically as possible. On the basis of these observations, a simple model of 

the flow in and the heat transfer to the separated region is formulated. 

(13) Spec, B. M., Wind Tunnel Experiments on Unsteady Cavity Flow at High 

Subsonic Speeds. AGARD Fluid Dynamics Panel, Conference Proceedings No. 4, 

Separated Flows, Part 2, Belgium, May 1966, pp 947 *74. 

(14) Korst, H. H., Dynamics and Thermodynamics of Separated Flows, 

AGARD Fluid Dynamics Panel, Conference Proceedings No. 4, Separated Flows, 

Part 2, Belgium, May 1966, pp 701-46. 

(15) Bales, E. L., On Heat Transfer Within and Across Nearly Circular 

Cavities Including the Effects of Variable Wall Temperature and Maes Bleed, 1967 

University of Illinois Ph. D. Thesis. 

(16) Ellis, B. K., and Ryan, H. S., Drag Resulting from Separated Flow 

Induced by Surface Cavities at a Mach Number of 3.74. Test Report All 9, The 

David W. Taylor-Model Basin, Aerodynamics Laboratory, November 1964. 

(17) Thomke, G. L., Separation and Reattachment of Supersonic Turbulent 

Boundary Laver Behind Downstream Facing Steps and Over Cavities, SM-43062, 

Douglas Missile and Space Systems Division, March 1964. 
109 



(18) Spec, B. M., Wind Tunnel Experiments on Unsteady Cavity Flow at 

High Subsonic Speeds, Discussions Following the Presentation of Papers at the 

AGARD Fluid Dynamics Specialists Meeting on "Separated Flows" (AGARD Con¬ 

ference Proceedings No. 4) Supplement, Belgium, 1966. 

(19) Smith, G. L., Vortex Flow and Erosion in Rocket Notzles Due to 

Warm-Gas Injection for Thrust Vector Control, NASA TN D-3241, Langley Research 

Center, February 1966. 

(20) Sparrow, E. M., Jonsson, V. F., Lundgren, T. S., and Chen, T. S., 

"Heat Transfer and Fore - for Free-Molecule Flow on a Concave Cylindrical Surface," 

Journal of Heat Transfer, 86, February 1964, pp 1-11. 

(21) Lin, S. H., and Sparrow, E. M., "Radiant Interchange Among Curved 

Specularly Reflecting Surfaces-Application to Cylindrical and Conical Cavities," 

Journal of Heat Transfer. 86. May 1965, pp 299-307. 

(22) Centrolanzl, F. J., Heat Transfer to Blunt Bodies Having Cavities to 

Promote Separation, NASA TN D-1975, July 1963. 

(23) Morrison, D. F., and Sheppard, L. M., "Hole Size Effect on Hemisphere 

Pressure Distributions," Australian Royal Aeronautical Society Journal, 71, April 

1967, pp 317-19. 

(24) Burggraf, O. R., A Model of Steady Separated Flow in Rectangular 

Cavities at High Reynolds Number, Heat Transfer and Fluid Mechanics Institute 

Proceedings, June 1965, pp 190-229. 

(25) Fox, J., Flow Regimes In Transverse Rectangular Cavities, Heat 

Transfer and Fluid Mechanics Institute Proceedings, June 1965, pp 230-47. 

(26) Seban, R. A. and Fox, J., Heat Transfer to the Air Flow in a Surface 

Cavity, Proceedings of the 1961-1962 Heat Transfer Conference, 1963, pp 426-31. 

(27) Nielsen, W. C., A Theoretical and Experimental Investigation of the 

Acoi stic Response of Cavities In an Aerodynamic Flow, Tecnnical Report No. 

WADD-61-75, Flight Dynamics Laboratory, March 1962. 
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b. Reporte on Flow and Heat Tranafer 

(1) Smith, H. E., The Flow Field and Hçat Tranefer Dowmetream of a 

Rearward Facing Step In Supersonic Flow, ARL 67-0050, Aerospace Research 

Laboratories, Office of Aerospace Research, March 1967, Ph.D. Paper Under 

ARL Project No. 7063. 

(2) Crawford, D. R., Supersonic Separated Flow Downstream of a Back¬ 

ward Facing Step, AS-67-9, College of Engineering, University of California, 

May 1967, Under Ph.D. Paper Under AFOSR Grant 268-67. 

(3) Scherberg, M. G., Explorations of Supersonic Shear Flow Over a Cavity, 

Paper Presented at Proceedings of the Ninth Israel Annual Conference on Aviation 

and Astronautics Nelo at Tel Aviv and Haifa, February 1967, ARL Report. 

(4) Roshko, A. and Thomke, J., "Observations of Turbulent Reattachment 

Behind an Axisymmetric Downstream-Facing Step in Supersonic Flow, " AIAA 

Journal, June 1966, pp 975-80. 

(5) Sfelr, A., Supersonic Flow Separation on a Backward Facing Step, 

Report No. AF-66-18, Division of Aeronautical Sciences, University of California, 

ME Thesis, December 1966, Undcïr AFOSR Grant 268-66. 

(6) Baum, E., An Interaction Model of a Superscnlc Laminar Boundary 

Layer on Sharp and Rounded Backward Facing Steps, BSD-TR-67-181, Advanced 

Research Projects Agency, Space and Missile Systems Organization (AFSC), July 1967. 

ARPA Contract No. A F 04(694)-992. 

(7) Rom, J., Seglner, A., and Kronzon, J., The Flow Field In the 

Turbulent Supersonic Near Wake Behind a Two-Dimensional Wei B» -Flat Plate 

Model, TAE Report No. 54, Department of Aeron* -ucal Engineering, Technicon- 

Israel Institute of Technology Haifa, August 1966, Under ARL Contract AF61(052)~576. 

(8) Donaldson, I. S., "On the Separation of a Supersonic Flow at a Sharp 

Corner," AIAA Journal, 5 June 1967, pp 1086-88. 
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(9) Scherberg, M. G. and Smith, H. E., Exr?ertmental Study of the Flow 

Structure and Heat Tranefer for a Rearward Facing Step In Supersonic Flow, Paper 

Presented at the Proceedings of the 8th Israel Annual Conference on Aviation and 

Astronautics Held at Tel Aviv and Haifa, Israel, February 1966, Aerospace Research 

Laboratories Report ARL-66-0164, February 1966. 

(10) Rom, J. and Victor, J., Base Pressure Behind Two-Dimensional and 

Axtallv-Svmmetrtc Backward Facing Steps in a Turbulent Supersonic Flow, TAE 

Report No. 31, Department of Aeronautical Engineering, Technic on-Israel Institute 

of Technology, Haifa, December 1963, Under ARL Contract AF 61(052)-576. 

(11) Thom men, H. V. and Magnus, J., Numerical Calculation of Separated 

Flow Fields, AGARD Fluid Dynamics Panel, Conference Proceedings No. 4, 

Separated Flow, Part 1, Belgium, May 1966, pp 187-205, General Dynamics Paper. 

(12) Charwat, A. F. and Der, J., Studies of Laminar and Turbulent Free 

Shear Layer with a Finite Initial Boundary Layer at Separation. AGARD Fluid 

Dynamics Panel, Conference Proceedings No. 4, Separated Flows, Part 1, Belgium, 

May 1966, pp 207-40, Under NSF Grant No. GP2350. 

(13) Adamson, T. C., The Effect of Transport Properties on Supersonic 

Expansion Around a Comer, Report No. 4613-120-T Willow Run Laboratories, 

University of Michigan, May 1966, Under ARPA Contract SD-91. 

(14) Rem, J., Near Wake Flow Studies in Supersonic Flow, TAE Report 

No. 38, Department of Aeronautical Engineering, Technicon-Israel Institute of 

Technology, Haifa, March 1965, Under ARL Contract AF 61(052)-576. 

(15) Glnoux, J. J., Effect of Mach Numbers on Streamwise Vortices In 

Laminar Reattachlm Flows. Technical Note No. 26, von Karman Institute for 

Fluid Dynamics, Rhode-Saint Genese, Belgium, July 1965, Under Contract 

NR AF EOAR 65-11. 

(16) Scherberg, M. G., and Smith, H. E., Experimental Study of the Flow 

Structure and Heat Transfer for a Rearward Facing Step In Supersonic Flow. 
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Paper Presented at Proceedings of the 8th Israel Annual Conference on Aviation 

and Astronautics held at Tel Aviv and Haifa, February 1966, ARL Report. 

(17) Rom, J., Analysis of the Near Wake Pressure in Supersonic Flow Using 

the Momentum Integral Method. TAE Report No. 35, Technlcon-Israel Institute of 

Technology, Haifa, September 1964, Under ARL Contract A F 61(052)-576 . 

(18) Khosla, P. K., Flow of Radiating Gas Past a Corner, PIBAL Report 

No. 981, Department of Aerospace Engineering and Applied Mechanics, Polytechnic 

Institute of Brooklyn, June 1966, Under ONR Contract No. NONR 839(34). 

(19) Tani, I., Experimental Investigation of Flow Separation Over a Step. 

University of Tokyo. 

Recently, Korst and Chapman, Kuehn and Larson independently put 

forward a simple method of predicting the base pressure by dividing the flow into 

the dissipative "cavity” flow region wherein the pressure is assumed to be constant 

and a reattachment zone wherein the compression is assumed to be such that not 

much total pressure is lost along the dividing streamline. 

It appears from these theoretical investigations that the most 

essential and intriguing part of the problem is concerned with the mixing process 

between the dissipative cavity flow and the non-dlssipative main flow. This kind 

of interactive mixing occurs equally at subsonic speeds, but no ad hoc measurement 

seems to have been made at subsonic speeds. 

In view of these circumstances, the investigation described in this 

paper was undertaken by determining at subsonic speeds the distribution of surface 

pressure and that of mean and fluctuating velocities in the separated flow over a 

backward-facing step. The work was conducted with the financial support of the 

Ministry of Education by the Scientific Research Fund. 

(20) Donaldson, J. C. and Myers, A. W., Investigation of the Separation 

and Reattachment of Flow Downstream of a Two-Dimensional Rearward Facing 

Step at Mach Numbers 2.5 and 3. 5. AEDC-TR-65-223, von Karman Gas Dynamics 

Facility, Arnold Engineering Development Center, November 1965. 
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<21) nnni ' —■-ir—- » "^In^r Heat Transfer to a Two-Dimensional 

AIAA Journal, 2, February 1964, pp 251-65. 

(22) Rom, J., Supersonic Flow Oy^f Two-Dlir ene tonal and Axially Symmetric 

R^l^ard Facing Steps, TAE Report No. 33, Department of Aeronautical Engineering, 

Tecr íleon-Israel Institute cf Technology, Haifa, March 1964, Under ARL Contract 

AF 61(052)-576. 

(23) George, A. R., Hypersonic Flow Over a Wedge with Upstream Non- 

Uniformities and Variable Wedge Angle, Report No. 695, Gas Dynamics Laboratory, 

Princeton University, December 1964, Under AF-AFOSR Grants 112-63 and 112-63A. 

(24) Tlnnhiro. *> tnd ^-- T y1»w Stratton and Reattachment 

Behind a Downstream-Facing Step, Report No. SM-4 3056, Douglas Missile and 

Space Systems Division, Paper No. 1 on Results of Research and Development 

Studies by the Douglas Aerophysics Laboratory Staff During Fiscal Year 1963, 

January 1964, pp 1-43. 
# * 

c. Reports on Flow and Heat Transfer in Front of Forward Facing Stegs 

(1) Zukoski, E. E., "Turbulent Boundary-Layer Separation in Front of 

a Forward-Facing Step," AIAA Journal, 5, October 1967, pp 1746-53. 

(2) Gillette, W. B., Separation Measurements of Supersonic Turbulent 

Boundary Layers Over Compression Comers, Report No. DRL-543, Defense 

Research laboratory, University of Texas, Austin, July 1966, Under APL/JHU 

Subcontract 181471. 

(3) Speaker, W. V., and Allman, C. M., Static and Fluctuating Pressureg 

in Regions of Separated Flow, AIAA Paper No. 66-456, Presented at 4th Aerospace 

Sciences Meeting Held at Los Angeles, California, June 1966, Douglas Aircraft 

Company. 

(4) Rogers, E. W. E., Berry, C. J. and Davis, B. M., An Experimental 

Investigation of the Interaction Between a For* rd-Facing Step and a Laminar 
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Boundary Laver in Supersonic, Low-Dens tty Flow, N.P. L. Aero Report 1139, 

Aerodynamics Division, National Physical Laboratory, England, January 1965. 

(5) Halprin, R. W., Step Induced Boundary-Layer Separation Phenomena., 

AIAA Journal, 3, February 1965, pp 357-59. 

(C) Revc-11, J. D., and Gleason, R. E., Turbulent Wall Pressure Fluctuations 

Under Separated Supersonic and Hypersonic Flows, Technical Report AFFDL-TR-65-77 

Flight Dynamics Laboratory, Air Force Systems Command, August 1965. 

(7) Williams, J. C., On the Upstream Length of Turbulent-Boundary Layer 

Separation, AIAA Journal, 3, December 1965, pp 2347-48. 

(8) Kistler, A. L., Surface Pressure FluctuaMons Produced by Attached and 

Separated Supersonic Boundary Layers, Report 458, Presented at AGARD Specialists 

Meeting Held at Rhode-Salnt-Genese, Belgium, April 1963, Yale University Study. 

(9) Love, E. S., Base Pressure at Supersonic Speeds on Two-Dimensional 

Airfoils and on Bodies of Revolution With and Without Fins Having Turbulent Boundary 

Layers, NACA TN 3819, Langley Aeronautical Laboratory, January 1957. 

d. Reports on Generally Related Flow and Heat Transfer Effects 

(1) Waltrup, P. J., Hall, D. G., and Schetz, J. A., ’’Flowfleld In the 

Vicinity of Cylindrical Protuberances on a Flat Plate In Supersonic Flow. " Journal 

of Spacecraft and Rockets, 5, January 1968, pp 127-28. 

(2) Bossel, II. H., Invlscld and Viscous Models of the Vortex Breakdown 

Phenomenon, Report No. A567-14, College of Engineering, University of California, 

Berkeley, August 1967, Under NSF Grant No. GK-1297. 

(3) Rom, J., and Seglner, A., Laminar and Transitional Heat Transfer In 

the Two-Dimensional Separated Flow Behind a Sharp Protruding Leading Edge, TAE 

Report No. 71, Department of Aeronautical Engineering, Technicon-Israel Institute 

of Technology, Haifa, July 1967, Under ARL Contract F61052-67-C-0033. 



(4) Sieker, W. D., Protuberance Heating Test Program, uAC Report 

SM-474&7, Missile ano Space Systems Division, Douglas Aircraft Company, Huntington 

Beach, February 1966, Under NASA Contract NAS7-101. 

(5) Westkaemper, J. C., "Step-Induced Boundary-Laver Separation 

Phenomena, " A IAA Journal, 4, June 1966, pp 1147-48. 

(6) Miller, W. H., Pressure Distributions on Single and Tandem Cylinders 

Mounted on a Flat Plate ,.. Mach Number 5.0 Flow, Report DRL-538, Defense Research 

Laboratory, University of Texas, Austin, June 1966, Under APL/JHU Subcontract 

181471. 

(7) Kwan, L, S., Vortex Phenomena in a Conical Diffuser, AIAA 

Paper No. 66-426 Presented at 4th Aerospace Sciences Meeting Held at Los Angeles, 

June 1966, TRW Systems Report. 

(8) Richmond, J. K., and Goldstein. R., "Fully Developed Turbulent Super¬ 

sonic Flow in a Rectangular Channel," AIAA Journal, August 1966, pp 1331-36. 

(9) Anderson, W. J., Supersonic Wind Tunnel Tests of Wavy Walled Cylinders, 

ARL 65-203, Aerospace Research Laboratories, October 1965. 

(10) Lelntng, R. B., The Use of Probes for Rocket Thrust Vector Control, 

Report P. Dev 4045, Allegany Ballistics Laboratory, Hercules Powder Company, 

March 1963 CLASSIFIED 

(11) Deissler, R. G., "Turbulent Heat Transfer and Temperature Fluctuations 

in a Field with Uniform Velocity and Temperature Gradients," International Journal 

of Heat and Mass Transfer, 6, 1963, pp 257-70. 

(12) Gessner, F. B., and Jones, J. B., "A Preliminary Study of Turbulence 

Characteristics of Flow Along a Corner," Journal of Basic Engineering, 83, December 

1961, pp 657-62. 

(13) Stratford, B. S , and Neale, M. C., Some Tests with Trapped Vortices 

in Supersonic Flow, C. P. No. 716, Aeronautical Research Council, Ministry of 

Aviation, London, September 1960. 
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(U) McLean. F. E.. and Rennemann. C.. Supersonic Flow Paal Nonllftla» 

Bumped and Indented Bodies ol Revolution, KACA TN 374«, Langley Aeronautleal 

Laboratory, September 1956. 

(15) Chapman, D. E., Kuelm, D. M., and Larson, H. K., Investigation of 

Separated Flows In Supersonic and Subsonic Streams with Emphasis on the Effect of 

Transition, NACA TN 1356. 

(16) Klebanoff, P. S., and Klehl, Z. W., Some Features of Artificially Thick¬ 

ened Fully Developed Turbulent Boundary Layers with Zero Pressure Gradient, NACA 

TN 2475, National Bureau of Standards, October 1951. 

(17) Läufer, J., Investigation of Turbulent Flow In a Two-Dimensional Channel, 

C1T Report 1053, Guggenheim Aeronautical Laboratory, California Institute of Tech¬ 

nology, Pasadena, September 1949. 



2. THEORETICAL FLOW CONDITIONS IN VALVE CLOSED CAVITY 

The structural and thermal analysis of the orifice requires the net pressure 

loads on each orifice component, a longitudinal pressure profile, 90 deg pressure 

profile, heat transir coefficient longitudinal and transverse, and erosion rates 

along these two planes (Figure 55). 

a* Nozzle Flow—-The first portion of the analysis was \o calculate the flow in the 

nozzle assuming the valve was closed and the orifice did not affect the nozzle flow. 

A one-dimensional equilibrium thermodynamic run was made by the computer and 

a tape record of these properties was used as input to the axisymmetric character¬ 

istics run to define the gas flow conditions along the nozzle wall. The characteristics 

that intersect the wall just forward and aft of the port are given in Table XIII. 

The real gas wall Mach number along with the one-dimensional and ideal gas Mach 

numbers are shown in Figure 56 . The Mach number differences for three 

techniques are not large at the orifice. The static pressures from the real gas 

analysis and the convective heat transfer coefficient from a turbulent boundary layer 

analysis are presented in Figure 57 . These data define the inviscid flow field 

above the orifice and the boundary layer ahead of the orifice. 

b. Analytical Analysis of Reattachment—When the valve is closed the orifice is a 

separated flow area. The primary nozzle flow does not go into the orifice fad the 

velocities are induced by a viscous mixing with the free stream flow and a dissipa¬ 

tion by viscous drag on the walls of the orifice. This recirculation is shown in 

Figure 58 . The regions of the mixing zone and its coordinate system are shown 

in Figure 56. 

The calculation of the mixing zone results in 

similarity parameter a »19.17 

broceo number Ca = 0.5505 
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»ÎM « 2.998 

slope of the dividing streamline 
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arctan 

1 
J ’) 

= 8*12' 

with a reattachment point 

0.99 in. into the cavity 

c. Cavity Flow Conditions--The flow Mach number In the cavity was calculated 

theoretically by a momentum exchange computer program. The program computes 

the cavity Mach number by balancing the frictional momentum loss on the wells 

with the viscous transfer of momentum from the free stream. 

By this analysis the cavity flow Mach number is 0.44. This was assumed 

constant throughout except at reattachment areas or in separated areas. A cavity 

flow Mach number of between 0.42 and 0.55 was measured in the cold flow tests so 

the theoretical calculation was confirmed. 
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The flow conditions near the stagnation point are quite difficult to measure 

so several semi-empirical techniques were used to define these flow conditions*. 

The solution for the incompressible momentum equation and energy equation on a 

cylinder results in /_ \ -0.6 / V -0.5 . 

—■»•Ÿ-) (T-) (T 
-0.5 

where 8t 

C u 
_JL_- 

DUp 

« Stanton number 

• Prandtl number 

» Reynolds number 

D * diameter of curvature 

ß * velocity gradient at the stagnation point 

U * free stream velocity 

for the incompressible solution ( 0 D/U ) » 4.0 but It is corrected by the compress¬ 

ible effects to give 

(0 D/U ) - 2.5 

for 

then 

M * 2.6 

y - 1.18 

U.- 7,640 ft/sec 

H - 60 X 10~6 lbm/ft sec 

Pr- 0.85 

Re « 2.11 X 106 

Cp * 0.435 Btu/ibm *F 

•Turbulent Flow and Heat Transfer, Vol V of High Speed Aerodynamics and Jet 
Propulsion, Princeton University Press, 1959. 
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and 

St = 0.000682 

h * St Cp p U 

= 0.0654 Btu/ft2 sec °R 

and 

h/Cp = 0.15 lbm/ft2 sec 

because of the discontinuity at the stagnation point 

M = 0 

h/Cp > 0 

an artificial value of Mach number was assumed for H/Cp »0.15 based on other 

data for standard nozzle inlets. The assumed value was 

The Mach number gradient away from the stagnation point was back calculated 

from 8 D/ U = 2.5 

ß * 1,790 ft/sec/in. 

or 

dll 
TT” 0.526 in. 

The Mach number and total pressure gradients are shown near the reattachment 

point in Figure 59 and shown relative to the orifice in Figure 60. 

d. Cavity Convective Heat Transfer Coefflcients-Because the boundary layer 

program does not allow a variable total pressure, the analysis was run in steps 

of 74 psia. At the end of each step, the boundary layer was restarted with the 

previous section's momentum thickness and the next increment of total pressure 

and the proper Mach number gradient. 

The resulting heat transfer coefficients are shown in Figure 61 for the down¬ 

stream side of the orifice. The gas flow streamline continues down the wall, across 

the floor of the cavity, and up the upstream wall so the boundary layer was developed 
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along this streamline. Because of the sharp corners whei 1 the wall and floor meet, 

the boundary layer was restarted at these two locations. These data are shown in 

Figures 61 and 62. 



3. COLD FLOW ISST STUDY IN VALVE CLOSED CAVITY 

Because the flow in the cavity cannot be predicted by conventional analysis, 1. e., 

the flow is not axlsymmetrlc or invlscid; a cold flow simulation study was developed 

to determine flow conditions in the orifice while closed. 

a. Test Description — Tiw basic model was from a previous study on orifice and 

pintle flow conditions during injection*. A cross section of the model through the 

injection orifice is shown in Figure 63 . The pintle tip was bonded into the injection 

orifice at the proper depth to simulate the depth to diameter ratio of the TU-520 

orifice. The pressure tops were not hooked up on the pintle tip and orifice walls. 

Stipples of lampblack and kerosene were applied in the orifice to determine wall 

flow directions. The inlet total pressure was Increased to 100 pslg to flow the nozzle 

full past the injection orifice then dropped, the orifice was then inspected, and 

photos were token of the smear patterns. These measurements of flow direction 

were token on a pe rpendicular to centerline orifice. It was located at an X/L-0.5 

on a 8:1 expansion ratio nozzle with a 17.5 degree cone. The free stream Mach 

number for air is 2.84 on tests 2 and 3. 

Tests 4 and 5 were for a different orifice configuration. A new pintle tip and 

orifice were buili and installed in a different location on the nozzle. The orifice 

was at a free stream Mach number of 2.6 with a diameter of 1 inch. The orifice 

centerline is perpendicular to the nozzle wall as in the TU-620. 

A stepped insert was also built to simulate the orifice geometry with the PTB 

missing. This was also installed in the old orifice perpendicular to centerline. 

Figure 63 shows the Mach number probe in the center of the pintle tip and 

the eight static pressure tops on the pintle tip. 

•TWR-846, Cold Flow Studies Submerged Hot Gas Valve Program Wing V Production 
Support by Thiokol Chemical Corporation, February 1965. 



b# T«>t HeauH» — The first tests were for the perpendicular to centerline orifice. 

Two similar runs, runs 2 and 3, were made on this configuration and the data are 

shown in Figures 64 thru 75 . The arrow and D indicate nozile flow direction and 

orifice downstream edge. Figure 66 shows the backflow along the base of the cavity 

(pintle titf. Figures 66 and 72 show this flow down the downstream wall, the split 

and separation near the floor of the cavity. 

The dati* for the perpendicular to wull orifice configuration which matches 

the TU-520 orifice is given in Figures 76 thru 82. The cold flow data for test 4 is 

given in Figure 83 and Table XVI. The pressure variation along the floor of the 

cavity is shown in Figure 84. From the circumferential pressure variation in 

Figure 83, a computer program matches this pressure curve to calibration curves 

developed previously to compute the Mach number in the bottom of the cavity which 

equaled between 0.42 and 0.55 depending on which calibration curve was used. This 

large uncertainty was because the calibration had been made for Mach number* 

below 0.2. The value used in the analysis was 0.5. 

The pressure distribution on the floor of the cavity shows a pressure decay 

from reattaehment up to the center of the floor of the orifice then no change on the 

forward half of the orifice. 

The data tor the perpendicular to centerline orifice with a stepped insert to 

simulate the orifice geometry with the PTB missing is shown in Figures 85 thru 90. 

The stipples applied to the orifice show the wall flow directions as illustrated in 

Figure 91 . The rmenr patterns from the cold flow analysis shows an apparent 

secondary circulation has been act up on the end of the pyrolytic graphite insert and 

"would cause increased, heating there. 
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TABLE XVI 

COLD FLOW PRESSURE DATA, 
BOTTOM OF CAVITY 

Value at 
Bottom of Cavity 

62.85 

50.80 

52.50 

53.45 

51.15 

51.20 

51.40 

50.85 

50.60 

53.20 

39.15 

26.25 

26.60 

26.75 

27.06 

26.95 

26.35 

PrrtBiure 
(Hg) fpalal 

13.41 

15. li 

16.06 

13.76 

13.81 

14.01 

13.46 

13.21 

15.81 

6.567 

7.422 

7.887 

6.769 

6.783 

6.862 

6.612 

6.489 

7.766 

12.56 6.169 

12.91 8.341 

13.06 6.416 

13. 36 6. 566 

15.26 6.513 

12.66 6.218 

0.1005 

0.1132 

0.1203 

0.1031 

0.1035 

0.1050 

0.1009 

0. 0990 

0.1185 

0.0941 

0.0967 

0.0979 

0.1001 

0.0904 

0.0949 

PT - 108 pal« “ 65.555 pala 



4. ORIFICE MOTOR TEST DATA CORRELATION 

Because of the difficulty In predicting the flow environment in the cavity, the 

past data on nozzle erosion was scalable to the orifice. The data which was 

considerad was from 

1. The TU-453 orifice, 

51. The TU-454 orifice, 

3. The Lockheed TRW L-73-156 in. HGSITVC 

B/N 3, 8/N 4, S/N 103, and S/N 104. 

After reviewing the configuration and test conditions of these motors, only 

the TU-453 was close enough to scale adequately. The injection is perpendicular 

to the wall and at a free stream Mach number of 2.5 2 (one-dimensional area ratio 

of 3.6). The cavity length/height -0.5 which is much lower than the injection 

orifice of the TU-520 (L/H -1.6). 

The data was evaluated by the following procedure: 

1. The viscous drag program was used to calculate 

the cavity flow Mach number for the uneroded 

and eroded configuration of the four ports. 

2. The velocity and total pressure variation from 

the reattachment point was calculated for the 

TU-453 ortiice. 

3. The bouadarv Layer was calculated in the 

longitudinal plane. 

4. The erosion depth was scaled from the erosion 

profiles and the erosion predicted for the valve 

open was subtracted. The erosion rate was 

then determined from the valve closed time 

Interval. 



5. The theoretical erosion rate jf t • (h/C^) ß 12,000/p| 

was plotted versas the measured erosion rate In 

Figure 92. The data from port 1 was not 

used because some pieces of the insert apparently 

chunked out and all material loss was not due to 

erosion. The data from port 3 wan used as 

most representative of the TU-453 orifices. 

The theoretical curve in Figure 92 represents the erosion data except near the 

reattachment area. It was speculated the erosion near the reattachment area is 

increased by high boundary layer shear forces removing the char and/or mechanical 

erosion by the condensed phases in the rocket exhaust. The assumption of 

chemical erosion controlled by diffusion of the oxidizing species into the graphite 

wall and reacting to form carbon monoxide could be affected by the conditions 

near the stagnation point and thus alter the controlling factors in the chemical 

reaction. 

The details of this problem were not investigated except to insure the 

adequacy of the present aero-thermo analysis on the orifice (maximum time * 

25 seconds). Where greater depths of erosion are predicted the theoretical 

prediction could be in even greater error. 
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5. EROSION EFFECT ON CAVITY FLOW 

a Cavity Flow Conditions at 16 Sec--The next step in the analysis was to calculate 

the eroded configuration of the orifice at t - 16 seconds, the time at which the valve 

opens. 

From the convective heat transfer coefficient for the 0 sec configuration 

(Figure 61) and the erosion prediction curve (Figure 92) the eroded profile of 

Figures 93 and 94 were calculated. The erosion on the downstream wall did not 

affect the reattachment region so the heat transfer curve did not change at 16 

seconds. The only curve which would change is the downstream side while the port 

is open. The erosion would cause the flow to go supersonic and lower the heat 

transfer coefficient. This summarizes the condition at 16 sec for the valve closed 

and the valve open. 

b cavity Flow Conditions at 25 Sec--Between 16 sec and 25 sec the valve is held 

open. The next step in the analysis was to compute the flow conditions, erosion 

profile, and heat Tansfer coefficient at 25 seconds. From the port open heat 

transfer coefficients at 16 sec the erosion rate was calculated and the 25 sec eroded 

profile calculated. An axisymmetric boundary layer for one-dimensional Mach 

numbers was computed for the upstream and downstream halves of the orifice with 

the predicted profile. The results did not vary enough to require a recalculation of 

the erosion but the new heat transfer coefficient should be used in the thermal 

analysis. The eroded profile, Mach No. and convective heat transfer coefficient 

profiles are shown in Figures 95, 96 and 97. The conditions after 25 sec, 

valve closed, have been shifted down into the cavity to account for the erosion effect. 

c# Flow Conditions in the Nozzle—The flow in the nozzle during hot gas injection 

was not analyzed in detail but enough conditions were developed to obtain a heat 

transfer coefficient downstream for the valve open and closed. 

The valve closed conditions was an extension of the analysis to the lip of 

the orifice. At the corner the total pressure is up to free stream and the Mach 



number 1« 0.6. While turning the corner the bouráary layer would separate and 

reinitiate about 1/2 inch downstream. The flow was asaumed to reach free stream 

Mach number In about 5 Inches, The upper curve of Figure 98 represents the 

boundary layer calculation of this heat traasfer coefficient. This is considerably 

higher than the free stream heat transfer coefficient shown in Figure 57. 

The injection flow conditions in the nozzle are shown in Figure 99 and 

are based on the model by J. W. Mitchell*. Based on the Mach numbers along the 

separated area aft of the injection orifice, the viscous mixing program was used 

to compute the Mach number along the wall. This was then used to compute the 

total pressure in the separated area as the static pressure equals that outside the 

separated area and the boundary layer heat transfer coefficients were calculated. 

These data are shown in Figure 98 and are quite close to those in the unperturbed 

flow. 

The upstream and 90 deg sides convective heat transfer coefficient during 

port open is shown In Figure loo reflecting higher values than shown for the normal 

undisturbed upstream wall port closed as shown in Figure 57. 

An alternative approach was also used for structural pressure loads on the 

orifice. The "k" performance factor was calculated in Table XVn for port 3 . 

full open between t « 21-23 seconds. A composite axial pressure distribution along 

the nozzle exit cone is obtainable from Fluidyne tests of secondary gas injection 

pressure profiles in a conical nozzle for Edwards Air Force Base.** The data were 

retained in its coefficient form and corrections of the resultant profile were made 

•An Analytical Study of a Two-Dimensional Flow Field Associated with Sonic 
Secondary Injection into a Supersonic Stream by J. W. Mitchell Vldya 
TN 9166-TN-2, March 1964. 

•♦TWH-755 "Technical Note.on Induced Pressure Profiles in an 8:1-17.5 Degree 
Conical Nozzle During Secondary Gas Injection, September 1964, Unclassified. 
AF 04(611)-9075 "Model Tests of Secondary Injection Thrust Vector Control 
on 17 1/2 Degree Conical Nozzles, May 1964. Unclassified. 



TABLE XVn 

ORIFICE 3 PERFORMANCE AT 21 TO 23 SEC , OPEN DUTY CYCLE 

OmnUudaU(Single Port Injection) 

The TVC aide force loada are presented aa acting normal to the nozzle 

exit cone axis. 

From: Teat Data-(Using Port 3) 

10 - 21 Sec Port Opening 

21 - 23 Sec Port Open 

23 - 25 Sec Port Closing 

Load Cell at 17,000 

Load Cell at 17.000 

F Side * 34, 000 

Uncorrected Corrected Vacuum 

338, 000 386, 000 433,000 at 21 et c 

355,000 405, 000 445. 000 at 23 aec 

Vacuum - 0.7S521 .ec T - 4.4» deg TVC at 2! 

» o. 076404 sec r = 4.37 deg TVC at 23 
445,000 

Axial Flow Rate, W - 1,679.8 Ib/aec (at 16 -*25 sec) 
fit 

Injectant Flow Rate, Wa » 105.0 lb/sec (maximum at 21 -^23 sec) 

Using: 
Intec tant Flow Rate 
Axial Flow Rate 

0.0625 

From: 
F Side Aside 

W Axial F Axial 
F./Fa „ 0.0785 - 0.0764 K 

0.0625 

(16~*»21 sec) 
1.266—*1. 222 
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for the proper hot flow specific heat ratio and nozzle exit cone geometry. Injector 

valve orientation was similar and force and flow ratio values were matched. 

An axial and lateral plane through the orifice port shows the TVC side force 

and the aMsyntinetrical nozzle pressure load distribution as a Ib/in. load normal 

to nozzle wall for a one Inch width of nozzle wall. 

6. VALVE OPEN FLOW 

The flow conditions in the orifice while the valve was open were computed 

one-dlmensionally and without the boundary layer displacement thickness. The 

small error Induced by these assumptions was within the accuracies required for 

the thermal and erosion analysis. The data are Included with the valve closed data. 

The orifice inlet Mach number and heat transfer coetiicient when the port 

Is open* Is shown In Figure 100. 

♦Based on Cold Flow Studies Submerged Hot Gas Valve Program Wing V Production 
Support by Thiokoi Chemical Corporation, February 1966. 



B. THERMODYNAMIC ANALYSIS 

I» ORIFICE PORT 

The nozzle injection port thermal analysis for TU-520.04 motor was run 

using the computer program 8-3148 "Two-Dimensional Axisyminetric Transient 

Temperature Production Program. " 

The program was used to determine preliminary and final thermal gradients 

through the orifice analytical model at 5, 16, 16.1, 25 and 25.1 seconds. The data 

input includes element location with respect to reference axes in the common 

orifice model grid and material thermal-physical properties taken from the Thiokol 

Insulation Materials Design Data Book (TWR-2462, Revision A). 

The computer operation is a aeries of discrete steps. (1) The program is 

run from 0-16.0 sec with time (t) « 0 heat transfer coefficients orifice closed and 

no wall erosion. (2) At 16.1 sec the 16.0 sec heat transfer coefficients for orifice 

open and eroded and 16.0 sec wall erosión are inputed and the program allowed to 

run from 16.1 to 25.0 seconds. Erosion is simulated by dropping elements from 

the input data. (3) At 25.1 sec, the 25.0 sec heat transfer coefficients orifice 

dosed and eroded and 25.0 sec wall erosion aro inputed and the program run from 

25.1 to 35.0 seconds. Elements are eliminated from the input data to simúlate 

erosion. 

The aerodynamic analysis provided the heat transfer coefficients and erosion 

for the three orifice wall surfaces as Indicated in the fdlowlng sketch for the input 

to thermodynamic programs. 



NOZ Z 

Aerodynamic 
Erosion and 

Heat Transfer 
Coefficient Input 

Nozzle Exit 
C^oe Wall. 

Thermodynamic 
Analysis 

Preliminary 

Thermodynamic 
Analysis 

Final 

Upstream 
Closed t - 0,16, 25 
Open t - 16, 25 

Figure 57 Figure 57 
Figure 57 Figure 100 

Downstream 
Closed t - 0,16, 25 
Open t - 16, 25 

Figure 57 Figure 98 
Figure 57 Figure 98 

Orifice litt 

Upstream 
Closed t - 0,16, 25 
Oper t • 16, 25 

Figures 93,96 Figures 93,95 
Figures 93.95 Figures 93,95 

Downstream 
Closed t • 0,16, 25 
Open t - 16, 25 

Figures 61,93 Figures 93.91 
Figures 93.95 Figures 93.95 

Orifice Inlet Wall 

Upstream 
Closed -t - 0, 25 
Open t - 16, 25 

Radiation Heating Radiation Heating 
Figure 101 Figure 101 

Downstream 
Closed t • 0, 25 
Open t • 16, 25 

Radiation Heating 
Figure 101 

Radiation Heating 
Figure 101 
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Th« Drellmliurv thermal rradienU were determined for the upstream and 

360 deg orifice In separate thermal analyse« at time« 6, 16, 16.1, 25, 25.1 seconds. 

At each time,the two planes are shown together In Figures 102 thru 10¾ The 

preliminary thermal gradients were used to determine the critical orifice plane *o 

assume around the 360 deg orifice analyses model. 

At all five times, whether open or shut, the downstream edge has higher 

orifice, nozzle exit cone temperatures and erosion due to gas stagnation at down¬ 

stream orifice wall. The upstream tungsten has higher temperatures consistently 

due to the reversal of gas flow in the orifice cavity across the pintle valve face to 

the upstream tungsten face and turn 90 deg up the upstream orifice cavity wall, 

as Indicated In the sketch below. 

AREAS OF HIGH 
THERMAL 
GRADIENTS 

Since the tungsten shell is the most reliable material at elevated temperatures 

and the PTB material la the least characterized of all orifice materials,the down¬ 

stream plane was selected to be used all around the ring for the axiaymmetrical 

final thermodynamic analysis. 

The final thermal gradients at the downstream orifice plane at t - 5, 16, 16.1, 

26, and 25.1 seconds are shown in Figures 108 thru 113. 

The comparison of the preliminary an.l final thermal gradients st t • 5.0 

seconds is shown in the following sketch. 
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PRl UM IN ARY THERMAL GRADIENTS FINAL THERMAL GRADIENTS 
DOWNSTREAM DOWNSTREAM 

NOTES: A MATERIAL 1 IS CARBON CLOTH PHENOLIC LIKE PARTS 1, 2, 
AND 4 IN THE PREUMINARY THERMAL GRADIENTS, WHILE 
MATERIAL 1 IS PTB IN THE FINAL THERMAL GRADIENTS AS 
PART 3 WAS FABRICATED, 

B THE FINAL N07ZLE WALL AND ORIFICE WALL HEAT TRANSFER 
COEFFICIENTS ARE HIGHER THAN USED IN THE PRELIMINARY 
THERMODYNAMIC ANALYSIS. THIS IS REFLECTED IN THE HIGHER 
FINAL WALL TEMPERATURES AROUND POINT A . 

NOTES: A Material 1 is carbon cloth phenolic like parts #l-#2-#4 - in 

the preliminary thermal gradient«, while material 1 is PTB in the final thermal 

gradients as part #3 was fabricated. 

B The final nozzle wall and orifice wall heat transfer coefficients are 

higher than used in the preliminary thermodynamic analysis. This is reflected In 

the higher final wall temperatures around point A . 

2. VALVE LEGS 

The area where the valve leg Interfaced with the orifice am. nozzle components 

was analyzed to determine If excessive temperatures might have been a contributing 

factor to the failure of valve, orifice, or nozzle components. 

The leg-nozzle-orifice interface was analyzed using a two-dimensional, 

axisymmetrlc transient temperature prediction program, The analysis was con¬ 

ducted subject to the actual duty cycle experienced by valve 3. The legs were 

considered to be heated by radlatlcn when the valve was closed and by convection 

and radiation with the valve open. Erosion was not considered in the analysis. 
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rinal properties were taken from the Thiokol Insulation 

Book (TWR-Í462, Revision A). The emlsstvlty of the 

itls was assumed to be 0. BO. 

the heat transfer coefficients which were used In these analyses were 

from an aerodynamic analysis of the valves. The applicable heat transfer 

lents are shown in Figures 114 and US. Since the heat transfer coefficient 

around the leg, the highest «alue, 0.51S, given In Figure 11 of TWR-1978 

was used. The best transfer coefficient ueed for the seat between the legs 

0.21. 

Figure 116 shows the materials and nodal configuration which was evaluated. 

Figures 117 thru 121 present the results of these analyses. Examination of these 

figures indicates that no thermal problem existed at the time when orifice 3 

Indicated failure by «lipping. 



C. STRESS ANALYSIS 

A structural analysis for the stress and strain distribution in the 

orifice port was achieved using Computer Program 53112, a two-dimensional, 

orthotropic axlsymmetric finite element analyses. 

The input included element temperatures, material properties and loads. 

The common orifice element network was also used lor the structural analysts. The 

inputed thermal gradients used the preliminary thermal gradients at t * 5.0 sec 

lor the downstream orifice plane, with the final thermal gradients used at t * 25.0 

and 25.1 sec analysis of downstream plane. Material properties include Poisson's 

ratio, coefficient of linear thermal expansion and Young's modulus. The loads in¬ 

cítale the pintle actm tor stall load, wall gas pressure, nozzle axial and hoop mem¬ 

brane uniform load. 

The boundary conditions at the edge of the nozzle-orifice analysis area was 

considered fixed axially and free to move radially with nozzle uniform loads. An 

alternative boundary condition of fixed-axially and radially was used to show the 

difference in the element stresses and deflections. 

Due to the extensive amount of analyst time to input nodal temperatures, 

location, material properties and loads only one location plane (downstream) was 

analyzed at times 5.0 sec, pintle valve closed, 25.0 sec pintle valve open and 25.1 

sec pintle valve closed. 

The output includes nodal center stresses in the radial, axial and hoop direc¬ 

tions and nodal corner radial and axial movement. 

1. METHOD OP ANALYSIS 

The finite element approach to structural analysis problems has provided a 

means by which accurate solutions may be obtained for the state of stress In complex 
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symmetric two-dimensional (axial length and radial thickness) structures which 

have orthotropic elastic properties. 

Tue technique involved has been programed for the computer and requires 

input of a description of element geometry, orthotropic material properties, boundary 

conditions and loadings. The output lists the displacements, stresses and strains at 

various points throughout the section being studied. 

The direct stiffness method is utiUzed in the program and is applicable to 

both articulated and continuum structures subject to static or dynamic loadings. I Si,, 
For continuum problems the region of interest, is approximated by a set of 

simple subregions called finite elements which are simple geometric shapes (tri¬ 

angular or rectangular). Within each element, the displacement field is assumed 

to have the form of s polynomial in the coordinates. The assumed displacement 

function in an element can be related to the displacement of the comers of the 

element. These comers are called nodal points. The required functional for the 

region can be calculated as a quadratic function of the nodal point displacements. 

Thus, the minimization of the functional is reduced to the solution of algebraic 

equations in the unknown point displacements. These equations are the stiffaess 

relations for the body and the coefficieni matrix is called the stiffness matrix. 

The resulting structural stiffness relation is then modified to account for any specified 

displacement or loads and the resulting system is solved for nocal point displacements. 

The strain ami the stress fields are inferred from the calculated values of the nodal 

point displacements. 

This technique was applied to a section or region of the TU-520.04 HG6ITVC 

nozzle orifice (Figure 122). 

Figure 128 is a schematic view of the way the orifice i ra « section was 

subdivided into finite trapezoidal elements for the purpose of analysis. The number of 

each element is designated by the number of the lowest boundary node (I, J), where I 

denotas the row, and J denotes the column. The grid structure was chosen in suet; a 

manner that normal grid lines foil on natural material boundaries and to coincide with 

thermal analysis elements. The coordinates of each node point are input into the 

program. 
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There are many loading conditions «dich can be used. Each element within 

the system can be loaded with pressure and/or shear loading mi any of its four aides, 

as well as a body force within the element if required. 

The boundary conditions imposed on the orifice downstream cross section 

are as follows: 

1. 5 sec condition with pintle valve closed (Figure 123) 

a. 26 pslg static pressure on inside orifice boundary 

wall, 

b. The freestream pressure mi the nozzle exit cone 

wall, 

c. 633 psig chamber pressure on the orifice inlet wall, 

d. Pintle valve stall load of 15,000 lb cm tungsten 

orifice valve seat. 

e. Two boundary conditions wre investigated 

1) Axial and radial nodes fixed 

2) Axial nodes fixed and radial nodes free except 

for steel which has 12,000 Ib/in. uniform load. 

The uniform load simulates the average hoop 

and axial nozzle load around the orifice. The 

eight material elements J (9-12) to I (11, 15) 

were changed to PTB from carbon cloth phenolic 

to simulate orifice 3. 

f. No adhesive bond lineh were inputed into finite 

element model. Materials considered to blend 

into each other. 

2. 25 second condition with pintle valve open (Figure 124) 

a. 760 psig chamber pressure on orifice inlei wall 

varying downward as pressure flows thru the 

orifice. 



b. Th« freestream pressure plus side load pressure 

on the nozzle exit cone wall. 

c. The orifice movement on the outside boundary 

nodes was fixed and a radial load inwarc’ was 

applied on the node of the materials to simulate 

hoop or axial load in the nozzle. The load wan 

applied on all Materials and was divided by ratio 

of modulus and thickness to each of the materials 

(Table XVIII). An alternate boundary condition 

was axial and radial nodes fixed. 

d. No adhesive bond lines were inputed into finite 

element model. Materials considered to blend 

into each other. 

25.1 sec condition with pintle valve closed (Figure 125). 

a. 26 psig static pressure on the orifice wall. 

b. The freestream pressure on the nozzle exit cone 

wall. 

c. 760 psig chamber pressure on the orifice inlet 

wall. 

d. Pintle valve stall load of 15,400 lb on the tungsten 

valve seat. 

e. The axial movement on the outside botín dar y nodes 

was fixed and a radial load inward was applied on 

the node of each of the materials to simulate hoop 

or axial load in the nozzle. An alternate boundary 

condition was axial and radial nodes fixed. 

f. No adhesive bond lines were inputed into finite 

element model. Materials considered to blend 

into each other. 



TABLE XVm 

ORIFICE EQUIVALENT STEEL LOAD AT BOUNDARY CONDITION 

Distribution of Nozzle Rarltal Load 
to Ortlice Boundary Conditions 

Equivalent Steel 
Thickness 

* 
8 “ i¡ ^ 

« j-jr X 0.15 = 0.0033 
29 X 106 

t8 - 1,4 ^ X 0.2 
29 X 106 

0.0096 

-l?775*x0-2 -^0186 
-,6 

2'--- X 0.3 = 0.0274 
29 X 106 

t = 2,65 X i-6 X 0.6 
29 x TÕ«" 

0.0456 

Carbon Cloth 

t . x 0.25 = 0.0129 
8 29 x 10« 

t » 2<65^ ^-6 x 0.4 - 0.0365 
8 29 x 10« 

t « ¿iÜêJL^x 0.45 - 0.0411 
8 29 x 10e 

‘s “ ¿JxTofr x°‘5 “ ^0465 

tg - 29^'i^rx °-66 * °*0067 

Total 

Steel 

Total 

0.2482 in. 

1.5000 

1.7482 in. 

Equivalent Steel Loads 

P » 760 -20 « 740 psi 

°2 

Glass 

Carbon Cloth 

-LA-S— » 74.Q x « 19,000 ib/ln. use 14,000 Ib/in. 
cos 15 deg cos 15 deg 

P . 7«° (27.5^-10.65^ . , 
2 R cos 15 deg 2 x 24.8 cos 15 deg 



Orthotropic material properties were obtained from a literature search of 

15,000 Industry documents and published Material Suppliers Data. Applicable 

material properties were plotted versus temperature. The properties Inputed into 

the computer program Include coefficients of thermal expansion, Young's Modulus, 

Poisson's Ratio, compressive, tensile and shear strength. The individual material 

sources are as indicated. 

A Graphite 90: The extruded graphite ring properties were obtained 

from the following sources (Figures 126 thru 12S). 

1. "Final Development Laboratory Report on Elevated Tem¬ 

perature Testing of Graphite for Reliability Improvement 

Program, " Thiokol Chemical Corporation, Wasatch Division, 

Report WGT-132, 16 Dec 1964, R. E. Corder. 

2. "Some Parameters of the Mechanical Behavior of 

Graphites," Southern Research Institute, F. J. 

Digesu, C. D. Pears, paper presented to American 

Ceramic Society Meeting, Los Angeles, California, 

November 1963. 

3. Carborundum Company, Graphite Producta DI vi alón, 

Engineering Material Data Book. 

B 2% Thorite-Tungsten: The forged tungsten ring properties were 

obtained from the following sources (Figures 130 thru I35)t 

1. General Electric Company, Engineering Material 

Data Book. 

2. "The Engineering Properties of Tungsten end 

Tungsten Alloys," DM1C Report 191, 27 Sep 1963, 

Battalia Memorial Institute, 



3. Lockheed Aircraft Corporation, Missiles and 

Space Division Report 2-36-61-1, Section 8 - 

Tungsten. 

4. '’High Temperature Tensile Tests of Tungsten 

Nozzle Insert Forgini ». " Thermatest Laboratories 

Inc, 13 June 1962, b. L. Joseph, R. L. Zaitz. 
; ij! *!. 

5. Tensile Properties of Commercially Pure Tungsten 

Sheet, H. S. Parichanium, H. Leggett, C. L. Harmsworth, 

SAE Paper 520A, April 1962. 

6. DaU obtained from Walter K. Brlnn, General Electric 

Company, Cleveland, Ohio. 

7. Tensile Properties of Molybdenum and Tungsten from 

2,500 to 3,700*F, R. W. Hall, P. F. Sikora, NASA- 

Lewis Research Center, February 1959. 

8. Shear Strength, Fansteel Tungsten Manufacturing Data, 

9. "Refractory Metals and Alloys," Metallurgical Society 

Conferences, Detroit, Michigan, May 1960, Interscience 

Publishers. 

10. "Report on the Mechanical and Thermal Properties of 

Tungsten and TZM Sheet Produced in the Refractory 

Metal Sheet Rolling Program." Part I, Southern 

Research Institute, Birmingham, Alabama, August 1966, 

AD-638-631, Bureau of Naval Weapons. 

11. "Development of Dispersion Strengthened Tungsten Base 

Alloys," AFML-TR-65-407, Part II, November 1966, 

Westinghouse Lamp Division, H. G, Sell, W. R. Morcom, 

G. W. King. 

The development of the t » 5.0 and 25,0 sec 2% thoria tungsten modulus 

curve requires special mention. An elastic modulus curve (E) vs temperature Is 

shown in Figure 130 with the stress-strain curves vs temperature in Figure 131. 



The tiiroet tunkten le divided into 6 columns and 6 rows lor the common 

element «trees grid. At 5 sec a one-dimensional thermal mechanical stress is run 

between columns 14 and 15 and rows 1 thru 6 in the tungsten and to row 25 in the 

carbon cloth (see sketch). The element J (14 and IS), I (1 and 2) is overstressed 

to -66,685 pal, 0.0014 in./in. strain at lt573*F with the elastic curve. From the 

physical appearance of the survived orifice 1 and ejected orifices 2 and 3, it is 

apparent that the ni^gptjiw does not fail only the surrounding material. The material 

in the first element has gone plastic and requir.« a suitable adjustment to the elastir 

curve. The subsequent stress used for a 0.0014 in /in. strain at 1,S73*F from 

Figure 131 is 17,500 pal as shown in Figure 130. Other similar adjustments are 

At 2,000 and 8,000*F lor the same strain of 0.0014 In. /inch. The revised 

5.0 sec tungsten modulus curve is used for the t * 5.0 sec two-dimensional finite 

element analysis. 

At t * 25.0 sec all 1 rows 1 thru 6 are overheated (3,728 to 5,498T) and the 

one-dimensional (radial) stresses are calculated for column J (14 and 15) and 

™)»mn j rows 1-6-25 using three different tungsten moAilua curves, A , B , and C . 

The stress vs modulus curve is plotted for the eix overheated throat elements using 

three m< lulus curves (Figure 133). Each of the six element curves (1 thru 6) has 

three points of E vs o corresponding to the three modulus allowable curves at 

temperatures. Knowing the temperature of each element and the maximum allowable 

plastic stress (Figure 131). At that temperature, the maximum allowable strain it 

read off the curve. The modulus ia calculated • strain in^ln ) * ^ modulus 

at each element and temperature level la calculated and plotted (x) on the element 

line (Figure 133) and connected. The final modulus valve and temperature at each 

element ie transposed to Figures 132 and 130 for the final t - 25 see curve allowable. 



c 20¾ Copper-Tungsten: The pressed and sintered copper-infiltrated 

iungsten ring properties were oidnined from the following sources 

(Figures 130. 134, and 135). 

1. Teledyne Corporation, V/ah Chang Albany Divisions 

Infiltrated Tungsten, Engineering Material Data 

Book, January 1968. 

2. Atlantic Research Corps Study of Tungsten Rocket 

Nozzles. E. L. Olcott, June 1965, No Number- 

4356 (00) (x)-5252, U.S. Naval Research Laboratory. 

3. Teledyne Corporation, Wah Chang Albany Divisions 

Infiltrated Tungsten, Engineering Material Data Book. 

January 1967. 

The coefficient of thermal expansion, Poisson's Ratio are assumed the same 

as tholisted tungsten. For the modulus at elevated temperatures, the thoriated 

tungsten is ratioed down to copper infiltrated tungsten by a factor of 27/57-moduli 

numbers. The shear strength is assumed to be 0.60 (ultimate tensile strength 

80,000) » 48,000 psi. 

D Pyrolytic Graphite: The vapor deposited plate properties were obtained 

from the following sources ( Figures 13« thru 139). 

1. Raytheon: Pyrolytic Graphite - an Initial Assessment, 

C. A. Klein, July 1962, Report R-63, 

2. Southern Research Institute: Some Parameters of... 

tht Thermal Conductivity of Pyrolytic Graphite, 

C. D. Pears, J. 0, Allen, presented at Thermal 

Conductivity Conference, October 1964,. 

3. Jet Propulsion Lab.: Tensile Properties of Pyrolytic 

Graphite to 5.000*y. W. V. Kotlensky, H. E. Martens, 

Report 32-71, March 1961. 

4. Raytheon: Summary Report on Pyrolytic Graphit.-, 

Report»-527, March 1963, Contract NO -60-0409-C 

(FBM), CONFIDENTIAL. 
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5, Lockheed Aircreft Corport^lon: Pyrolytic Graphite - 

11^ High Tempereture Prope idea, Sunnyvale, W. 

BmMui«. JArmstrong, March 1963, 

ASD-T DR-63-196. 

6, Oerters 1 Electric Missile and Space División : Mechanical 

Properties of Pyrolytic Graphite, J. J. Gebhardt, 

J. M. Berry, R648D26, April 1964. 

f. Super-Tenap Corporatloii: Engineering Material Data 

Book, October 1964. 

6. Union Carbide Corporation, High Temperature Materiale 

Dtvlaloa: Engineering Material Data Book, February 1962. 

9, General Electric Corporation: Metallurgical Products, 

Engineering Materia! Data Book, July 1963. 

10. Space Age Materials Corp, Pyrogenlcs Division: 

Engineering Material Data Book, September 1964. 

Ÿpunliite fiber 'Phenolic: The molded and regraphitited 

bükt propardea mere obtained (Tom the following sources 

(Figures 140 thru 14¾. 

1. Thlokol Chemical Corporation, Wasatch Division: 

Memorandum "Physical Propertiea aa Required by 

8TW4-369A," Report No, F-66-200, September 1966, 

Union Carbide Corporation, Quality Control Taat Data, 

2. Raaearch and Development on Advanced Graphite Materials, 

Voi 26, Physical Properties of Some Newly Developed 

C aphltee WADD-TR-61-72, June 1963. 

3. Thlokol Chemical Corporation, Wasatch Division: 

Davalopmant Laboratories - PTB Taat Data - Comprsaaive 

Tanal la and Penalty at Room Temperature - Compressive 

Tensile at 3.S0Q*F. July 1966. 
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Th« material mechanical properties va temperature curve used to determine 

the overstressed PTB elements was Figure 141. Thiokol Wasatch test values at 

room and 3.500T temperatures provide a revised material property curve showing 

good agreement at elevated temperatures but poor agreement at the lower tempera¬ 

ture levels (Figure 142) Thus, additional PTB elements at the lower tempera¬ 

tures would show tellure If the revised PTB material curves had been used. 

F Carbon Cloth Phenolic: The tape wrapped and. cured ring properties wer 

obtained from the following source« (Figures 143-thru 145). 

1. Aerojet-General Corporation: Evaluation of Low Coat 

Materials and Manufacturing Procesa«« tor Large Solid 

Rocket Norales. J. J. Warga, H. O. Davis, J. D. Escetis, 

J. A. Lampman, AFRPL-TR-67-310, December 1967. 

2. Aerospace Corp: New Technique for Mechanical Strength 

Testing of Rapidly Charred Ablation Materials, W. E. 

Welsh, Jr. and A. ('hing, A1AA, October 1967. 

3. The Boeing Company Aerospace Group: Thermal Properties 

of Ablative Chara, AF 33(615)-3604, Dacember 1966. 

4. Southern Research Institute: The Thermal and Mechanical 

Properties of Fine Ablative Reinforced Pteatics from 

Room Temperature to 750*F, C. D. Pears, W. T. Enge Ike, 

J. Thornburgh, AFML-TR-65-133, April 1965, 

5. HITCO - U.8. Polymeric Division: Engineering Material 

Data Book, 1967, 

6. Fiberlte: Engineering Material Data Book, 1967. 

G Glass Cloth Phenolic: The laid-up and cured cone insulation properties 

were obtained from the following sources (Figures Mtt-tnd 147). 

1. Plastics for Flight Vehicles. Part I Rein forced Plastics, 

M1L-HDBK-17, November 1959, Department of Defense. 

2. HITCO, U. 8. Polymeric Division: Engineering Material 

Date Book. 1967. 

Fiberlte: Engineering Material Data Book, 1967. 3. 



4180 Steel: The forged and w*Utod pUle owmbly cone 

properties were obtained from the folbwlii( source 

<f1*tiree 148 148Ï. 

1. Metallic Materia la and ElemenU for Aeroejjjce 

Vehicle Structures, Deoertxnent of Defense, 

MIL-HDBK-8A. February 1886. 

1 Neoorene Rubber: The cured sheet spacers properties were obtained 

from the iollowlnc source (Figure 150». 

1. Thtofcol Chemical Corporation, Wasatch División: 

j Rpon 913^184: The cured adhesive bond properties were obtained from 

the following source (Figure 151». 

U Shell Chemical Corp: Engineering Material Data 

Book, 1867. 
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The finite element computer program uses the common element grid 12 elements 

long <25 nodal points) and 15 elements wide (16 nodal points). 

The output includes: the radial, axial, and hoop stress at the midpoint of each 

element, the shear stress in planes parallel to the faces of the elements, the maximum 

and minimum principal stresses and all strains corresponding to the listed stresses. 

The displacements In the radial and axial directions are at the nodal points. 

A negative sign by the radial, axial, <?nd hoop stresses indicates a compressive 

stress. A negative shear stress indicates a shear as shown in the sketch below with 

the positive shear in the opposite direction along the element edges. 

A minus sign by the displacement indicates movement inward for the radial and 

to the left for the axial. 

For boundary condition A , axial fixed, radial free and loaded with nozzle 

uniform load, the element stresses and displacements are shown inside each element 

box. For t * 5.0 sec the four stresses and two displacements are shown in Figures 

152 thru 157. The overstressed elements for each type of stress (radial, axial, hoop, 

shear) are shown inside the boxed areas. The a'lowable stress is obtained by de¬ 

termining the element temperature from the preliminary thermal gradient curves for 

t > 5.0 sec Figure 103 and then from the orifice material strength curves vs tempera¬ 

ture, Figures 127 thru 129 Graph-Mite G, Figures 134 and 135 tungsten, pyrolytic 

graphite Figures 138 and 139 PTB Figure 141, carbon cloth phenolic, Figure 145, 

glasscloth Figure 147, 4130 Figure 149 the allowable material stress is read off the 

curve. The overstressed element condition exists when the actual element stress is 

higher than the allowable element stress at the element temperature. 
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For t * 25.0 sec the tour «tres*«« and two déplacement« are displayed in 

Figures 158 thru 163 with the avers'res®ed elements included in boxes. The elementó 

temperature level® are shown In the final downstream thermal gradients for t « 25.0 

sec (Figure lit). 

At t - 25.1 sec closed the four stresses and two displacements are shown in 

Figures 164 thru 169 with the overstressed elements included in boxes. The elemei, b 

temperature is shown in the final downstream thermal gradient at t » 25.1 sec, 

(Figure 113) the orifice material strength allowables are determined from the same 

figures as used for the t * 5.0 sec condition. 

For boundary condition B, axial and radial edge fixed, no nozzle uniform load, 

the orifice material elements are evaluated at t = 5.0 and 25.1 second. The purpose 

of the different boundary condition is determined by the sensitivity of orifice matei ial 

stresses to the boundary conditions. A summary of the applicable element figures 

for t « 5.0 and 25.1 sec conditions is listed below. 
Downstream Plane 

Element Stresses Downstream Plane Element Material 
awri Displacements Element Allowable 

Condition B Overstressed Elements Temperature Profile Stress Curve .. 

t * 5.0 sec Figures 170 thru 175 Figure 103 Figures 127, 128, 
129, 134, 135, 138, 
139, 141, 145, 147, 
149 

t = 25.1 sec Figures 176 thru 181 Figure 113 Figures (same as above) 

A summary of the overstressed elements at each time interval t = 5.0, 25.0 

and 25.1 see by the four stresses with the boundary condition A is shown in Figures 

182 thru 184. Those elements that are oversiressed by all four stresses are enclosed 

in blocked areas. Neglecting the tungsten throat ring elements, where the material 

mechanical properties were adjusted to try to keep the actual stress equal to the allow¬ 

able plastic stresses at a known strain level, the largest overstressed area exists 

within the PTB and pyrolytic graphite material. The PTB and pyrolytic overstressed 

area spreads even with elements dropped due to erosion, as the static firing time 

(open or dosed) increases. 



The overstressed element summary for boundary conriitka B at time intervals 

of t = 5.0 and 25.1 sec is shown in Figures 185 and 186. Again neglecting the tungsfen 

ring the overstressed area is the largest in the PTB and pyrolytic graphite and in¬ 

creases in area with motor time. A comparison of the boundary condition A and B 

overstressed areas indicates a definite similarity between the two load conditions. 

Boundary condition on visual inspection is the more severe of the two conditions. 

To summarize the percent of elements overstressed or eroded at each of the 

three times (t = 5, 25, 25.1) for boundary condition A for all the orifice and support 

materials, Ref Tables XBC thru XXIV. 

Each element has four different types of stress: radial, axial, hoop ami shear 

at three different times, 5, 25, 25.1 second. If any one stress is higher than the 

a llowable, then on a preliminary examination basis it is considered a failed element. 

Thus the number of failed elements in each orifice material are taken from Tables 

XIX thru XXIV and listed below: 

Material 

Failed or Eroded 
Element'5, 

5 sec 25 sec 25.1 sec 
Closed _Open Closed 

Total 
Material 
Elements 

Percent of Overstressed 
and Failed Elements 
5 25 25.1 

. Sec Sec Sec 

2% Thoria 
Tungsten 6 35 36 

Graphite SO 4 2 6 

36 17 97 100 

32 13 6 19 

20% Cu 
Tungsten --1 8 13 

Pyrolytic 
Graphite 4 19 

PTB 24 79 

18 

80 

20 20 95 90 

86 28 92 93 

Since the tungsten throat is the last item to be ejected, is in excellent shape 

when recovered after being ejected, and the mechanical properties were adjusted 

during the orifice analysis to try to show an unfailed plastic stress conditio**, the 

next most questionable materials are the PTB and pyrolytic graphite orifice exit 

cones with 92 percent and 95 percent overs*ressed and failed elements at 25 0 second. 
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TABLE XX 

DOWNSTREAM ORIFICE INLET - GRAPHITE 90 
(Percent of Overatressed and Eroded Elements) 

<L 

BOUNDARY 
CONDITION A 

AXIAL 
STRESS 

RADIAL 
STRESS 

HOOP STRESS 
(PERPENDICULAR TO 
PLANE OF PAPER) 

SHEAR STRESS 
TOTAL ELEMENTS: 32 

Stress Type 

t = 5. 0 Sec (Closed) 
Over¬ 

stressed Percent 
Elements Total 

t «= 25.0 Sec (Open) 
Over¬ 

stressed Percent 
Elements Total 

t= 25.1 Sec (Closed) 
Over¬ 

stressed Percent 
Elements Total 

Axial 

Radial 

Hoop 

Shear 

All Stresses 

4 

4 

13 

13 



TABLE XXI 

ORIFICE RETENTION NUT - 20 PERCENT COPPER - TUNGSTEN 
(Percent of Overetreeeed and Eroded Elemente) 

BOUNDARY 
CONDITION A 

Strese Type 

Axial 

Hoop 

Shear 

AU Streeeee 

AXIAL STRESS 

RADIAL 
J ■ IL ■ IL 1»! M 

STRESS 

HOOP STRESS 
(PERPENDICULAR 
TO PLANE OR PAPER) 

SHEAR 
STRESS 

TOTAL ELEMENTS: 8 

t » 5.0 Sec (Cloeed) 
Over- 

etreeaed Pen ent 
Elements Tutal 

t ^ 25.0 Sec (Open) t » 26.1 Sec (Cloeed) 
Over- Over 

et reseed Percent stressed Percent 
Elements Total Elements Total 

13 

13 
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Streaa Type 

t - 5,0 Sec Closed) 
Over- 

Btreaa«d Pensant 
Elementa Total 

t * 25.1 Sec (Closed) 
Over- 

atresaed Pensent stressed Pensent 

t a 25 0 Sec (Open) 
Over- 

Elements ToUl Elements Total 

Axial 

Radial 

Hoop 

Shear 

All Stresses 

3 

\ 

15 

5 

20 

3 

8 

1 

18 

19 

15 

40 

5 

SO 

95 

3 

4 

1 

17 

18 

15 

20 

5 

85 

90 
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The tungsten throat ring during the 0 - 25.1 sec time interval is expanding axially 

and contracting radially. Axially the expansion at tungsten node point 16 is outward, 

overcoming the general orifice iuwarddeflection. The tungsten orifice throat-valve pintle 

The movement of the orifice element edges or nodes points along the wall sur¬ 

faces is taken from Figures 166, 157, 162, 163, 168, 168, at t ■ 5.0, 25.0 and 25.1 

sec with boundary condition A and drawn on the orifice with a ten magnification. 

Figures 187 thru 189 shows the deflected and rotated orifice design without the carbon 

cloth insulation sleeve. The orifice is drawn with s 3/1 sosie factor. 

• The orifice deflection and rotation la inward towards the nozzle centerline and 

rotates clockwise. The orifice analysis model for boundary condition A is a circular 

flat piase with a hole in the middle. The forces acting on the plate include pressure, 

pintle stall load, and nozzle uniform loads. The sketch below shows the piste, forces, 

support, dwflectiou and rotation. 

NOZZLE UNIFORM 
LOAD 14.000 LB/W. 

NOZZLE 

EDGE SIMPLY 
SUPPORTS 



interface is forced outward and agrees with the valve feedback position transducer 

instrumentation. At tungsten node 9 the expansion la inward and follows the general 

orifice Inward deflection. The tungsten throat ia actually pushing the pyrolytic graphite 

inward as indicated by 8-9 node interface. The large overlap of points 8-9 la a limi¬ 

tation of the analytical model analysis. The rubber spacer burns out esrly in the test 

and the computer has no instructions to restrain the movemenu of 8 and 9 nodes to 

a commo.i interface. 

The PTB aft orifice exit cone is deflected inward toward# the noxxle centerline 

by general orifice loading and tuesten, pyrolytic graphite ring expansion. 

The five second orifice displacements and stresses would be larger if the final 

heat transfer coefficients had been used as shown on page 137. In addition at t » 5.0 

and 25.1 sec the aerodynamic pressure inside the cavity is not truly represented by 

an average 20 psi Internal pressure as shown in loading conditions (Ref Figures 123 

and 125. The actual pressure distribution is represented by pressure profiles A and 

B(Ref Figures 59 . 60, 83). 

However a comparative picture of progressive material failure from t » 0 to 

t * 25.1 is presented in the following sketches. The real orifice design probably has 

more severe force and temperature environments than the analytical orifice model. 

PLANE A-A 

POINT 1 2 3 4 5 6 7 

PRESSURE (PSIA) 26 330 26 27 27 27 27 

1G1 



POINT 

fUffmwfmt (P6IA> 2Î 27 27 27 27 27 27 

NOZZLE 
PPORT 

PINTLE 

PLANE B-B 

t - 0 SEC 

The movement of the orifice element edges or node points along the orifice 

wall auriaces is taken from Figures 174, 175, 180, 181 at t - 5.0 and 25.1 sec with 

boundary condt'ion B. The or flee la drawn at 3/1 scale and the deflections at 10/1 

scale. Figures 190.191 show the deflected and rotated orifice design without the 

carbon cloth Insulation sleeve. 

The orifice deflection and roUtion is inwards towards the noerle centerline 

and rotates clockwise similar to boundary condition /, deflections and rotations, but 

smaller in actual numbers. The orifice analysis model for bomdary condition B is 

also a circular flat plate with a hole in the middle but with a fixed, moment resisUnt, 

edge support. A sketch of the plate, forces, support, deflection and rotation is shown 

on the following page. 

The fixed boundary condition B at the outer orifice, analysis model edge 

prevents the large deflections and rotations shown by the simple support boundary 

condition A. 

The tungsten throat rit* still expands axially while contracting radially. The 

expansion axially is outward at the orifice valve interface and Inward at the pyrolytic 

graphite tungsten interface. The PTB and pyrolytic graphite again mo« inward as 

a result of plate deflection and tungsten thermal expansion. 
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PINT IJ- LOAD 

An effort Is made to correlate the steel plate finite element stresses at the 

outer edge, for boundary conditions A and B and t * 5.0 sec when the material 

thermal gradients exert the smallest thermal stresses with the simple plate formula 

stresses from Formulas for Stress and Strain (Roark, McGraw Hill, 3rd Edition, 

1934) as shown on the following page. 

163 

I HU ! ! Ill'll 111 Mil Ml il lliiM «Il i| lii ■ imI IlkUill.' MMMN 



MAXIMUM STRESS AT OUTER PLATE SUPPORT *t = 5. 0 sec 

Radial Stress Hoop Stress 

Boundary 
Condition 

Finite 
Element 
Analysis 

tePíl- 

(A) Simple Support -9196J 
Steel 

(B) Fixed Support -5, Ö023 
+1,679 
Composite 

Circular 
Flat Plate 
Analysis 

(PS.!)_ 

-93505 
Steel 

-1,744e 
+1,744 
Composite 

Finite 
Element 
Analysis 

_ 

-12,0302 
Steel 

-1,9264 
+ 488 
Composite 

Circular 
Flat Plate 
Analysis 

(Psi) 

-12,1005 
Steel 

N/Ae 

Composite 

NOTES: 1Rel Figure 152 
2Ref Figure 154 
3Ref Figure 170 
4Ref Figure 172 
3Flat plate analysis, parameters and load conditions 

« - IS. 00« LB 

BOUNDARY CONDITÍON B 

Condition 27 with 26 psi pressure has negligible effects on outer stresses. 
The concentrated load and pressure load provide only shear stress at the simply 
supported OD surface. 

eFlat plate analysis, parameters and load conditions 

is, ooo LB 

i 

5.1 « ACTUAL 
THICKNESS OF 

CARBON AND 
GLASS CLOTH. 

AND STEEL 



For outer edge radial and hoop stresses, superpose conditions 19, 20 
Table XV, internal orifice cavity pressure effect on outside 
diameter stress is negligible, hoop str loses not available from 
handbook. 

A comparison of the maximum stresses at the outer edge of the orifice 

analyses plate show excellent agreement for boundary condition A and fair agreement 

for boundary condition B. While this comparison does not confirm all the stresses in 

every material element it does show there is reasonable agreement between two 

different analysis methods at the outer boundary surface. Also in summary the 

actual boundary condition is somewhere between A and B conditions. 

4. THROAT SUBASSEMBLY MOVEMENT 

The valve pintle orifice threat interface movement during the TU-520.04 motor 

static test as reported by the valve position feedback transducer (Ref Figure 41) showed 

an outward position of + 0. 25 in. at least + 0.15 in. more than thermal growth of the 

tungsten c rifice throat valve pintle and the deflection of valve support would indicate. 

These maximum outward movements always occur after an open port duty cycle and 

is verified ay Figure 43 , the subscale TU-521.G2 orifice valve interface movement. 

The throat subassembly moves inward after the valve pintle stall load was applied, 

but never as low as the expected outward movement. The outward interface move¬ 

ment also seems to increase with motor static firing time. 

The problem was approached from the standpoint of appl ied loads on the tung¬ 

sten nut throat and graphite inlet at times t * 0.75 closed, 16.0 sec closed, 16.1 sec 

open. 25 sec open, 25.1 sec closed. The pressure and pintle loads and adhesive on 

the graphite outside diameter hold the throat subassembly in place with the nozzle 

uniform loads causing a wedge effect outward movement. A summary of ail these 

loads Is shown on the following pages. 
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. Inlet pressure 

, Pi j stall 
r 

. Adhesive allowable' 

. Nozzle wedge 

TOTAL 

p * 633 p a 712 
pel psi 

t » 5.0 t * 16. 0 
(sec/lb» (sec Ab» 

-42,500 -47,700 

- 15,000 -15,000 

-153,000 -44,000 

+ 68,700 >77,500 

-141,800 -29,200 

p * 712 
psi 

t = 16.1 
(secAb 

-41,200 

-44,000 

>77,500 

- 7,700 

p» 760 
psi 

t » 25.0 
(secAb» 

>43,990 

p *= 760 
psi 

t * 25.1 
(secAb» 

-51,000 

-15,000 

>62,500 >82,500 

>38,600 >16,500 

-Load is inward 
>Load is outward 

NOTES*^Thermal mechanical stress from inside orifice wall to outside wall also 
causes an outward movement by a wedge effect (9* ramp amde) which we 

are neglecting. 
¿The at esive allowable is reduced by the temperature in the bond line. 

(Ref final thermal gradients, Figures 108 thru 113 and Epon 913 adhesive 
strength vs temperature Figure 151.) 

3The inlet frontal pressure load is as shown: 

•11.6 
OPEN 

ADHESIVE 
BOND 

I 
I 
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4The nozzle wedge effect loads are determined as Illustrated. 

While the loads are only representative of the actual loads it does show a 

trend of loads that cause the throat assembly to be forced outward towards the valve 

pintle face. The condition is caused by the loss of the bond adhesive strength after 

16.1 second. Notice that when the orifice closes at 25.1 sec the valve pintle load 

decreases the throat subassembly outward load but does not eliminate it. Thus the 

loads tend to support the actual interface movement as reported by the pintle valve 

transducer position feedback instrumentation. The outward interface reading is 

large at the end of duty cycle open and decreases with re-application of the pintle 

valve stall load but not enough to restore to the expected interface position of 

+ 0.10 inch. 

In a redesign effect some permanent connection of the throat subassembly to 

the insulation sleeve should be investigated to insure the stability of the throat. 
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Figure 65. Plane of Gas Flow Conditions for Thermal Analysis 
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A. SEPARATED ELOW REGION 

C. COORDINATE SYSTEM IN THE SEPARATED REGION 

MlH 

i 

Figur* 68. Flow in th* Cavity 
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Figur« SO. 

FULL SCALE 

Mach Numb«r vs Axial Location, Cloaod Cavity 
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Port h/cp V* Axial Location, at 0 Sec, Port Open and Closed 
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Figur« 62. Piutl« V»lv« h/cp v« A*i«l Location, Port Cioa«d J 
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Figure 65. Orifice Smear Photo, Perpendicular to Centerline 



Figure 66. Orifice Smear Photo, Perpendicular to Centerline 
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Figure 67. Orifice Smear Photo, Perpendicular to Centerline 
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Figure 68. Orifice Smear Photo, Perpendicular to Centerline 
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Figure 69 Orifice Smear Photo, Perpendicular to Centerline 
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Figure 70. Orifice Smear Photo, Perpendicular to Centerline 
H 
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Figure 71. Orífice Smear Photo, Perpendicular to Centerline 
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Figure 72. Orifice 8me*r Photo, Perpendicular to Centerline 







Figure 75. Orifice Smear Photo, Perpendicular to Centerline 



Figure 76. Orifice Smear Photo, Perpendicular to Wall 
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Figure 78. Orifice Smear Photo, Perpendicular to Wall 



Figure 79. Orífice Smear Photo, Perpendicular to Wall 



Figure 80. Orifice Smear Photo, Perpendicular to Wall 
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Figure 81. Orifice Smear Photo, Perpendicular to Wall 



Figure 82. Orifice Smear Photo, Perpendicular to Wall 
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Figure 85. Orifice Smear Pattern, Perpendicular to Centerline, for PTB Missn.g 



Figure 86. Orifice Smear Pattern, Perpendicular to Centerline, for PTB Missing 
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Figure 87. Orifice Smear Pattern, Perpendicular to Centerline, for PTB Missing 
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Figure 89. Orifice Smear Pattern, Perpendicular to Centerline, for PrB Missing 
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Figur« 94. Orifice Wall h/cp vi Axial Location at 16 Sac • 
Praliminary 
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Figur* 96. Orifica Wal) h/cp va Aiial Location at 25 Sac 
Preliminary 
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Figur« 97. Orifice Wall Presiure Ratio and Mach Number - Port Open 
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Figur« 98. Downstream N osai« Wall h/cp va Asial Location - 
Fort Open and Closed 
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Figure 103. Preliminary Upstream and Downstream Thermal Gradients at 5 Sec 

« 

217/218 



3 ÎS'°‘ F 

.MIX.J,£Æ±,. 

/0/9 "““/£33 i .i /*/?.l'yffîj I/y/T 
A^_ L 2'/J -*'J 

•ta i ~ « mû ! ma vt 1 -r/j 

J 00* 
X rfi 



Figure 104. Preliminary Upstream and Downstream Thermal Gradients at 16. 0 Sec 
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Figure 105. Preliminary Upstream and Downstream Thermal Gradients at 16.1 Sec 
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Figure 107. Preliminary Upstream and Downstream Thermal Gradients at 25.1 Sec 
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Figure 115. h/cp Around Support Leg 
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Figure 127. Graphite 30 Ultimate Compressive Strength vs Temperature 
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Figur« 132. Tro Percent Thorí»-98% Tungsten, at 26 Sec Modulus 
vs Temperature 
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Figure 134 Tungsten, Ultimate and Yield Strength vs Temperature 
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© TESTED IN ORIFICE - RETESTED 
AT ROOM TEMPERATURE 

0 ALL CURVES FOLLOW ULTIMATE 
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□ ULTIMATE COMPRESSION. WITH GRAIN 

O ULTIMATE SHEAR, WITH GRAIN 

^ ULTIMATE SHEAR. AGAINST GRAIN 

A ULTIMATE TENSILE, WITH GRAIN 

O ULTIMATE TENSILE, AGAINST GRAIN 

UNION CARBIDE 

20, 000 

18, 000 

16, 000 

14. 000 

12, 000 

U 10,000 
H 

a 
9 

8,000 

6, 000 

4. 000 

2,000 

0 

* 

• 

\ \ 

ro 

1,000 2,000 3,000 4,000 

TEMPERATURE (’F) 

5. 000 «, 000 

Figur« 141.) PTB Ultimate Tensile, Compressive and 
Shear Strength vs Temperature 
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Figure 142. PTB Revised, Ultimate Tensile, Compressive and 
Shear Strength vs Temperature 
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TENBIL AND COMPRESSIVE STRENGTH (WARP-FILL) 
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Figure 147. Glaas Cloth Phenolic, Ultimate Tensile, Compressive, 
Shear Strength vs Temperature 
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Figure 149. 4130 Steel. Ultimate Strer.jth va Temperature 
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Figure 153. Boundary Condition A. Axial Stress at 5.0 Sec, Valve Closed 
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Figure 156. Boundary (Condition A, Radial Displacements at 5.0 Sec, Valve Closed 
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Flfçure 158. Boundary Condition A, Radial Stress at 25.0 Sec, Valve Open 
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Figure 160. Boundary Condition A, Hoop Stress at 25.0 Sec, Valve Open 

279 

■w
iiB

a 
h 



Figure 161. Boundary Condition A, Shear Stress at 25.0 Sec, Valve Open 
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53. Boundary Condition A, Axial Boundary Displacements at 25.0 Sec, Valve Open 
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Figur* 165. Boundary Condition A, Axial Stresu at 25.1 Sec, Valve Closed 
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figure 167. Boundary Condition A, Shear Stress at 25.1 Sec. Valve Closed 
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Figur« 171. Boundary Oonditlon B, Axial Stress at 5.0 Sec, Valve Closed 
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Figure 172. Boundary Condition B, Hoop Stress at 5.0 Sec, Valve Closed 
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Figure 175. Boundary Condition B, Axial Displacements at 5.0 Sec, Valve Closed 
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Figure 178. Boundary Condition B, Hoop Stress at 25.1 Sei, Valve Closed 
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SECTION IV 

CONCLUSIONS AND RECOMMENDATIONS 

A review of the pretest orifice design-fabrication, the post-test evaluation, 

and the failure analysis provides information upon which conclusions and design 

recommendations may be drawn. 

A review of the design-fabrication indicates that the orifice design includes 

too many parts and materials in a complex design. 

The post-test evaluation, including hardware examination, orifice test 

performance, test movie analysis instrumentation data, and fabrication reports 

shows the following salient points. 

1. The initial failure starts at 5 sec with orifice 

closed, and the failure continues throughout 

the TU-520-04 motor test. The three complete 

orifice failures occur at 35.7, 65.7, 77.5 sec 

in a 140 sec action time test. The fourth orifice 

was a partial failure and would have been a 

complete failure with a larger motor action 

time. Considerable redesign is required for 

all four ports to survive for 120 seconds. 

2. Tne majority of ejected orifice material segments 

and the major orifice throat outward i tovement 

occurs during open orifice-open duty cycle. The 

size of elected orifice material ports and the 

total outward movement of the orifice throat 

increases with the motor firing time. After 36 



to 65 sec, the orifice throat outward movement 4 

and the size of ejected material parts tends to 

stabilize, probably due to the loss of valve control * 

and orifice ports during this time span. 

3. The first orifice port to fail (including a cracked 
* 

ring of PTB) was the only orifice to include a full 

length PTB billet. The other three orifices con¬ 

tained a short PTB billet with a carbon doth phenolic J 

filler support ring. While the cracked billet did not v 

start the failure, it contributed to the loss of the * 

entire PTB ring during the firing. 

4. No pyrolytic graphite ring segments were recovered 

from any of the orifices. Only a short circular 

segment of the three ejected copper-tungsten nuts 

was recovered. 1 

5. The one remaining orifice contained only the throat 

subassembly and the insulation sleeve, while the | 

valve pintle closed the orifice, "he Graphite 90 a 

inlet was radially cracked in three locations at the * 

valve support leg cutouts, and it exhibited surface 

cracks at two other locations. The carbon cloth 

insulation sleeve was eroded at the inlet face, 

around the valve leg cutout holes, and the exit 

face. Chamber gas leakage through the closed Q 

orifice port is obvious when daylight shows through m 

the eroded and cracked portions of the orifice after ■ 

static test. The tungsten throat and nut twisted the 

inlet graphite and nearly pushed through it into the 

nozzle exit cone before the end of the static test. 

I 
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Ttie failure analyses including the aerodynamic, thermodynamic and structural 

analyses indicated the following. 

1. During orifice-closed condition, the downstream 

orifice walls receive the largest increase of pressure 

(26 to 330 psia) concentrated in the downstream 180 

deg orifice arc. The convective heat transfer 

coefficient increases from a value of 0.20 upstream 

to 1.84 downstream. The erosion changes from 0 

upstream to 1.20 in. downstream. 

2. During orifice-open condition, the upstream orifice 

walls receive a large increase of pressure from 26 psi 
to 388 pel, while the downstream orifice wall 

experiences a pressure increase from 330 to 388 psi. 

Hie upstream heat transfer coefficient increases 

from 0.20 to 1.62 while the downstream decreases 

from 1.84 to 0.06. Hie upstream erosion increases 

from 0 to 0.20 inch. 

3. As early as 5 sec the downstream plane shows a 

number of material element failures (28 percent 

of PTB elements, 10 percent of pyrolytic graphite 

elements, 13 percent of Graphite 90 elements). At 

26.1 sec massive material element failures Indicate 

an early orifice failure (93 percent of PTB elements, 

90 percent of pyrolytic graphite elements, 19 percent 

of Graphite 90 elements ). 

4. During orifice open duty cycle the throat orifice- 

pintle valve inter moves outward as much as 

0.160 in. beyo id the expected movement due to 

thermal expa nsion of the tungsten and deflection of the 

valve supports holding tie position transducer, indicat¬ 

ing orifice throat, nut and inlet (throat subassembly) 



outward movement due to breaking down of the 

adhesive bond holding the subassembly to the 

carbon cloth Insulation sleeve after 16.0 seconds. 

5. The Initial failure starts with segments of the 

downstream PTB orifice aft exit cone ejecting 

while the oriflee is closed. The early failure 

is due to downstream gas stagnation on the PTB 

material with the resulting large erosion, 

charring and chunking. The failure mechanism 

is the unsymmetrical heating and pressure loads 

around the PTB ring causing a hoop-shear stress 

failure on the downstream lip. 

6. During orifice-open the upstream orifice plane 

PTB material is probably lost, although no 

structural analysis was run on this plane since 

the downstream orifice edge was deemed the 

most critical. 

7. The orifice exit cone materials (PTB and pyrolytic 

graphite) have the grain oriented in the wrong 

direction for the downstream stagnation conditions. 

The grain is perpendicular to orifice centerline at 

present. The grain must be changed to parallel 

to orifice centerline to survive the orifice 

downstream environment. 

A. CONCLUSIONS 

The major problem areas are: 

1. The differential heating, forces and erosion 

around the orifice-nozzle exit cone caused by 



downjtream closed port gas reattachment stagnation 

and the upstream open port hot gas Injection shock 

fronts. 

2. The unpredictable orifice throat subassembly outward 

movements during open orifice dm> cycles and after 

16 sec of motor firing time, when the adhesive bond 

breaks down. 

3. Insufficient throat subassembly outer diameter support 

due to valve leg cutouts in the carbon cloth insulation 

sleeve and graphite inlet ring. 

These problem areas caused the following orifice material problem 

1. PTB delamination and cracking along molding grain 

lines in hoop and shear failure; 

2. Pyrolytic graphite delamination and cracking across 

grain in axial and shear failure; 

3. Copper-tungsten nut cracking against grain in hoop 

failure; 

4. Graphite cracking against grain in hoop-torsional 

shear failure. 



RECOMMENDATIONS 
B* - 

The design recommendations to insure orifice 120 sec reliability provides 

the answers to the major orifice problem areas. The major changes recommended 

are as follows. 

1. Change materials, processes and grain orientation 

and simplify the orifice design, the new materials 

to be more erosion resistant and not subject to 

spalling or chunking while subjected to differential 

heating and pressure forces around a 360 deg 

circumference. 

2. Widen base for the valve leg support cutout holes 

and increase the insulation sleeve thickness to 

insure better support at the throat subassembly 

outer edge. 

3. Provide a more heat resistant adhesive bond along 

the orifice material interfaces and provide a positive 

connection between the throat subassembly and the 

insulation sleeve. 

The major orifice problem areas and related material problems along with 

orifice problem solutions are listed in Table XXV. 

1. ORIFICE REDESIGN 

A redesign of the orifice to insure a reliable assembly for a 120 sec HGSITVC 

duty cycle requires that the following steps be taken. 

1. Consider the conclusions reached on major problem 

areas. 

2. Consider the design recommendations on major 

problem solutions. 
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3. Evaluate current material and fabrication 

technology. 

4. Define alternative orifice designs. 

5. Preliminary analysis. 

6. Preliminary orifice design selection. 

By necessity, this orifice redesign effort cannot be extensive, but it does 

represent an interpretation of the existing design, the post-test evaluation, and the 

failure analysis to ascertain a preliminary redesign for a reliable 120 sec orifice. 

a. Major Problem Areas—The major problems are: (1) the differential 360 deg 

orifice-noasle exit wall heating, forces, and erosion, (2) the throat subassembly 

movement, and (3) the lack of subassembly support due to valve leg cutouts and 

fabrication bond lines. The problem areas center on the PTB, pyrolytic graphite, 

copper-tungsten nut and Graphite 90 materials failing by c racking and /or delamination. 

b. Major Problem Solutions--TTie major solutions are (1) to change materials, 

processes and grain orientation while simplifying the design; (2) move out valve leg 

support location; and (3) provide a positive adhesive and connection between the 

throat subassembly and the orifice insulation sleeve. 

2. CURRENT MATERIAL TECHNOLOGY 

Current technology provides some new material, fabrication, and processes 

not available when the orifice design was originated in early 1966, plus improved 

standard fabrication processes. These materials and fabrication processes are listed 

below. 

Material 

Graphite Cloth 
Phenolic 

Graphite 
Thornel 
Yarn Phenolic 
(Union Carbide) 

Fabrication Cure 
Process Process 

Tape wrap 320° F 
parallel to l.OOOpsl 
centerline 

3D woven - 320* F 
A veo 1,000 psi 
process 

Post Cure 
Processing 

Graphltizatlon 
at 5, 600* F 
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Comments 

Graphitlzation of large 
tape wrapped billets is 
a new process. 

Thornel yarn and 3D 
weaving is a new 
process. 



Material 

Graphite Cloth 
Phenolic 

Pyroid - Large 
Pyrolytic 
Graphite Kings 
(Pyrogenic«) 

PTC-Graphite 
Fiber Phenolic 
(Union Carbide) 

längsten Wire 
(UTC) 

Tungsten Kings 
up to 8-10 in. 
Diameter 

Fabrication Cure 
Process Process 

Edge grain pattern- 320* F 
layup (rosette) L 000 psi 

Vapor deposition 
parallel to surface 
high temperature 
furnace 

Molded - 150 - 320* F 
statically with 1,000 pel 
specif 1 fiber 
orientation 

Filament wound 
bo-üiod with plasma 
arc sprayed tungsten 

Forged and roll ring 
shaped 

Pressed and sintered 
Rough forged 
Plated 

Post Cure 
Processing Comments 

— Improved standard 
fabrication process. 

Ring forming pyro¬ 
lytic graphite is a 
new process. 

Baked, Impregnated Improved PTB 
graphttized, impreg- grade, 
nated graphttized 

New tungsten fabri¬ 
cation process. 

— Improved standard 
fabrication process 

Graphite Cloth 
Phenolic 

Gre.pcite Cloth 

Graphite Bond 
Carborundum 
Carbitex 

A large number of alternative designs are possible with the above materials, 

fabrication techniques, and process changes. However, to Insure compatibility with 

the existing design concept that has required nine upper stage and three first stage 

motors to develop, some of the materials application to the redesign will be on a 

Tape wrap parallel 
to surface 

Flat laminate and 
cross-stitched 

320* F 
1,000 psi 

Binder and 
high tem¬ 
perature 
furnace 

Graphltization 
at 5,600° F 

Improved standard 
fabrication process 

New process. 

limited basis. 

3. ALTERNATIVE DESIGNS 

N'jte alternative orifice designs are proposed (Figures 192 thru 200). 



A summary of the nine alternative designs is shown below with the design 

changes noted, as well as the reasons for the design change. 

The orifice design ci iteria for a 156 inch diameter motor, submerged nozzle, 

with HGSITVC requires 16 orifice ports. 

Web Time 

Average Chamber 
Pressure 

Propellant 

Grain Design 

Nozzle Throat 
Diameter 

Orifice Port Location 
Diameter 

Area Ratio Location (c) 

Orifice Throat Diameter 

Relative design criteria are listed below. 

120 sec 

700 psia 

Minuteman type 

Segmented CP 

46.90 in. 

90.71 in. 

3. 75 

6.37 in. 

Within the following envelope the alternative designs were developed. 

Orifice Support Structure 

Inner Carbon Cloth Liner (in. ) 

Steel i&eil (in. ) 

Outer Carbon Cloth Liner (in. ) 

Present 
Design TU-52,. 04 

2.25 1.35 

1.25 1.50 

1.50 2.00 

Orifice Wall 

Exit Cone Angle (deg) 3.00 

Exit Cone Diameter (in. ) 6. 70 

Orifice Length to Valve Pintle 
Interface (in.) 4.30 

Orifice Length/Exit Diameter (in.) 1.56 

3.00 

6.90 

4.30 

1.61 

Orifice Assembly 

Orifice Centerline to Start of Valve 
Support Leg Cutout (in.) 6.30 5.60 

Orifice Largest Diameter (in.) 13.60 13.60 



Alt^tTAte Designs 

Design 

Alternstej, 

Modified Design 

Alteraste 2 

Modified Design 

Chang«:! s 

A. Replace PTB with graphitlzed 
graphite cloth phenolic parallel 
to centerline. 

B. Cut axial length of pyrolytic 
graphite and tungsten throat 
and nut. 

C. Reverse OD graphite ramp, 
and thread liners together. 

D. Eliminate bond lines in orifice 
and use Epon 934 for orifice- 
nozzle assembly. 

A. Replace PTB and carbon cloth 
insulation with one piece of 
carbon or graphite cloth 
phenolic edge grain layup. 

B. Decrease pyrolytic graphite 
axial length. 

C. Cut radial graphite thickness 
and thread to graphite cloth 
insulation 

D. Eliminate bond lines in orifice 
and use Epon 934 for orifice- 
nozzle assembly. 

Reason 

A. Provide an excellent uni¬ 
form erosion liner with the 
plies oriented to resist 
downstream gas stag¬ 
nation environment. 

B. Pull laminated washer 
back from downstream 
gas stagnation region. 

C. Hold throat subassem¬ 
bly in place during 
open-port duty cycle. 

D. More OD support for 
liner materials at 
elevated temperature. 

A. Provide a good, uni¬ 
form erosion liner 
with the plies oriented 
to resist downstream 
gas stagnation environ¬ 
ment condition. Provide 
higher strength component 
that will not spall but is 
more susceptible to 
erosion. 

B. Pull laminated washer 
back from downstream 
gas stagnation region. 

C. Hold throat assembly 
in place during orifice 
open duty cycle. 

D. More OD support for 
liner materials at 
elevated temperatures. 



De»ign 

Alternate 3 

Advanced Design 

Alternate 4 

New Design 
Concept 

Alternate 5 

Advanced Design 

Altern te Design« (Cont) 

Changes 

A. Shorten tungsten throat and A. 
replace tungsten nut with 
threaded tungsten-graphite 
connection. 

B. Replace PTB and pyrolytic B. 
graphite with erosion resistant 
exit cone insert. Insert could 
be pyroid, carbitex, PTC or 
3D thornel graphitized with grain 
or ply oriented parallel to orifice 
centerline. 

C. Reverse graphite OD ramp and C. 
provide a two-piece insulation 
and assembly connector sleeve 
of graphite cloth. 

D. Eliminate bond lines in orifice D. 
and use Epon 934 for orifice 
nozzle assembly. Use 13.60 OD 
orifice assembly diameter to 
keep bond lines strong during 
120 sec test. 

A. Provide two-piece tungsten A. 
orifice wall liner locked in on 
graphitized graphite cloth 
phenolic support block. 

B. Bond throat subassembly to B. 
graphite cloth phenolic sleeve 
and the assembly to the nozzle. 
Adhesive is Epon 934. 13.60 in. 
orifice assembly OD used to 
keep bond lines strong during 
120 sec test. 

A. Shorten tungsten throat and A. 
replace tungsten nut with threaded 
tungsten-graphltized graphite 
cloth erosion liner, the graphi¬ 
tized graphite cloth replacing the 
PTB and pyrolytic graphite. 

Reason 

Simplify design - 
allow maximum exit 
core insert - eliminate 
tungsten nut cracking 
problem. 

Simplify design and 
provide maximum pro¬ 
tection for downstream 
stagnation and upstream 
shock frort. 

Hold threat assembly 
in place during orifice 
open condition with a 
stable, uniform eroding 
materiel. 

More OD support for 
liner materials at 
elevated temperatures. 

Eliminate erosion and 
maintain orifice wall 
shape. 

Simplify design; four 
components, three 
materials. Eliminate 
component material 
cracking and/e.' 
delaminating. 

Simplify design; three 
components, three 
materials; minimize 
upstream and down¬ 
stream erosion; 
eliminate previous poor 
performing materials. 
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Design 

Alternate S (Cont) 

Advanced Design 

Alternate 8 

New Design 
Concept 

Alternate 7 

Improved Design 

Alternate 8 

Advanced Design 

Alternate Designs (Cont) 

Changes 

B. Use 13.60 OD orifice assembly B. 
to keep bond lines cool and 
strong during 120 sec test. 

A. Provide one-piece forged or A. 
filament wound tungsten-tungsten 
bond throat and exit cone, over¬ 
wound with graphite yam (thomel) 
phenolic. 

B. Bond throat subassembly to B. 
graphite cloth phenolic tape wrap 
and total orifice assembly to 
nozzle. Adhesive is Epon 934. 
13.60 in. orifice assembly OD 
used to keep bond lines cool and 
strong. 

A. Replace PTB and pyrolytic A. 
graphite washer with graphite cloth 
phenolic-edge grain. The orifice 
exit cone is combined with insu¬ 
lations here. 

B. Decrease radial thickness of B. 
graphite, aid thread throat sub- 
assembly to erosion liner of 
graphite cloth. 

A. Provide a forged tungsten throat A. 
trapped between two erosion 
liners of regnphitized graphite 
cloth phenolic tape wrapped at 
30 deg to centerline; eliminate 
PTB, pyrolytic graphite, rubber 
tungsten nut and graphite. 

B. Throat and exit cone subassembly B. 
bonded and threaded to the 
graphite cloth phenolic insulation 
sleeve. 

Reason 

More OD support for 
liner materials at 
elevated temperature. 

Eliminate erosion at 
upstream and down¬ 
stream orifice wall. 
Simplify design; 3 
components, 3 materials. 

More OD support for 
liner materials at 
elevated temperature. 

Minimize erosion at 
up- and downstream 
orifice faces, simplify 
design. 

Hold throat subassembly 
in place when orifice is 
open or highly heated; 
more OD support for 
liner materials at ele¬ 
vated temperatures. 

Minimize upstream and 
downstream erosion; 
simplify design; elimi¬ 
nate poor performance 
materials. 

Hold throat subassembly 
in place during orifice 
open phase, or when 
highly heated; provide 
throat support. 



IJ 

Design 

Alternate 9 

Improved Design 

Alternate Designs (Cont) 

Changes Reason 

A. Provide a standard thoria A. Minimize orifice wall 
tungsten throat and retention nut erosion. Simplify 
with regraphitized inlet and exit design. Eliminate 
erosion liners; eliminate PTV, poor performance 
pyrographite rubber, and materials, 
graphite. 

B. Throat and exit cone subassembly B. Hold throat subassembly 
bonded and threaded to the carbon in place during test; pro¬ 
cloth phenolic tape wrapped vide a solid throat 
insulation sleeve and the total support. 
assembly is bonded to the nozzle. 
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4. PRELIMINARY ANAJ.YSIS 

The nine alternate orifice designs were classified by tlie amount cf change 

involved with respect to the TU-520.04 orifice, "modified" meaning the least 

change and "new concept" the most change. Modified design 2 was seiected as 

closest to the original design and two-dimensional thermal gradients were run for 

the downstream ©riffle« plane, assuming the same erosion as predicted for the PTB 

and the same wall heat transfer coefficients as used for the final thermal gradi¬ 

ents in the failure analysis. Five time period thermal gradients are shown at 

t-6.0 sec closed, t»16.Csec closed, t - <6.1 sec open, t* 25.0 sec open 

and t - 26.1 sec closed (Figures 201 thru 206). 

The purpose of this preliminary analysis was to determine the temperature 

and stress effect on the carbon cloth exit core replacing the PTB and the tempera¬ 

ture-stress effect on the tungsten throat-graphite support when carbon cloth 

replaced a part of the graphite ring. To show the temperature differences be¬ 

tween alternate design 2 and the present orifice design, comparisons were made 

at three times 5.0, 16, 0 and 25.0 sec (Table XXVI). The difference in temperature 

along the wall surfaces were slight. 

However, a comparison of the present to modified design 2 thermal gradi¬ 

ent at Section A-A (Figure 20', ) at t - 25.1 sec shows that the PTB has a higher 

temperature for a given radial length than the carbon cloth. This is due to the 

higher thermal conductivity of the PTB material. Figures 113 and 206 present the 

thermal gradients of the present and modified design at t * 25.1 seconds. 

The present and modified orifice hoop stresses at Section A-A at t »25.1 

sec are compared in Figure 208. The two-dimensional present design hoop 

stress through Section A-A at t - 25.1 sec with Boundary Condition A is obtained 

from Figure 166. A one-dimensional present design hoop stress through Section 

A-A at t » 25.1 sec with the radial restraint of Boundary Condition A and using the 

two-dimensional thermal gradient (Figure 113) is also shown. While the one-di¬ 

mensional hoop stresses are higher than the two-dimensional hoop stresses, the 
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shape and slope of the two hoop stress curves are consistent. Thus, a one¬ 

dimensional modified hoop stress through Section A-A at t =*25.1 sec (Figure 208) 

while not completely accurate is a preliminary design indicator of the actual two- 

dimensional hoop stress. 

The present design, one-and two-dimensional, material element hoop stress- 

actual and allowable is plotted vs element temperature (Figure 209). Where the 

allowable is lower than actual stress, the material elements are overstressed. 

Thus the present design, by the two-dimensic nal analysis with the PTB material, 

is overstressed from 5, 500 to 3,100°F, or a distance of 0.50 in. from the eroded 

surface. The one-dimensional analysis of the present design shows an overstressed 

PTB material from 5,500 to 2,450°F, or a distance of 0.80 in. from the eroded 

surface. 

The modified design (Section A-A at t = 25.1 sec) overstressed material curve 

is shown in Figure 210. The overstressed carbon cloth material extends back from 

the eroded surface a short distance of 0.10 inch. The material allowable curves 

for the carbon cloth and PTB material are obtained from Figures 145 and 141. 

Thus the carbon cloth in the modified design, while showing the same erosion depth 

as the PTB in the present design, has a smaller overstressed char layer thickness 

of 0.10 in. as compared to the PTB thickness of 0.50 to 0.80 inch. It is postulated 

that the smaller overstressed char layer thickness in the carbon cloth phenolic 

indicates a lower probability of a spalling, gouging, or chunking effect on the 

eroded surface. 

A comparison of the present to modified orifice design temperature profile 

at Section B-B, t » 25.1 sec, through the throat plane is made in Figure 211. The 

modified design graphite ring shows a slightly higher temperature at radial length 

1.75 in. due to proximity of carbon cloth insulation. The carbon cloth temperatures 

at radial length 3.25 in. of the present and modified design again merge together. 

(Figures 113 and 206show the thermal gradients at Section B-B). 



•' 1 " !"""' ' ! ' .. .. Hi ' '» 

A comparison of the present and modified hoop stress at Section B-B and t ■ 

25.1 sec is provided by Figure 212 . Again the present design, one~ and two- di¬ 

mensional structural analysis hoop stresses do not agree exactly in numerical 

value but do show good agreement on the shape and slope of the hoop stress profile 

except through the hoop carbon cloth insulation liner. The modified design one¬ 

dimensional structural analysis hoop stress curve follows the present design hoop 

stress except where carbon cloth replaces graphite. 

The present design structural analysis indicates that the tungsten actual one¬ 

dimensional hoop stress is higher than the allowable hoop stress (Figure 213). All 

the tungsten elements for a radial thickness of 0.65 in. are overstressed. An 

iterative analysis is necessary with the tungsten to use Young's modulus values 

that agree with the strain in./in. level. Only one iteration was made with present 

design. Usually several are needed before satisfactory agreement is made between 

Young's modulus and the strain. 

The modified orifice stress condition (Figure 214) at the throat plane B-B, 

t =» 25.1 sec, also indicates an overstressed tungsten condition. The tungsten 

requires an iteration of actual to predicted Young's modulus and strain to show a 

realistic stress condition. 

A comparison of the designs in the throat plane indicates that although a dif¬ 

ferent thickness combination of the three materials—tungsten, graphite and carbon 

cloth—was used, the net effect as measured by the +or - areas between the allow¬ 

able and actual stresses of the materials is about the same. 

5. FINAL SELECTION 

The nine alternate designs (Figures 192 thru 200) may be classified as modified, 

improved, advanced and new concepts. The modified designs involve tne least 

development change and the new concepts the most development change. The 

breakdown of the nine designs is as listed. 

■ i 'itW1***....HMWIlHilWiiNli ■ ' 
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Modified Improved Advanced New ConceEt 

X 

X 

To prove an orifice design that will aurvive a 120 sec motor teat firing con- 

aistently a aignificant improvement ia needed to the existing design without going 

to a new concept which would require a development program. 

Thus the two improved designs would find immediate application with the three 

advanced designs held in reserve for future application. 

Designs 7 and 9 are similar to design 2, which was subjected to a preliminary 

analysis at Section A-A orifice exit cone and Section B-B orifice throat plane, 

except that the pyrolytic graphite washer and rubber spacer have been removed. 

Design 7 substitutes graphite cloth phenolic for the carbon cloth billet, while design 

9 retains carbon cloth as insulation sleeve for the graphitised graphite cloth erosion 

liners and support rings. 

Current material technology programs have evaluated seven erosion liner 

materials: carbon and graphite cloth, pyrolytic graphite, graphitized graphite cloth 

phenolic, graphite, PTB and tungsten materials that have been used or could be 

used in orifice inlet and exit cone. The materials are evaluated in Table XXVH . 

Material G, thoriated tungsten, is the orifice throat material; Material E, 

Graphite 90, »m« been used as the orifice inlet; while Materials A, PTB, and F, 

Pyrolytic Graphite, have been used in the orifice exit cone. Notice that the present 



•. 



orifice materials exhibit higher thermal conductivities than the proposed alternate 

materials Bt C, and D. Also, the ratio of compression to tension allowable 

stresses for the present orifice materials is higher than the proposed alternate 

materials. When the liner material resembles a homogeneous material, with 

properties in each of three planes approximating each other and the compression 

and tension properties in each plane in low multiples (1 to 2) of each other, the 

design application and use of material increases. The PTB and Pyrolytic Graphite 

exhibited grains perpendicular to orifice centerline and parallel to the gas impinge¬ 

ment and stagnation on the downstream plane. The replacement materials would 

be oriented 9 to 30 deg off parallel to orifice centerline. 

As shown in the thermal-mechanical stresses in Sections A-A and B-B, the 

replacement of PTB with carbon cloth and Graphite 90 with carbon cloth decreases 

the temperature inside the orifice wall while showing the same or fewer elements 

in an overstressed condition. 

Thus, the graphitired graphite cloth phenolic, D, lr Design 7 and the graphite 

cloth phenolic, C, in Design 9 would be satisfactory from a thermostructural 

standpoint to be included In the final relection. 

A further evaluation of the orifice liner materials is presented (Tables XXVin 

and XXDQ by acorn par ison of preliminary erosion rates in the inlet and exit cone. 

The erosion rates are determined by the preliminary erosion rate formula with an 

erosion correction factor. 

In the inlet, the Graphite 90 material shows the best erosion resistance but 

with a small increase in erosion. The graphitized graphite cloth phenolic can be 

used, providing a more stable, reliable, crack resistant material. 

The comparison of the orifice exit cone materials shows that tungsten, 

pyrolytic graphite, graphite and graphitized graphite cloth represent the best 

materials,in that order. With the orifice closed, the erosion rate varies from 0 

to 21.20 mils/sec and orifice open erosion rates vary from 0 to 10.40 mil/second. 

These erosion rates on the downstream plane will decrease with static test time, 





TABLE XXVm <Cont) 

ORIFICE INLET MATERIALS - COMPARISON BY PREDICTED EROSION 

Notea: 

1. Actual teats of graphitlzed graphite cloth phenolic (FM52P8), graphite 

cloth phenolic tape wrapped (FM5014) and Graphite 90 were made in 

the Tfaiokol teat motors TU-379, TU-S91, TU-599. At pressures of 

100 to 900 psia, throat diameters of 0.28 to 4.45 in. and web times 

of 15 sec indicated the FM5228 eroded halfway between the Graphite 90 

and FM5014 materials erosion rate. Thus, the preliminary predicted 

erosion rate orifice fully open would actually be between 4.6 and 8.2 

mil/seconds. 

2. h/cp * convective heat transier coefficient 

ß * propellant formulation bloving coefficient 

p *= density (Ib/cu ft) 

12,000 * conversion term factor 

(F) * erosion correction factor 

3. While the Graphite 90 has the lowest erosion rote, it exhibits the greatest 

amount of cracking when loaded unsymmetrlcally as in the orifice port. 

4. INLFT - MAXIMUM CONVECTIVE HEAT TRANSFER COEFFICIENTS 
h/cp - (lbm/ft2-sec) 
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TABLE XXIX (Cont) 

ORIFICE EXIT MATERIALS - COMPARISON BY PKEUiCTED EROSION 

©© 

<D 
7.70 18.70 r - .7» 6. Graphttr 00 

7. Tung*U>n 0 0 

Not««: 

© h/op ” convective beat transfer coefficient 

ß * propellant formulation blo'vtng coefficient 

P » Density (Ib/sq ft) 

F * Erosion correction factor 

(£) Actual teats at Thlokol-Wasatch División Indicates material 

(5) FMS228 actual erosion Is 21.20 M/8 halfway between thf 

erosion of material 8 Graphite 90 -15.70 M/8 and matetial 

0 FM8014 - 26.50 M/8. 

0 Erosion rates will decrease with the eroded conlljuration on the 

downstream plane. The gas stagnation point will also shift 

further down the orifice downstream wall with static test time 

and erosion. 

0 Graphite 90 or py rolytic graphite was not considered In the 

irlflce exit cone redesign because of Its susceptibility to crack¬ 

ing or delamination. 

0 ExK cone maximum convective heat transfer coefficients - 

h/cp (Ibtn/eq ft-sec). 

r 

» , m» »».A«1 YMMMli 
r>,» hum t it* a**'*» ««9Hrw » vr INAMIpgP • MStrN II eti* »Mis «1» 

iNMincr Aft * IM»«' MPHN 

0 The effect of tungsten in the norde exit on the surrounding 

materials and injection performance is unknown. 
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a8 the erosion will decrease the heat transfer coefficient along the orifice wall. 

Assuming a 35.0 sec full open time and a 85.0 sec closed time for each orifice, 

the approximate erosion depth is given below for the four materials. 

Orifice 
Wall 

Tungsten ^ 0 in* 

Pyrolytic Graphite * 35(0.0026) +86(0.0053) - 0.54 in. 

Graphite 90 = 35 (0.0077) + 85 (0. 0157) = 1.61 in. 

Graphitized Graphite 51 35(0.0104) + 85(0.0212) * 2.16 in. 

Exit Cone Wall 

«0 in. 

85(0.0043) *= 0.37 in. 

85(0.0129) ' 1.10 in. 

85(0.0147) = 1.25 in. 

The tungsten and graphite would be eliminated on a preliminary basis. The 

tungsten, because of its design application development time and cost, and because 

cf its effect on orifice inj jtion when surrounding exit cone materials, is excessively 

eroded. The graphite cracking problems with unsymmetrical heating, pressure 

loading and erosion eliminate this material as an exit cone liner. The other 

mater tais, pyrolytic graphite oriented parallel to orifice centerline and the graphi¬ 

tized graphite cloth, would be acceptable if used as shown below. 
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The graph* ti zed graphite cloth phenolic is acceptable for orifice injection 

performance in its eroded condition and is a more developed material for design 

application in the orifice exit cone. The pyrolytic graphite as an orifice exit cone 

in pyroid form (Figure 19^ - Advanced Design) while not as fully developed and 

tested as the graphitized graphite would serve as a backup material in the final 

orifice design evaluation. 

us, improved design 9 with three materials—2 percent thoriafed tungsten, 

graphitized graphite cloth, and carbon cloth phenolic—and five rings, is the pre¬ 

liminary selected design from the nine alternative designs. Certain features of 

the advanced design concept 3, the pyroid pyrolytic graphite exit, would be held 

in reserve for future application. 
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Pifur« 208. Preaant and Modified Orifica Daaign, Hoop Straaa Profila, 
Saction A-A at 26.1 Sac 
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