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FOREWORD 

This Final Technical Engineering Report covers the work performed under 
Contract AF 04(695)-773, "156-7 Fiberglass Case Liquid Injection Thrust Vector 
Control Motor Program".   The program motor, designated by the Air Force as 
the 156-7 rocket motor, is identified for inhou^e processing as the TU-393 rocket 
motor. 

This program was conducted under the overall direction of Col H. W. Robbins 
of SSD, with technical direction by the Air Force Rocket Propulsion Laboratory (AFRPL) 
Mr. Carver G   Kennedy, Manager Space Booster Development, was the Wasatch 
Division Program Manager and Mr. W. G. Ramroth, Manager Large Space Booster 
Project Engineering was the Project Engineer. 

This technical report has been reviewed and is approved. 

Mr. R. Felix 
Senior Project Engineer (RPMMS) 
AFRPL. Edwards, California 



ABSTRACT 

The 156 in. diameter case LITVC motor program was conducted by the 

Wasatch Division, Thiokol Chemical Corporation for the Air Force Space Systems 

Division with technical direction by the Air Force Rocket Propulsion Laboratory. 

The two major objectives were (1) the design and fabrication »f a flighlweight 156 in. 

diameter monolithic solid propeilant motor utilizing a fiberglass -einforced plastic 

monolithic case, a 34 to 1 expansion ratio submerged fixed nozzle, and a NO   LITVC 

system; and (2) the demonstration static test of the motor In a simulated altitude 

environment to provide meaningful LITVC data in a high expansion ratio nozzle. 

Both objectives were successfully attained.   The program was culminated on 

13 May 1966 with a static test of the motor utilizing a 10 ft diameter by 82 ft long 

diffuser for altitude simulation.   The motor had a mass fraction in excess of 0.90 

and operated for 110 sec at an average thrust level of approximately 325,000 lb. 

The static test was successful and all motor components were intact and in good 

condition at the completion of the firing.   Two abnormalities occurred during the 

firing.   At approximately   0 sec, a burnthrough occurred in the diffuser tube 

approximately four feet aft of the nozzle exit plane, apparently due to high localized 

erosion of the ablative insulation on the inside diameter.   The diffuser continued to 

operate throughout the test although at a lower simulated altitude.   A malfunction of 

the pressure regulating subsystem portion of the LITVC system caused a degradation 

of inlectant pressure during the firing and subsequent degradation of the LITVC per- 

formance.   Post-test inspection of the motor and components revealed that internal 

insulation, nozzle design, and case design were satisfactory and the motor had 

functioned as expected    The static test demonstrated attainment of all program 

objectives.   After post-test analysis of the fired motor and components, the fired 

case was hydroburst tested to obtain additional data on fiberglass case design.   The 

case burst at 963 psig, very near the design ultimate pressure of 970 psig.  This 

hydroburst, performed under a supplemental agreement to the contract, demonstrated 

the validity of the design and fabrication techniques used for this case. 
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SECTION I 

INTRODUCTION 

Detailed design analyses were conducted on the 156-7 nozzle for the 156 

Inch Demonstration Motor.   The nozzle presented In this report compiles with the 

requirements of Exhibit "A" to Contract AF 04(695)-773 and will provide a reliable 

performance. 

The detailed analyses that were conducted include an aerodynamic analysis, 

a thermal analysis, and a structural analysis. 

This section presents the results of these analyses for the design of the 

156-7 nozzle. 

Maximum use of recent developments in analytical techniques and test 

results from recent firings (such as Thiokol's TU-402, TU-412, TU-454, TU-455, 

and SURVEYOR and UTC's 1205-3 Motor) was made in the design of this nozzle. 

Analyses indicate that design objectives were met and that the 156-7 nozzle 

design should perform successfully. 

■ 
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SECTION n 

NOZZLE DESIGN AND FABRICATION 

The nozzle concept selected for the 156-7 156 in. rocket motor is a 

Bemisubmerged, fixed, contoured, ablative plastic no  de for an upper stage 

application and utilizes liquid injection of nlirogen tetroxlde for thrust vector 

control.   The nozzle has been analyzed for both flight and static test conditions; 

these analyses are presented liter in this section. 

Nozzle liner an-  i sutatlon thickness was based on heat transfer and erosion 

analyses and a thorough evaluation of test and manufacturing data.   The structural 

member thicknesses were determined from a comprehensive structural analysis. 

In all case«), compatibility, ease of fabricatitn, cost, availability, and the 

properties and past performance of each material were carefully considered 

before making a material selection.   The materials chosen for this nozzle, (graphite 

cloth phenolic, carbon cloth phenolic, silica cloth phenolic, and glass cloth phenolic) 

are all in common use in the industry and have proven reliable as used in the 

appropriate design application. 

Other nozzle designs considered especially pertinent to the 156-7 noz-sle 

design were the submerged structures of the Wing VI Stage II MINUTFMAN and 

SURVEYOR, the submerged noses of the TU-454 and TU-455 motors, and the exit 

cone structure of the TITAN in 120 in. motor.   Available materi il data obtained by 

all contractors (primarily Thiokol and Tockheed) in the 623A program were carefully 

analyzed.   Properties of the various materials are presented in Figures 1 thru 3. 

.  i. ii —, ,      i . ■.—i 3  ■'-  ■  '  '  
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n,? 

18 Percent 
Nickel Steel 

5052-Sheet 
Aluminum 

Tension, ultimate (psi) 210.000 31,000 

renslon, yield (pal) 200,000 21,000 

Compression, ultimate (pal) 210.000 31,000 

Compression, yield (pal) 200,000 20,000 

Shear, ultimate (psi) 120,000 19,000 

Modulus of Elasticity (pal) 27 x 106 
10. Ix 106 

Density (Ib/cu in.) 0.293 0.097 

Thermal Conductivity, 
(BTU/ft-hr-#F) — 110.0 

Speclftc Heat __ 0.23 

Component 
Use 

Flange 
Injector 
Ring 

Sandwich 
Core 

Figure 2.    Motal Material Properties at Puom Temperature 
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Aluminum Honeycomb - 5052 Aluminum 

1/4 in. Cell - 5052 Aluminum - 0. 0025 in. Thick 

Density - 5. 2 Ib/cu ft 

Compression 

Stress - 480 psi 

E   (modulus) - 116,000 psi 

Crush Strength - 326 psi 

Shear 
L Direction W Direction 

Strength (psi) 360 210 

Modulus, G   (psi) 61,000 30.500 

Bolt-EWB 26-12 - Nozzle-Case Attachment 

Tensile Ultimate (psi) 220,000 

Shear ultimate (psi) 128,000 

Modulus of Elasticity (psi) 29 x 106 

Poissor's Ratio 0.30 

Figure  3.    Properties of Aluminum Honeycomb and Attach Bolts 

HmmP % : .-.    — .—V~<M ~—.. 
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1.    DESIGN 

The 156-7 nozzle incorporates a fiberglass-steel-aluminum sandwich 

structural shell from the inlet to the exit plane with reinforced plastic insulation 

liners.   The nozzle divergent section is contoured to provide a higher performance 

then is obtainable with a cone of equal length (133.3 in.) and expansion ratio (34:1). 

The nozzle is submerged 48. 8 percent of its nose to exit length.   The depth of 

submergence was based on the case pole piece opening (67.87 in. diameter) and the 

location of the 1  vsctor ports {€  =13.1:1). 

Figure 4    shows the nozzle design with the selected insulation and 

structural materials.   The weight summary is presented in Section V. 

a.    Submerged Assembly—The submerged assembly consists of a structural member 

and the necessary erosive and insulative barriers as shown in Figures 5 and 6. 

The submerged structural cone is fabricated from glass cloth phenolic selected 

because of its compatibility with reinforced plastic insulation, ease of fabrication, 

adaptability to design improvement, low cost, availability, and successful use in 

the SURVEYOR nozzle. 

The SURVEYOR retro-rocket uses a nozzle submerged to half its length 

with a similar structural shell.   This nozzle, with a throat diameter of 3. 5 in. and 

an expansion ratio of 53:1 was successfully static tested 25 times, 13 under simulated 

vacuum conditions at AEDC. 

The structural cone for the 156-7 nozzle is subjected to an axial compressive 

load with internal and external pressure dist ributton.   It was analyzed using 

6 
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acceptable buckling and local crippling criteria for monocoque truncated cones (the 

critical buckling pressure is 1,08^ psi).   The glass cloth phenolic composite 

structure is composed of two layers of hoop oriented broadcloth laid up parallel 

to the surface and three layers of longitudinally oriented cloth, also laid up 

parallel to the surface.   This combination is stronger in the hoop direction for the 

critical external pressure with no large degradation of the longitudinal strength for 

the axial blowout load and provider     e lowest weight design.   Figure   7   presents 

the complete structural shell. 

The nose and throat region are formed by graphite cloth phenolic.   This 

fabric is laid up and cured in a ply orientation that exposes ply edges to the gas 

stream as much as possible, thereby maximizing erosion resistance.   Graphite 

clott is used in regions where erosion is high because of its reliable and repro- 

ducible past performance as an erosion barrier.   Silica cloth phenolic was chosen 

as insulation beneath the graphite cloth in the throat region due to its effective low 

thermal conductivity and wide acceptance as a thermal heat barrier.   The outside 

diameter of the supporting stricture is silica cloth phenolic.   This material 

extends aft on the chamber side of the submerged portion and is the sole insulating 

material between the supporting structure and the motor environment in this low 

velocity region where heating is due almost entirely to radiation. 

The forward exit cone liner from an expansion ratio of 1.33:1 to 

10.33:1 is carbon cloth phenolic tape.   Graphite cloth is used in the 
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critical region of the inlet and throat, but carbon cloth has been substituted in the 

teas critical upper exit cone region because of its lower cost. 

b. Flange and Injector Ring Pad—The flange shell (Figure   8  ) and injector ring 

(Figure   6 ), are machined from one ring forging of truiraging 18 percent nickel 

steel and bolted together.   Maraging 18 percent nickel steel, grade 200 Kpsi.was select 

because of the requirements for the highest strength material available coupled with 

ease of fabrication, low cost, and schedule compatibility.   The flange shell is the 

connecting structure between the case aluminum pole piece, the submerged cone, 

and the er't cons, and is subjected to axial and lateral loads, transverse bending, 

pressure distribution, concentrated bolt loads, and discontinuity bending and shear 

loads.   The injector ring primarily provides the support area for attaching the 

LTTVC system components. 

Other materials considered for this application were aluminum, titanium, 

and beryllium.   Aluminum and titanium were rejected because of cost and schedule 

compatibility; beryllium forgings of this magnitude do not exist. 

c. Exit Cone Assembly—The exit cone assembly (Figure 9   ) is comprised of a 

liner and structural shell.   The liner is silica clot i phenolic tape wrapped parallel 

to the nozzle centerline and extends from an expansion ratio of 10.33.1 to the exit 

plane.   The compatibility of silica cloth phenolic with nitrogen tetroxide injectont 

has been demonstrated in the TITAN UI program.   Erosion near the injectors is a 

function of the TVC duty cycle requirement (i.e., injectant mass flow rate and total 

mass flow) and injector location.   Under the most extreme conditions of injection 

(all the injectant flowing from one port) which might occur during firing, 

I 
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approximately 0.150 in. of material could be lost.   Erosion in tlie port region curing 

periods of no TVC is not anticipated because of the hißh expansion ratio at which the 

injectors are located. 

The design erosion rate in quadrants having no injection ports was 1.65 

mils/sec ana the corresponding rate used to size material required In the port 

regions was 2.65 mils/sec.   The resulting liner thickness Is not necessary In 

quadrants having no injection ports; however, this thickness has been maintained 

constant around the circumference for ease of fabrication. 

The exit cone structural shell is a sandwich structure consisting of a 5052 

aluminum honeycomb core with 143 glass cloth parallel to the surface and 20 S-HTS 

glass roving epoxy sheets.   Use of th'8 sandwich type structure on ihe TITAN in -C 

solid propellant nozzles indicate the current state-of-the-art for this lightweight 

rigid structure.   State-of-the-art glass cloth facings are used for weight reduction 

on this nozzle in lieu of the stainless steel facings used on the TITAN ni-C solid 

propellant nozzles. 

This honeycomb shell provides the rigidity required to support the asymmetric 

LITVC pressure distribution, the external pressure loads, and the acceleration 

loads.   The selection is based on the results of a comprehensive engineering study 

of high expf.nsion ratio nozzles (Reference 7). 

2.     METHOD OF FABRICATION 

Methods of fabrication have been carefully considered in the design of the 

156-7 nozzle.   The chosen methods allow the parts to be processed separately, yet 

still provide a reliable nozzle with structural and insulative Integrity.   No one unit 

I 
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can delay the manufacturing time cycle excessively.   A flow 3hart of the fabrication 

steps for this nozsle is shown in Figure 10. 

The inlet rings and the throat section graphite cloth phenolic are processed 

in three ring blocks.   The upstream block is an edge grain layup at an upstream 

angle of 90 deg to the nozzle oenterline.   The middle block and the uiroat block are 

tape wrapped at a downstream angle of 70 degrees.   This concept has been success 

fully tested ou the TU-454 and TU-455 motors.   The silica cloth phenolic backup 

insulation is tape wrapped parallel to the centerline on a separate mandrel and 

bonded to the inlet and throat rings. 

The carbon cloth phenolic of the forward exit cone liner is wrapped parallel 

to the nozzle centerline and cured on a mandrel,,   Tb»  steel flange and the structural 

glass, consisting of two layers of hoop oriented gl'SB cloth laid up parallel to the 

surface and three layers of longitudinally oriented (»lass layup, are then applied. 

The silica cloth submerged OD insulation is tape wrapped, parallel to centerline, 

fabricated separately and bonded in place.   The graphite cloth phenolic nose cap 

is composed of three separate rings.   The forward section inner ring is tape 

wrapped parallel to centerline with an overwrap parallel to the backside surface 

for the outer ring.   The aft section is tape wrapped parallel to centerline. 

The exit cone structural shell will be processed on the outside of the cured 

exit cone liner.   The exit cone liner is silica cloth phenolic tape wrapped parallel 

to the nozzle centerline.   The aluminum honeycomb core will be spliced into 8 

longitudinal segments to provide for ease of fabrication.  A forward end block of 

glass cloth attaches the exit cone structural shell to the steel flange shell.   A block 
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Figure 10.    156-7 Nozzle Fabrication Flow Chart 
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of fISM roving «poxy tape wrapped parallel to the oenterllne provides an end ring 

•Uffener at the exit plane. 

3.    DESIGN CRITERIA 

Consideration was given to the criteria outlined in the following paragraph 

in the design of the 156-7 nozzle. 

The nozzle must be a fllghtweight submerged nozzle. Nozzle parts exposed 

to gas flow shall be of ablative plastic. 

The nozzle shall be capable of liquid injection thrust vector control (LITVC). 

The minimum structural safety factor will be 1.25.   An analysis consisting 

of the following factors shall be performed. 

1. Aerodynamic, heat transfer and stress analysis 

of the submerged portion, throat, and exit cone. 

2. Aerodynamic, heat transfer and stress analysis 

of the interaction of secondary fluid injectant with 

the local materials in this area. 

3. Vibration loads and exit cone deflection data from 

previous firings. 

4. Prediction of erosion profile, char layer, and tem- 

perature isotherms. 
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External design considerations shall be based on the following parameters. 

1. Dynamic pressure (maximum) of 1,000 psf. 

2. Thrust misalignment (maximum) of 0. 5 

degrees. 

3. Staging ancle of attach (maximum) of 

+ 5 degrees. 

4. No wind shear. 

Materials and fabrication techniques shall be within current industrial 

experience and design. 

The nozzle design shall incorporate a nozzle expansion ratio compatible 

with the exit cone diameter limit of 149 inches. 

In addition to the above criteria, the following specific requirements were 

used. 

1.     Motor Requirements 

Web Time 

Average      Maximum ME OP 

Chamber Pressure (psi) 550 625 705* 

Burn Time (sec) 107 

*Reference Figure 11. 
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Thrust (lb) 
(Vacuum) 

Action Time, t   (sec) 

Shock - Vibration 

Average      Maximuai      MEOP 

342,000       400,000 442,000* 

110.0 

-3 
+ OOg's for 0. 25 x 10     sec 

-3 + 30g,8 for 0. 25 x 10     sec 

-3 

2. 

Radial Shock at Ignition 

Submerged Section 

Flange and Steel Shell 

Exit Section + OOg's for 0.25 x 10 ' sec 

Shock Load 3 g's axially 

Vibration Load 1.5g,8 laterally 

Acceleration S.Og's axial, S.Og's lateral 

Thrust Vector Control Requirements 

Maximum TVC Angle (Pitch or Yaw) 3.5 deg 

Includes 2.0 deg (AF requirement) -*- 

0.50 deg (Misalignment) +1.0 deg (for 

LTTVC Pertormarce Band at MEOP 

- 70S psi) 

Injector Port Diameter (in.) 

Injectsnt Pressure (psi) 

Injector Ports/Quadrant 

Maximum Port Mass Flow (Ibm/sec) 

0.70 

750 

3 

16.84 Ibm/sec 

* Reference  Figure 12. 
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Injectant Fluid 

3.     Nozzle Requiremerts 

Weight (lb) 

Throat Diameter - Initial (In.) 

Expansion Ratio 

Coufigu ration 

Area Ratio Locations 

Case Boss 

LITVC Port 

4. Propellent Requirements 

Formulation 

Composition 

Temperature, Chamber 

Configuration 

5. Structural Requirements 

Nitrogen Tetroxide 
(N204) 

5,400 (nominal target) 

20.0 

34.0:1 

Fixed Submerged Upper Stage, 

Contour Exit Cone.   Designed 

for Static Test at Utah and 

Flight Test 

9.20:1 

13.10:1 

TP-H8163 

16 Al/69 AP/HB 

S.VSCTF 

Modified Slotted CP 

Stress 

Steel F.S. (min) = 1.25 at Yield Allowable 

Glass F.S. (min) = 1.50 at Ultimate Strength 

25 
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Insulation 

Maintain at least minimun. thickness as required 

by thermodynamic analysis 

Maintain room temperature on structural glass of 

submc rged cone 

Deformatioa 

Throet = 10.0 (0.40 percent) = 0.040 In. Radial 

Growüi 

Exit Cote ■ 58.3 (0^50 percent) = 0.292 In. Radial 

Growth 
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SECTION m 

LOADS AND ANALYSIS SUMMARY 

1.     LOADS 

The two major loading conditions, ctatic and flight tests, receive the forces 

through (1) the pressure distribution on the Inside and outside nozzle walls, (2) by 

shock and vibration, aid (3> by acceleration loads in the axial and laterla directions. 

Typical static test condition loads are graphically presented in Figure 13. 

Temperature gradients will exist on all surfaces of the nozzle, except the 

external wall from flange to diffuser, and will contribute to the total stress and 

deformation at critical design sections. 

The nozzle wall pressure and resulting axial load are presented iu Figures 

K and 15.   The wall pressure due to secondary injection, the transverse shear, 

and ti e bending moments are yhown in Figures 16 through 22.   The injector ring 

loads fn m the mounting of the '"VC system and acceleration loads are presented in 

Figures 23 ihrough 27. 

The analysis and evaluation 'o obtain the above loading conditions are pre- 

sented in detail in Section IV-1. The design condition for the static and flight test 

loadings are listed in Figure 28. 
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CASK »K«S(V\RIP» WITH NOZZLE EROSION) 

P, - A::IAL .( CF it HA HON LOAJJ AT NOZZLK CENTER OF GRAVITY 

P, - i LATrrui \cc EL>;HATION LOAD AT NOZZLE CENTER OF GRAVITY 

P     -   >»OZ/Lr INTERNAL WALL PRESSURE IX1AD ON THE NOZ '.LE FROM THROAT 
TOMFl' S'  '   . PTACHMENT (VARIES WITH N'>ifrLF EROSON) 

P,   -   AMBnNT PHESSIIHE LOAD ON THE NOZZLE OI'TSIDF DIAMETER FROM THE 
CASE BOSS Tf> THE NFFUSER ATTACHMENT 

P^   -  1 LATEHAl  irAD DL'E TO THRUST MISALIONMENT AT CENTROIO OF SUBMERGED 
NOZZLE Sl'BVSSEMBLY 

P    -   ♦ ' ATCRAI   IOAI) DUE TO SECONDARY INJECTION (DIRECTION OF LOAD DEPENDS 
ON PORT LOCATION) 

P,   - AXIAL iO\D FROM SECONDARY INJECTION 

P0   - i LATERAL ACCEI EH\TION LOAD AT SITVC TANK CENTER OF GRAVITY 

P     - AXI.VL VTI I ERATION LOAD AT SITVC TANK CENTER OF GRAVITY 

P     - VAR1 VHLK NOZZLE V« ALL PRElBURE DEPENDENT ON GAS MACH NUMBER 

P     -   CHAMBER PRESSURE 
c 
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Figure  13.    Static Test Loads at Utah Conditions 

30 



a o 

a 
s 

m 
m 

I 

3 

8 

i 

in 

H 



o 

s sg 
E 
W 

I 
S 

d 

(01« ai) ovoi MV3HS IVDCV 

o 

Q 

ä 
I CO 

N 
O z 
I 

in 

.1 

32 

i  



JLBOifw 

10.2 FBI 

47.00 

0DE( 

61.25 

6 PS 

NOZZLE WALL 

l 

l 68 100.0 

DISTANCE FROM THROAT (IN.) 

116.5 133.3 

»ODKQ 
0P6I 

Figure 16.    Pressure Distribution During Secondary Injection 
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l-ATTHAi./MX-KLKHATKIN 

I,«mi  1 MM   IN. 
V 

/-    I7i IHM   IN. 

i r 
Jjr, in IN. 17'.  1 11   IN. 

1  W-U- 
INHfM'    \ I.ANC.I    KIXI II WITH C VNIHI \ Kit HI A MB ON I   'I II HIDt 

SHMKI)IA(,IUM 

17  will I.H • 

l-'.'i'.n i,n 

INLET. glJBMt.KÜLÜ CONK 
i r.'g LATERAL 

UNIFORM IX)AD - «  LB'IN. » S 
. 22r> Lli/IN. 

FLANOF ■ MO LB/IN. « S 
■ 1, »00 LB/IN. 

MOMI Nl   IJIAUIIAM 

i02,ll.l0 IN.   I.H 

.17:1.000 IN.  LB 

- 12,100 l.B 
Hi 000 1.B 

~—   17.700 LB 
^-   21,11.10 l.B 

EXIT CONE - 5 G'» LA1TKAL 

UNIFORM LOAD - AVG LB/IN. » 3 
• 17» LB/IN. 

INJECTOR • «S LB/IN. « 3 
RINT. LOAD • 475 LB/W. 

AXIAL ACCLLKIUTION 

AXIA1. LOAD 

COMPREMION 

TENSrtN 

"l -  417,000 IN,   LB 
lOl. 100 IN.  l.B 

700,020 IN.  LB 
737,470 IN.  l.B 

\(ll I      FOR 81AT11   TK81   VIHHATION U)AI»i I'MI   A RATIO OF MAX U l.OAl» IN Till   ^XI^l. AM) \.\ I I HAL OIHI C TIONH. - 

Figure 24.     Flight Test Acceleration Loads 
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im »AVPMT TAN« WnOM T«0 .-■ «,0. TA« WIT WKOWD. 71* rUOHT TUT COHOITIQN«, 
• 0« AXUL AMD I 0 « LATUAL AM oMlDHED WITH * O'l AXIAL AND 1. S O'l UTCMAl. UKO 
rt» tTATlC TMT    TkS TANK! AMe fUFKNITBO Al inOWN BELOW.  IM OCO APART 

N^ TANK (100 LIM) 

XK 

ymicAL 
• O'i 
LOAD 

FLANOE 

1NJECTOB RINO 

lO'l 
LOAD 

OOEaRErERENCB 

Nt04 TANK nOO LBM) 

VIEW LOOKINa FORWARD 

N20 4 TANK ITRUTI 

Äfiik VtIT MOIIZ AS A'D' w CB AF .T 
•s o 'S 0 •8 0 -ja.n« ±m ♦1.4M ^«2« ♦6.101 •3.191 

♦1,1 -1.0 *I.O - (.Ml -t.iM ♦1,4»« ♦1.4M •3.191 •3.111 

*$.o -6 0 -s.o • I.MT -l.MI -l.«M -3. 4M ♦», 1*1 •3,191 

• • 0 ♦6. 0 - & M -•,1U -1.4M -3.4M •3,191 •3,191 

-».0 -1.0 -S 0 MO.MI ♦4.4M 1.4M -3.4W -3,^0 •w 
LOA »CONDITION N, TANK BTRUTD 

*x^1 YWT HOMI RW H'W RU TU ■ V ■ 'X' 

*t.t ♦e.o -1.0 ±m -jtm ♦l.»7» tLm 
-1.0 •1,0 ♦•0 ♦4. IM ♦1.M0 •1.441 ♦l.MI l.MR •l.Ui 

iiJ -UJL. ♦t" • 1.1*1 -1.1TI -1,441 -1.441 •2.172 •1,172 

NOTtti 
1.    UNDIRUNEO LOAM ARE MAXIMUM TENSION AND CCMPREMION FORCE! 
I.     ♦ RTRUT LOAD •• DI TENSION 
1,       RTRUT LOAD 4 DI CCHPREMION 

M10-4U 

Figure 25.   LITVC Tank Strut am4 Nozzle Loads (Flight Test Condition) 
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TO SZE THE INJECTOR RING FOR THE TANK LOADS THR STRUT LOADS WERE SMULATED BY A 
TANOENTIA w BENDINC MOMENT, RADIAL LOAD AND HORIZONTAL LOAD IMMEDIATELY UNDER 
THE TAJIK ON ITC CCNTERUNE.   THE HEBU LTING CONMERVATIVE APPROXIMATION OF THE 
TANK LOAD« ON THU NOZZLE ARE ILLUBTRATZO BELOW.   SNCE HIE LOADf AT 0 DEO DO NOT 
AFFECT TME BTREM AND DEFLECTION AT ISO DEO THE MAXIMUM CASK IS SHOWN FOR EACH 
TANK. 

MOMENT. XtAMAL. TANQKNTIAL LOAM 

LOAD ATT 
Fj - SOJ LB (6 0*8} - l,5&0 LB 

F-2(1.178)-2,34«   LB 

M,'  1,500 LB (IS, 37) 
- 33,000 IN. LB 

LQW AT 7, 
F   - 700 LB (8 O'S) 

"3, 500 LB. 
F-B(«.ia>-ia,24« LB 

I2- S, BOO LB (18.37) 
- 53, 700 IN. LB 

5 O* VERTICAL 

/UNJECTOR 

NO   LOAD CONDITION 

♦8 0« AXIAL 
♦5 GTJ HORIZONTAL 
--8 O'BTntimCAL 

+6 O« LATERAL 

-• 

K- TANK LOAD CONDITION 

-Hi O* AXIAL 
*6 O« HOfflZONTAL 
+5 O* VIBTTCAL 

FLIGHT riST OONDITION 

FOR iTAHC TEST CONDITION USE A RATIO TIMES FLIGHT TEST COHDITK)N 

Ml«-« 

Figure 26.   Simulated Tank Loads on Igniter Ring 
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TO HU THE HOttlS WELL TO WCLUTMr THE TANK LOAD« THE f ORCEi 
DIKD FOR THE INJECTOR MHO MAV U DUD AND BE REACTED AT THE 
NCIIU FLANUE 

mal mi amau 
RIGHT HAND RULE 

MOMENT ORIENTATION 

■XAHONM.« 8TATIOH 81.26 

VIHTICA;    WEAR 
V VHACTAAM 

V1RTICAL 
KNIIMO MOMENT 
X   X'«AORAM 

TOMOH MAORAM 

LATERAL k'X' 
mEARJIAGIlAU 

LATERAL 
BEHUNO MOMENT 
T' T' BAOHAM 

V • ll,t4« -i,Ut • *». MO LB 

M     • »,»00 (14.20)-140,000 IN. LB 

T •**,M0 (41. It)'W.TOO-IS. 000-1,800 (41. It) 
- M14,»40 IN. LB 

V - J.JO0 M.BOO-5.000 LB 

M    •8,0M(14.t0)-Tl,0OOIN. LB 

M20-70A 

Figure 27.   Simulated Tank Loads on Flange Shell 
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tatlc Test at Utah Conditions 

Internal Motor Pressure 

LITVC Pressure Distribution 

Radial Shock Loads (at ignition) 

Submerged Section 

Flange and Injector Shell 

Exit Section 

Shock Load 

Vibration Load 

Ambient Pressure on Nozzle and Diffuser OD 

LITVC System Support 

Flight Conditions for Upper Stage Motor 

Internal Motor Pressure 

LITVC Pressure Distribution 

Radial Shock Loads (at ignition) 

Subnierged Section 

Flange and Injector Shell 

Exit Section 

Acceleration Loads 

Dynamic Pressure on Nozzle OD 

(Staging and base pressures not 

coneidered) 

LITVC System Support 

MEOP (psi) = 705 

3.5 deg TVC at MEOP thrust 

+ 60 g's for 0.25xl0~3 sec 

+ 30 g's for 0.25xl0"3 sec 

+ 60 g's for 0.25xl0"3 sec 

3 g's axial 

1.5 g's lateral 

12.5 psi 

1 

MEOP = 705 psi 

3.5 deg TVC at MEOP thruat 

+ 60 g's for 0.25xl0"3 sec 

+ 30 g's for 0.25xl0"3 sec 

+ 60 g's for 0.25 x 10"3 sec 

8.0 g's axial 

5.0 g's lateral 

6. 94 psi 

Figure 28.    Design Conditions 
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2.    ANALYSIS 

Key areas In the nozzle have been analyzed to determine maximum stresses 

and deformations using the ultimate loads and calculated temperature distributions 

throughout the nozzle (See Section IV-3).   A summary of thJs analysis is presented 

in Figure 29. which presentr the type of stress at various nozzle sections with 

the corresponding factor of safety and calculated deformation.   A minimum factor of 

safety of 1.25 is maintained throughout the nozzle.   A percent deformation band 

(AR/R) is allowed a' -ng the length of the nozzle with 0.4 percent at the throat and 

0.5 percent at the exit plane. 

The nozzle wall, from the start of the hyperbolic spiral inlet through the 

throat to the exit cone, is subjected to < rosion and charring of the reinforced plastic 

lin^r.   The Insulation and erosion liner design provides a sufficient material thick- 

ness to maintain the structural glass cone at room temperature and provides a 

»ufficient material thickness for erosion in the throat and exit cone (Figures 30 

and 31). 
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SECTION BTRtaB 
FACTOR 0/ 

»AKETY 

DE FLECTION 
(IN.)      PEUCSNT RAPID» 

Rl       .( TO 

THERMAL MECHANICAL 
\NALYSB 

•(•(Ion 0.0 (throct) lUHJl. K.i rif -o oos» 

NOZZLE FIANCE-CABE 
[NT ER FACE Shear Lip ■1,27 Steel •0.10« •0.J23 

SUBMERGED STRUCTURAL 
SHELL 

Column Buafcllni «1.(1 OlaM -0.089 -0.24 

StiUon 6.0 Local Hoois 
Local Buck Unf 

«I.MGIaaa 
«4.03Claae 

-O.Ufc7 -0.55 

etitlon 43. 40 Local BuckilDK 
Local hoop 

«1.64 Gift«« 
M.MClaaa -0.14« -0.44 

I LANGE SHELL Column i.o. 1 Mim < HleiiBteel ~ 
Btulon 47.0 Local Buokllng ♦      eh Steel - ~ 
Button 64. 5 Local Hoop 

I oca! Streea Lon(. 
'■ LMMeel 
♦ High Steel 

— 
— 

Statton 61.25 Local Hucklin« 
Local Streu Lon(. 

♦ High hle«l 
«1.30 Steel «0.103     • ♦0.27 

EXIT CONE SHELL Column Bucklig • High Glaa« - — 
StMhM t'.rii Local Buokllnf 

Local Hoop Btreai 
♦ High Glaaa 
*2.11Ula«a ♦o.c2e «0.07 

Mutton 100. »0 Local Buck line 
Local Hoop Straaa 

• High OUaa 
«l.glOlaa« «0.03» «o oi 

SUIIon 190.30 Local Bückling 4.46G'aaa 0.068 -0,12 

FLANGE SHELL-EXIT 
CONE INTERFACE Long   Beudlnf ♦ High «. — 
CNJECTOh-t'ril     UPPORT 
RING 

Hoop Hendln« ♦ High Steel -u.ou «0.03 

ATTACHMENTS 

Injector Ring 

Screwi Shear »l.N " - 
Sindwich and LUMr 

Pin A Bendli« «1.31 - - 
PlnB Bendli« «2.44 " - 

Cute Bolti Sbear-Unaloo «1.2» - ~ 
DKbiMr Screwi Sheai NA — ~ 
NHrogm Tetroxid« 
Tu* Atttcfamenta 

Strut A F, A'F' TeialoB. Shiir SeeBecf - — 
Strut AD fentloB, Bhea «2.44 — — 
Strut A'D' Tenalon, SbMir ♦ J.27 — — 
Strut BE. CE Tenalon, Rhear «2.75 — — 

Nitrofen Tank Attachment 

Slmt RX, R'X' Tenalon, Shear «1.25 Mia ... - 
Strut RW Tenalon, SLaar «1.25 Mia — — 
Strut R'W Tenalon, Shear «1.2f Mia ~ - 
Strut SU, TU Tenaloa, 81 jar «1.25 Mln 

By Inapectton 
— — 

I-i)eoto 

aoiu 8h<-ir.  Tendon I oad NA — — 

lUH 

112 

125 

137 

161 

170 

17« 

1H7 

1»0 

197 

1»V 

197 

211 

211 

Figure 29.    Structural A nalysis Summary 
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SECTION IV 

DESIGN ANALYSES 

The nozzle must be analyzed gaa dynamically, thermodynamically, and 

structurally to finalize design details prior to release for fabrication.   These 

analyses are based on the design criteria, materials and their fabrication capabil- 

ities, and the static and flight test loadings. 

The gas dynamic analysis establishes the submerged nose and exit cone 

contours, the static and flight test loadings, and the boat transfer coefficients at 

various stations throughout the nozzle. 

The fLial temperature distribution and insulation thicknesses are determined 

from the the rmodynamic analysis with the use of the above mentioned heat transfer 

coefficients. 

The structural analysis certifies the integrity of \^t nozzle design and TVC 

system support structures with the loads a- d temperature distribution determinea 

from the gas dynamic and thermodynamic analyses respectively. 

1.    AERODYNAMIC ANALYSIS 

A gas dynamic analysis of the fixed, submerged, 156-7 nozzle was conducted 

to design the contour of the inlet, throat and exit cone sections necessary to develop 

flow conditions throughout the nozzle that will uniformly accelerate the motor exhaust 

gases. 

The analysis included the following areas:  (1) selection and analysis of the 

exit cone contour, (2) determination of the configuration for the subsonic portion of 
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the nozzle (Inlet and throat approach), and (3) nozzle aerodynamic loads affecting the 

nozzle structure.   The following motor criteria were used in the analysis. 

1. Motor web time = 107 seconds 

2. Motor operating prespire = 550 psia 

3. Propellant = TP-H8163 

The initial throat diameter is 20.0 inches.   For this design study the nozzle 

throat erosion rate was calculated to be 11.5 mils/sec based on the simplified 

Bartz heat transfer analysis.   This throat erosion rate was held constant, 

a.    Exit Cone—The analysis considered the exit cone contour and the Mach number 

and heat transfer coefficient to assist in the thermodynamlc analyst J. 

(1)   Contour—The internal nozzle contour of the 156-7 nozzle was designed 

using a Thiokol computer program with the method of characteristics, a solution 

using a set of hyperbolic partial differential equations. 

The boundary conditions around the region of Integration are determined by 

the following assumptions. 

1. A three-dimensional point-source flow exists 

from some point in the nozzle to the point of in- 

flection of the nozzle. 

2. The three-dimensional point source is considered 

to be a distance r* from the sonic surface for 

which M = 1. 

3. The specific heat ratio is constan, ir the flow 

• 

field. 
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4.    The flow la «dally symmetric, nonviacous, 

Irrotntlonal, and laentroplc. 

In addition, the direction of the streamline at the inflection point is specified 

and Prandtl-Meyer flow is assumed along the point-source boundary.   The contour is 

determined by die condition that fie slope of the contour at some computed point must 

be equal to the alope of the streamline at that point. 

The variables in tht contour optimization are initial divergence angle, 

length, and expansion ratio.   The expansion ratio and length were determined during 

the preUminary tradeoff studies. 

TMa envelope-contour required to meet the RFP performance requirements 

was determined aa part of die overall motor configuration selection.   This selection 

involved a tradeoff of nozzle weight, motor thrust, and envelope. 

The only remaining independent variable for contour optimization was 

initial divergence angle.   A series of contours   was developed and the performance 

maximized with initial divergence angle.   The performance is calculated by a series 

of empirical efficiency curves on each of the primary variables. 

The selected contour has an initial divergence angle of 25 degrees.   The 

contour wall turns beck to an exit angle of 13 deg within a throat to exit length of 

13.5 throat radii.   An external arc equal to 0.6 throat radii blends the throat into 

the initial divergence angle.   This small arc minlmizea weight of the blending 

section while providing for smooth transitory flow. 

(2)   Mach Number and Heat Transfer Coefficient—The exit contour Mach 

number and heat transfer coefficient were calculated from a characteristics net in 
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the exit.   This calculation also developed the wall pressure profile for the load 

calculation.   The exit cone Mach number variation is shown in Figure 32.      The 

heat transfer coefficien* variation in the exit cone is shown in Figure 33. 

The subsonic Mach number variation was developed from the nose design 

analysis presented in the next section.   The subsonic Mach number for the four 

burning times considered in the design analysis, is presented In Figure 34. 

The heat transfer coefficient profile corresponding to the Mach number 

profile is presented in Figure 35.      Eroded configuration data were developed 

during the nose design and are incl ided here.   Eroded exit cone data were not 

necessary for design but will be presented in the final design report, 

b.    Nose Contour—An aerodynamic study was conducted to design MM contour of 

the entrance section or nose of the submerged nozzle for the 156-7 motor and to 

develop the flow conditions throughout the nozzle and motor.   The objectl e of the 

design study was to design a minimum size, acceptable performance, nozzl«. inlet 

contour to operate with the motor criteria. 

The nose of a submerged nozzle must provide a uniform transition of the 

propellant combustion products from the motor to the nozzle throat. A uniform 

transition is required to: 

1. Assure a predictable throat erosion rate; 

2. Assure a high nozzle disc .large coefficient; 

3. Provide uniform nozzle nose erosion such that 

conditions 1) and 2) v ill be fulfilled throughout 

motor burning time. 
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AXIAL DSTANCE UPSTREAM OF THROAT (IN.) 

M*>-10 

Figure 34.    156-7 Local Wall Mach Number vs Axial Location In Nozzle 
(RjNF = 19.2 In.; LN = ! 3.0 In.) 
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Figure 35.    156-7 Convective Heat Transfer Coefficient 
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A minimum size nose, compatible with the above conditions is also required 

to aid In providing a minimum cost and weight nozzle. 

Design studies conducted by TWiokol have indicated that the design objectives 

can be attained using a hyperbolic spiral for the contour of the nozzle nose.   This 

hyperbolic spiral is blended into the throat by a circular arc (Figure 36   ).   The 

length of die nozzle nose from die nose tip to the throat (L   ) and the width of the 

nozzle nose from die nozzle centerline to the nose tip must be determined for each 

nozzle application (RINF)* however. 

Previous detailed design analyses of submerged nozzles using graphite cloth 

in the throat region indicated that the minimum nose length required was given 

approximately by the expression: 

LN-I-IRT+<;,V 
where 

LVI 
a length of nose from tip to throat (in.) 

R   * nozz'e throat radius (in.) 

c' * erosion rate at the throat (in. /sec) 

t   s motor web time (sec) 

and the minimum radius from die nozzle centerline to the nose tip was approximated 

b»: 

BlW-1-«<RT+'tV 
Using diese approximate relationships, the nose length for the 156-7 nozzle was 

determined to be approximately 12.0 in. and the radius from the nozzle centerline 

to the nose Up was determined to be 18.57 inches. 
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Figure 36.    Hyperbolic Spiral Description 
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Two nossl« ncse contours were evaluated simultaneously using longer nose 
■ 

lengths «ad larger nooe tip radii.   The complete analysis matrix is shown in 

Figure 37. 

Results of the analysis on the nose contour 12.0 in. long with a radius from 

the nozzle centerllne to the nose tip of 18.57 in. are shown in Figures 38 and 39 

Figure 38 shows   the variation of the Mach number along the nozzle nose at 0 sec, 

35.6 sec (1/3 web). 71.2 sec (2/3 web), and 107 sec (web time).   Th^se Mach 

number profiles w*re calculated using the axisymmttric potential flow solution. 

The zero sec Mach number profile was calculated using the initial propellant 

configuration and die uneroded nozzle geometry.   The 35.6 sec configuration shown 

in Figure 38   was  determined using the convective heat transfer coefficient 

determined for die zero sec flow condittone shown in Figure 39.      The material 

erosion rates determined from the convective heat transfer coefficients calculated 

for the zero sec flow condition were extrapolated for 35.6 sec to determine the 

total erosion depth.   A new Mach profile and heat transfer coefficient variation 

along die nozzle nose were then calculated for the 35.6 sec eroded configuration 

and extrapolated to 71.2 seconds.   The process was then repeated to obtain the flow 

properties at motor web time (107 sec). 

Examination of Figures 38 and  39 indicates  the   following conclusions. 

1. The flow Mach number along the backside of the 

nozzle nose is low (M < 0.10). 

2. At zero sec the flow Is smoothly accelerated about 

the nozzle nose tip at low Mach number (M M 0.30). 
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J. 

CONFIGURATION NORE LENGTH (IN.) 
RADIUS FROM NOZZLE 

CENTERUNE TO NOSE TIP (IN.) 

1 12.00 18.57 

2 13.00 19.20 

3 13.80 19.80 

Figure 37.    Analysis Matrix 
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Figure S8.     156-7 Local Wall Mach Number 
vs Axial Location in Nozzle 

(RlNF = 18.57 In.; LN ^ 12.0 In.) 
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Figure  39.     156-7 Convectivo Heat Transfer Coefficient vs Axial 
Location in Nozzle (RINV = 18.57 In.; LN = 12.0 In.) 
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The flow Aan acoeleratei uniformly along the wall 
I 

to a point   iproxtinately 1 in. upstream of the 

geometrical throat at whicj time it reaches Mach 1. 

3. An motor burning progresses, the Mach number 

around the tip of the nozzle increases and the point 

at which sonic velocity is reached moves upstream 

along the nozzle nose. 

4. At 107 sec of motor burning, the flow Mach number 

at the nose tip is high (M ■ 0.5). 

5. The avrrage couvective heat transfer coefficient 

m tl'   nozzle throat area is approximately 1.00. 

This value of heat transfer coefficient will produce 

a throat erosion rate of 10.3 mils per second.   For 

this analysiSv however, the throat erosion rate of 

11.5 mila/s«c was used to assure reliability of 

the desiga. 

The Mach number variation along the 13.0 in. long nose is shown in 

Figure 34.     These Mach numbers also were determined using the axisymmetric 

potential flow analysis.   Hie convective heat transfer coefficient variation along 

this nose design is snown in Figure 35. 

Comparison of the Mach number variations produced by this nose design 

during motor operation with those of the 12.0 in. nose (Figure   38 ) indicates that 
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the larger nose reduces the flow Mad) number at the tip of the nose.  In this area of 

motor web time the Mach number is reduced from approximately 0.6 to 0.4. 

The average convective heat transfer coefficient in the throat of the 13.0 in. 

long nozzle is reduced from that calculated in the 12.0 in. long nozzle.   The average 

value is approximately 0.95 which will result in a throat erosion rr e of 9.75 nrils/ 

sec compared to 10.5 mils/sec in the 12.0 in. long design. 

The Mach number and convective heat transfer coefficient variations along 

the 13.8 in. long nose design are shown in Figures 40 and 41.        Tbb flow is 

again smoothly accelerated around the nose into the throat.   This nose does not 

significantly reduce the Mach number at the nose tip from that produced in the 13.0 

in. long nose.   The throat convective heat transfer coefficient is reduced, however« 

to an average value of approximately 0.9 over motor burn time, which would result 

in a throat erosion rate of 9.0 mils per second. 

The nose contour recommended for the 156-7 nozzle is 13.0 in. long with a 

radius from the nozzle centerline to die nose tip of 19.2 inches. This contour was 

selected in the following manner. 

The three designs subjected to detailed analysis all produced a smooth 

acceleration of flow from the backside of the nozzle nose, around Stki nose tip to 

the nozzle throat.   The 12.0 in. long nose, because of nozzle erosion, produces a 

high flow Mcch number about the tip of the u>zzle nose, at motor web time.   This 

high acceleration will result in thinning of the boundary layer with significant 

Increases in nose heating and erosion.   This effect is undesirablr.   The 13.0 in. 
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Figure 40.     15t-7 Local Wall Mach Number vs Axial Location 
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long none reduce« this Ma^h number of turning on the nose tip approximately 20 

percent from 0.50 to 0.40. 

The Mach number on the nose tip of the IS. 8 in. nose is not significantly 

changed from the 13.0 in. nose.   Although the nozzle throat erosion rate would be 

reduced to 9.0 Qdls/sec, in the 13.8 In. nose from the 9.75 mils/sec rate obtained 

with fte 13.0 In. nose, this change was not considered significant enough to warrant 

the increr jed nose size. 

Therefor«, because of the desirable nose tip flow properties on the 13.0 in. 

long nos* compared to the 12.0 in. nose, the 13.0 in. nose contour was selected. 

c.    Acrodynandc Nozzle Loads—To assist with the structural analysis of the 156-7 

nozzle, the following items were developed. 

1. Internal wall pressure. 

2. Axial blowout load. 

3. LTTVCwall pressure, transverse shear, and 

longitudinal bending moment. 

4. Injector reaction ring load. 

Figures illustrating these loads arc in Section m.   The analysis used to 

obtain these loads is explained in the following paragraphs. 

(1)   Wall Pressure—The internal pressure distribution is shown in Figure 

14.      Pressures in the subsonic region were determined using a subsonic potential 

flow solution programed for the IBM 7040 computer and were developed as part of 

the nose design.   The wall pressures in the supersonic flow region were calculated 
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using an axlsymmetric method of characteristics program.   Ambient sea level 

pressures were assumed acting on the external surface. 

(2)  Axial Load--Tb" loads acting on the nozzle were determined by 

integrating the internal and external wall pressures.   Since the pressures are 

assumed to be axisymmetric in the undisturbed stream, the resultant load acting 

on the nozzle without liquid injection will be in the axial direction.   The following 

equation was used to determine the axial load* 
2ir r« 

*A = Prdödr 
o rj 

Integration of these pressures was performed from the exit forward to the nose in 

incremental steps such that the axial load acting aft of any given point along the 

nozzle axis can be determined.   This axial load vs axial location is plotted in 

Figure 15. 

(3) LITVC Wall Pressure—The nozzle loading due to liquid injection consists 

of the wall presßure loati and the reaction load due to the momentum of the injected 

liquid. 

Limited data are available for determining the wall pressure distribution 

due to N2O4 injection.   However, the peak pressure due to injection was determined 

using a method developed under Contract No. AF 04(611)-9960 (See Reference 27). 

This pressure was assumed to act at the injection port and the pressures were 

assumed to vary as shown in Figures 17  and 18.       The region affected by these 

pressures was establirhed using data presented in Reference 28.   These data also 

indicated that the assumption of linear pressure variations is adequate for predicting 
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UM ttructural design loads.   Integration of the pressures shown in Figures 17 and 

18 wss    performed to establish the axial and transverse loading along the nozzle 

axis.   These loads are presented in Figures   19  and   20   respectively.   The bend- 

ing moment distribution due to die side load is presented in Figure 21      This 

curve was obtained through evaluation of the moment integral at various axial 

locations. 

(4)   Injector Ring Load—The reaction load due to the momentum of the 

injected liquid can be written as: 

FR-AVJMPJ-P^AJ 

wfaeret 

rf» ■ mass of Injectant per port = 16.8 lb/sec 

V = velocity of injection, ft/sec 

Pj s statte pressure of injectant. psia 

Pg = static pressure of gases at injection port, psia 

A« = area of injection port ■ 0.0029 sq ft 

The velocity (Vj) was calculated using the following equation: 

Vj - A/CJJ    pA 

where: 

p ■ fluid density, lbm/cu ft 

CD » discharge coefficient -0.7 

The calculated reaction load was 420 lb per quadrant. 
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2.     HEAT FRANSFER AND EROSION ANALYSIS 

The thermal analysis insures that adequate material is provided to allow 

for anticipated losses (erosion-corrosion) with enough material remaining to 

adequately insulate the structural parts during Gring.   A list of thermal and 

erosion analysis definitions is presented in Figure 42. 

A newly developed, two-dimensional, axisymmetric, computer program 

which determines temperature response in ablating, charring materials was used 

m the analysis (Reference 23).   Boundary conditions and other input required by 

this program are described below and are followed by a sample anaiyols in the 

throat region. 

The transient temperature response of the insulation and nozzle parts is a 

functlcn of the thermal properties of the material and the internal environment to 

which the part is subjected.   The thermal properties are usually published values 

obtained from vendors and laboratory tests.   Hie motor internal thermal environ- 

ment is theoretically determined by the methods outlined below, 

a.    Definition of Motor Internal Thermal Environment—The internal thermal 

environment of the motor is dependent on propeliant composition and pressure at 

which combustion occurs.   With these i.vo parameters fixed, the combustion temper- 

ature, the enthalpy, the equilibrium composition of the combustion products, and 

the motor performance are calculated by the IBM 7040 computer.   The program 

used expands the gases isentropically through  the nozzle and calculates the static 

enthalpy of the gas at prescribed locations in the nozzle.   From this information 
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P. 

■ Condensed particle cross sectional area (aq cm) 

= Ncxsle expansion ratio 

- Characteristic gas vekcity (ft/sec) 

• Convective heat transfer coefficient based on enthalpy ditferences 
(Ib/sq ft-aec) 

- Nozzle throat diameter (ft or in.) 

- Acctderatlon due to gravity (ft/sec2) 

■ Recovery enthi Ipy (BtuAb) 

- Static enthalpy (Btu/lb) 

=  Total (stagnation enthalpy (Btu/lb) 

3  Static enthalpy of the gases on the wall side of the boundary 
layer (Bw/Ib) 

9 Mean radiation beam length (cm) 

= Lewis number (dimensionless) 

■ Erosion rate (Ib/sq ft-sec) 

■ Particle number density (number/cu cm) 

■ Reoovory factor (dimensionless, the cube root of the Prandtl 
numL'ir) 

■ Throat radius of curvature (ft) 

■ Chamber pressure (psfa or psia) 

■ Prandtl number (cpA) (dimensionless) 

- Heat flux Nßtu/ft2-sec) 

=  Stanton number (dimensionless) 

Figure 42.    Thermal and Erosion Analysis Definitions 
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Tw 

«g 

ß 

cg 

cw. 

ß 

p 

a 

SUBSCRIPTS 

= Gas temperature 

= Wall temperature 

= Gas absorptivity 

= Blowing parameter (dimensionlesa) 

= Gas emissivity 

= Effective wall emissivity 

= Viscosity (lb/     sec) 

= Gas density 

= Boltzman's con8tant[(0.476 x 10~1? Btu/sq ft-sec C»)4)' 

= Dimensionlesa factor accounting for variation of gas density and 

gas viscosity across the boundary layer 

= Chamber conditions or curvature 

e =  Boundary layer edge 

DL = Diffusion limited 

g = Gas 

t = Throat 

T =  Total 

RL = Rate limited 

w = Wall 

Figure 42.    Thermal and Erosion Analysis Definitions (Cent) 
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and a suitable recovery factor (a function of the Prandtl number), the recovery 

enthalpy may be determined from the following relationship: 

where: 

i       ■ recovery enthalpy (Btu/lb) 

N      ■ recovery factor (dimenaionleBS, the cube root of the Prandtl 

number) 

1-     ■ total (stagnation) enthalpy (Btu/lb) 

18     ■ static enthalpy  (Btu/lb) 

The recovery enthalpy represents the potential heat available for transmission 

across the boundary layer to the wall. Recovery enthalpy, as well as static enthalpy, 

is plotted as a function of area ratio in Figure 43. 

To determine the amount of heat actually transmitted across the boundary 

layer (by convectiwü;, the enthalpy on the wall side of the boundary layer must also 

be known.   This is obtained by a second computer program which calculates equilibrium 

composition and enthalpy as a function of temperature and pressure.   Computation by 

this program considers the effect on wall enthalpy of masi? added at the surface by 

diffusion through the boundary layer, percolation of pymlysis gases through the 

char, char consumption at the surface, and particle impingement on the surface 

(if the impingement rate is known).   Wall enthalpy as a fauction of these parameters 

is the output on punched cards that becomes input for the ablation and char heat 

transfer program.   From these data and fhe recovery enthalpy, the enthalpy 

difference across the boundary layer at any instantaneous set of conditions may be 
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determined by fee computer.   This information, as well as the ocnvective heat 

transfer coefficdant, is needed to evaluate convecti ve heat flux. 

The simplified Bartz (Reference 21) equation is used to calculate the 

ocnvective heat transfer coefficient: 

c. mi    /W±\   (I*)0*(3\01   t H ,D/-2(A/A.,0-» U/«/ VC-/ U; 
* x ' o o   x 

where: 

C||        «■ heat transfer coefficient based on enthalpy difference 

(Ib/sq ft/sec) 

0.028    - a correlation constant derived by Bartz from turbulent boundary 

layer analyses 

Dt = nozzle throat diameter (ft) 

(A/A*) = expansion ratio at ehe nozzle location under consideration 

\x ■ viscosity at stagnation conditions (lb/ft-sec) 

P ■  Prandtl number (/i c /k) (dimensionless) 

Pc        ■ chamber pressure (psfa) 

g = acceleration due to gravity (ft/sec2) 

C*        =  characteristic gas velocity (ft/sec) 

r_        ■ throat radius of curvature (ftt 

i = dimensionless factor accounting for variation of p (gas density) 

and /i (gas viscosity) across the boundary layer 
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Transport properties appearing in the Bartz equation are evaluated by a 

computer program based on the kinetic theory of gases.   The latest thermochemical 

data are used in this program and their predictions compare well w.th available 

experimental data.   Pertinent transport properties are plotted as a function of 

temperature in Figures 44 and 45. 

Heat transfer coefficients as a function of wall temperature and nozzle 

expansion ratio are shown in Figure 46. 

Having obtained the foregoing information, the convectve heat flux may 

be calculated according to the following equation: 

'conv =   CH   dr   "   V 

where: 

CH =  convective heat transfer coefficient (Ib/sq ft-sec) 

ir    = recovery enthalpy of the combustion gases (Btu/lb) 

iw   =  static enthalpy of the gases on the wall side of the boundary 

layer (Btu/lb) 

Conventional techniques are used to determine the net radiant heat flux 

to the wall.   The net radiant heat flux may be expressed as: 

«Irad  = f w' ^ (€g Tg    " agTw ' 

where: 

€<=  effective wall emisslvlty 

f     =  gas emisslvlty 

a    = gas absorptivity 

T   = temperature of the gas (c R) 
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Figure 44.    Viscosity of Combustion Products 
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Tw = temperature of the wall (8R) 

(X     = Boltzman's constant 

Gas temperature (T J is shown as a function of nozzle expansion ratio in 

Figure 47. 

The emissivity (absorptivity of a particle laden gas at any particular 

temperature) (Reference 22) may be expressed as: 

where: 

N  = particle number density (number/cu cm) 

A « condensed particle cross sectional area (cu cm) 

L = mean radiation beam length (cm) 

The effective wall emissivity is determined from available material data 

and/or from experiment, 

b.    Insulation Performance—The computer program used in the thermal analysis 

is an explicit, finite difference solution for the transient temperature response in 

a one-dirnencioual, axisymmetric body, which can experience decomposition in 

depth.   The ablating surface boundary condition is one of general convective- 

radiative heating with coupled mass transfer, assuming unity Lewis number. 

The program uses a three component model for the thermal decomposition 

of the reinforced plastic.   The plastic is assumed to consist of two components 

which decompose separately; the reinforcement is the third decomposing component. 

The heat transfer coefficient used to calculate the surface heating rate is 

corrected for surface transpiration of the gases from the decomposing 
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(pyrolyzlng) material.   This is the heat transfer coefficient input to the computer 

(calculated in the absence of blowing by the Bari-, correlation described earlier) 

and is corrected for the effects of blowing from the surface material as the 

solution progresses. 

The equilibrium state of the surface is determined by a second computer 

program (surface equilibrium thermochemistry program) as a function of char rate 

and surface recession rate.  Output from this program (which includes enthalpy 

of the surface gases) becomes direct input to the ablation-char computer program. 

Othe        -it is shown in the sample analysis outlined in the following section. 

Both of these programs are part of a set recently developed by Vldj a, Inc 

under Air Force Contract AF 04(611)-907S (Reference 23).   The erosion depths 

computed by the ablation-char program are slightly higher than those estimated 

by scaling techniques from test data.   This may be attributed to small errors in 

computing the convective heat transfer coefficient since erosion rate and the heat 

transfer coefficient are directly related.   Other methods than the Hartz correlation 

are available for computing boundary layer conditions (e.g., the Ambrok. Rubesin. 

Mayer method; and Bartz, et al.; References 24 and 25) but have not yet been folly 

evaluated in conjunction with the programs described above. 

In the subsonic nose region, where three-dimensional effects are important, 

a boundary layer program based on a more rigorous interpretation of the Hartz 

equation is used in conjunction with a flow net analysis.   Heat transfer coefficients 

generated by tb*fb combination of programs are used in conjunction with an empirical 

correlation to obtain erosion data in this region (described later in more detail). 
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o.   WoKxle Throat Sample Aaalvetfl—C^oulatlops presented below shjw how 

temperature profiles along the thuwt centerline were obtained.   Resulvs of 

similar calculations for several other stations throughout the nozzle are also 

presorted. 

Computations were performed on the IBM 7040 computer using the ablation- 

ohar program described earlier. 

Input to the computer requires the definition of boundary conditions. 

This procedure is outlined below. 

1. Boundary ConditionH 

Definition of motor parameters 

Average chamber pressure ■ 550 psia 

PropeUant:  16-86 HB 

Throat diameter - 20.00 in. 

A/A* »1.0 (transonic) 

2. Convactive Heat Flux 

P/Pc =  0.568 

P =  400 osla 

Tc  = 6,240oR 

T =  5,800^ (Figure 47) 

Heat transfer coefficients (Figure 46) 

Temperature 
i'R)    - 

3,125 
4.690 
6.250 

CH at 1. 000 psi 
(Ib/sq ft-sec) 

1.030 
0.930 
0.878 
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Since chamber pressure is a function of time, the above 

coefficients are corrected (as a function of time) by the 

ratio (Pc/1, 000)°'8. 

3. Radiant Heat Flux- -The net radiant hbat flux at the nozzle 

throat is small compared to the oonvectivo heating.   It was 

calculated by the conventional equations described previously. 

CLwj =*   >a(cÄT   -Of   T    , ^rad        w      *   g   g      g   w ' 

Temperature is the only value in the equation which varies 

throughout the nozzle.   Gas temperature at the throat was 

5,PJ0oR. 

Values for the other constants were: 

€    = a   = l 
g       g 

V   =  0.78 

a  =  0.476 x 10"12 Btu/sq ft-sec (0R)4 

q    . was calculated by the computer as a function of T  . 

4. Evaluation of Throat Temperature History 

The above boundary conditions were input to the computer.   Results cf the 

computer analysis are plotted in Figure  48.    Runs d various other locations were 

made and results at representative locations are plotted in Figures   49   through 

56.       These illustrations are composite plots which not only show temperature 

gradients through the wall at various times, but also indicate the predicted erosion 

depths.   The depth of erosion at any particular time is inchoated by the point at 

which that particular time curve intersects the erosion curve.   There is no sharp 
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Figure 50.   Predicted Temperature Profiles, 
156-7 Nozzle Section at A/A* = 4.0 
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Figure 52.   Predicted Temperature Profiles, 156-7 Nozzle 
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line of demarcation between the virgin and charred material.   In the charring region, 

material properties vary depending on the depth, length of exposure, and surface 

boundary conditions.   Pyrolysia of the resin is assumed to begin at about 500* F, 

therefore, all material above this temperature has been charred to some extent. 

Surface temperatures shown in the illustrations are lower than those usually shown 

due to the more accurate treatment of the endothermic chemical reactions (corrosion) 

occurring at the surface and the resultant effect on wall e: thalpy. 

d.    Material Loss Due to Erosion (Corrosion)—The foregoing analysis requires 

an estimation of erosion rates.   The erosion depths calculated by the newly 

developed Vidya computer programs are included in Figures 48 through 56 

for those locations at which erosion is expected. These depths are considered to 

be greater than will actually occur; therefore, scaling techniques from test data 

were used to obtain the final eroded nozzle configuration.   Erosion data obtained in 

numerous firings with a propellant almost Identical in formulation to that to be 

used in the subject nozzle test were correlated with the convective heat transfer 

coefficient.   These correlations are shown in Figure  57   (nose region). Figure 58 

(nozzle exit carbon cloth) and Figure   59  (nozzle exit silica cloth). 

Hie assumption implicit in toe use of the correlation is that erosion is 

primarily a reaction of certain chemical species in the combustion gases with the 

nozzle material.   Furthermore, it is assumed that the material is at a sufficiently 

high temperature so that the reaction rate of the reacting species and tfas wall 

material is infinite and that the overall rate of erosion (oorzosion) is determined 

only by boundary conditions which control the transport rate of reactants and 
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reaction products.   These oontrolliDg boundary condltiobcj axe satisfactorily defined 

by the oonvective heat transfer coefficient. 

It is reoogrized that this approach is somewhat specious with Jlioa cloth 

since physical changes (melUag, vaporization) controlled by environmental temperature 

play a more prominent role here than do chemical reactions.   The correlation has, 

however, been found to yield dependable design data in applications and conditions 

similar to those from which the reference tes data was obtained. 

This empirical technique somewhat circumvents uucertainties in the heat 

transfer coefficient calculation.   The same method foi computing this coefficient 

is used both to set up the correlation and to read values from it.   Uncertainty in 

the heat transfer coefficient is thus cancelled out. 

Separate correlations are used for the graphite cloth in the nose region and 

In the nozzle exit because the oonvective heat transfer coefficient is calculated by 

different methods in the two cases.   In the nose region where flow is axiaymmetrie, 

two-dimensional, a boundary layer program is used to obtain the heat transfer 

coefficients (more fully discussed in Section IV, Aerodynamics).   The correlation 

shown in Figure   57 Is  used in conjunction w. th these coefficients to determine 

erosion in the nose region. 

For the nozzle exit, the heat transfer coefficients are calculated by the 

simplified Bartz correlation (plotted in Figure  46 ) and L?ed in conjunction with 

Figure  58   and Figure   59   to obtain erosion rates in the nozzle exit. In either case, 

It is necessary to know only the oonvective heat transfer coefficient at a particular 
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looatton and UM eroeioa rate may then be read from Figures 57.  58, or 59. 

whichever if applicable. 

Multiplying these rrtee by the web time gives die final eroded configur  Jon 

of the nozzle (Figure 60). 

s.    yrodon JDue to LITVC—Kroaion around the injector port during liquid injection 

is primarily a function of tfao type of 'nject' -t, and die relative weight flow rate of 

the injsotant and die main exhaust stream. 

Data showing the relationship of erosion rate to the flow rate ratio of 

injectant to mainbtream was obtained in Program 623A (TITAN 1II-C Booster) 

Reference 26.   V'üs relaticnship is shown in Figure   61.     In the TITAN m-C 

Booster, Inaction occurs at an expansion ratio of 3.5 where the normal erosion 

rate without TVC varies from 4 to ? mils/sec.   In the motor from which data shown 

in Figure   30  was obtained, the normal rate was 7 mils/sec.   In the 156-7 nozzle, 

ro erosion is anticipated around the TVC port in the absence of injection.   Therefore, 

the curves shown for die TITAN m-C Booster are shifted downward to indicate 

zero «.roslon when the injectant flow rate is zero. 

In the subject nozzle, the worst condition (from an erosion standpoint) 

would be if the InjeOion valves remained in the full open position until the supply of 

iujectoat was depleted.   This correspouO!« to a weight flow rate ratio of 0.044, 

based O" th? toliowlng data. 

A/A*  =  13.1:1 

Motor woigfat How rate 122.000/107   ■  1.140 lb/sec 

Maxlinui; injectant weight flow rate = 50 lb/sec 

Flow rate ratio 50/1,140 ■ 0. )44 
1C0 
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Under these conditions the erosion rate would be .14.7 ...iIs/sec.   The supply 

of tajectant would be depleted in 10 sec and therefore Cie maximum eroded depths 

would be 0.147 inch. 

Measured ratet uze expected to be less than indicated in Figure   60.    With 

the injectant flow evenly distributed emong the four quadrants the average depth 

per quadrant will be less than 0.050 inch. 

f.    Conciusions— The thermal analysis indicates that the subject aozzle is 

conservatively designed and that sufficient material has been provided to ellow for 

anticipated losses as well as to maintain the temperaturo of the structural parts 

within acceptable limits durirg firing. 
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S.    STRUCTURAL ANALYSIS 

The structural design philosophy in designing this noezle was to provide 

a Ughtweigtt structure cons rtent with case and nozzle requirements of strength 

and rtgldltgr. 

Preliminary structural analyses were based on classical shell and frame 

structural calculation methods.    Most of the analyses are programed on computers. 

The programs were developed and modified during the present 156 Inch Motor Program 

to handle problems peculiar to nozzle design (Reference tf; Figure 2-25).   This 

includes disconUauity shell analysis for the nozzle/case interface and ring analysis 

for inplane loading of various types. 

Throughout the analysis, the following design criteria were appded. 

1. All loads for stress and deflection calculations 

are based on the maximum expected chamber 

pressure considering a three sigma variation 

for propellent burning rate. 

2. All steel structural components have a minimum 

safety factor of 1.25 based upon minimum yield 

strength of the material.   Glass cloth reinforced 

plaetics Lave a safety factor of 1. 50 based on 

ultlirate strength of the material. 

A tabulation of the critical discontinuity stresses at the nozzle/case 

interface and the resulting margins of safety are shown in Section m. 
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The materials used in this analysis and the physical and mechanical properties 

are listed in Section n.   Nomenclature is listed in Figure 62. 

The submerged conical shell was sized using accepted buckling criteria 

for monocoque truncated cones under combined external lateral pressure and 

axial compression.  The critical pressure for the proposed design is 1,088 psi 

meeting the required 1.25 safety factor. 

The steel flange shell und sandwich exit cone structures were sized on 

the basis of buckling criteria for combined transverse shear, axial compression, 

and bending loads resulting from injection loads. 

Thermomechanical stresses are shown in Figures 63 through 65 

at selected stations (throat, a supersonic area ratio = 4.0, and 8 in. forward 

of throat) to provide a margin of safety for the insulation and radial interface 

pressures for the shell discontinuity stresses. 

The injector ring and tank support must support the majority of the 

LTTVC system weight times acceleration factor (g's) and the maximum inject- 

ion wall pressure.  Standard ring analysis (Reference 15) indicates the maxi- 

mum bending, shear and axial loading on the ring will provide an adequate 0.25 

margin of safety. 

Plane sections of the nozzle exit cone from injection port to exit plane 

indicate the margin of safety is satisfactory for the steel and sandwich cone. 

Nozzle attachments o* the exit cone and diffuser are investigated for 

critical loading condition J:   axial load, preSP ire, transverse bending moments 

and shears.   The exit cone bolts are also satisfactory. 
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p ■ prsMure, psi, positive when directed outward 

Q ■ total «hear force, lb:  unit shear force, lb/in. 

q • uniform load, lb/in. 

M » total moment, in. lb; unit moment, in. lb/in. 

T « unit force, lb/ir.., positive when inducing tension; 

temperature, ' F; or tcraio&al load, in. lb 

P > load, lb 

E = modulus of elasticity, psi 

Q * shear modulus, psi 

u - Poisson's ratio 

a = coefficient of thermal expansion, in. /in. /"F 

OTU " ultimate tensile strength, psi 

9BU " ^timate bearing strength, psi 

crTy ■ yield strength, psi 

Oatj " ultimate shear strength, psi 

^CU s "I11111*16 compressive strength, psi 

R ■ radius, in., perpendicular to the axis of revolution 

L - length, in. 

t ■ thickness, in. 

A ■ area, sq in. 

Figure 62.    Nomenclature 
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I = moment of inertia, in.4 

c = distance from centroid of a section to fiber being evaluated, in. 

C = flexural rigidity, ün./lb; diameter, in. 

K = torsional shape factor, in.4 

ß = angle of twist, radians; damping function 

0 = an angle in degrees 

9 = angle of slope change, radians, positive when counterclockwise 

a = normal stress, lb per square inch, positive when tensile 

oo ■ radial component of displacement, in., positive when directed 

toward axis of revolution 

6 = deflection, in. 

M.S.    - margin of safety 

X - ratio of torsional to flexural rigidity, GK/EI 

SUBSCRIPTS 

The foregoing symbols used in conjunction with subscript notations 

listed below will have the following mean, tgs 

p =   denotes the effect of pressure load 

b ■   denotes the effect of bearing loads 

s =   denotes the shear stress 

m, M    ■   denotes the effect cf moment load 

Figure 62.   Nomenclature (Cent) 
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I 

1 =   refers to meridional directior. 

2 *   refers to hoop or tangential direction 

0 denotes the effect of shear load 

Figure 62.   Nomenclature  (Cont) 

108 



mum 

& 
CO 
o 
—( 
II 

I 

5 
o 

oo 

0) 
en 

i 
0) 

I 
CO 
in 

to 

I 

f 

1 1 

109 

 T- 

' 



■ 

■  ■ p 

#■< 

i 

o 

(Ud)SKIILL8 

I 
00 
o 

0) 

to 
to 

s 

—I 
N 

8 
t- 

i 

u 
ä •a 

110 

. ■ 

  

. 

■  ■■ 



00 
o 
•H 

II 

a 
E 
o 

II 

» 
< 

73 

I 
wmt 
N 

I 
I 

in 

s 
.1 
fa 

- 

Ill 

«k 



■ 

a.    Thermal Streae Analyeis—An analj-his was made of the stresses resulting 

from pressurlzation and temperature gradients iii the submerged section of the 

nozzle.    Three cross sections of the nozzle were analyzed using a computer 

program.   Figure   7  shows the location of those sections. 

At each section analyzed, the various materials are subdivided into 

numerous thin concentric cylinders such that the temperature in the cylinder 

is considered constant.   The equation for radial deflection is written for the 

inside and outside of each cylinder based on material properties pi ogramed 

into the computer.   These material properties have been compiled by Thiokol 

from vendor data, Government reports, and development tests.   Each cylinder 

is allowed to deform internally and the deflections at the boundari es are set 

equal.   The resulting matrix is solved for the interface contact pressures, 

and the values are used to calculate the tangential stresses and radial deflec- 

tions.   The program is set up so that various combinations of external boundary 

conditions can be Imposed, such as known internal and exterual pressures or 

known inside and outside deflections. 

The equations for this analysis were based on the solution given by 

Timoshenko (Reference  31).   The general equation for radial stress in a 

cylinder subjected to thermal gradient is as follows: 

R 
ar = -E  £ r=iLiil)a-/aTRdR+ ^  

(1^ u)  |    1 -»i   R2 Ri i-2^ i - 2a 
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The longitudinal strain, f z> is: 

«72 H (C7r  + at)  + Of T 
E 

and the boundary conditions are as follows: 

at  R  = R, ^r  =   crl P^ (internal prep .ure) 

«■ 

R  - R, <7r - aro (external pressure) 

At the inside boundary the integral of the temperature term becomes zero: 

R 
S   a TRdR   =  O 

therefore: 

TL n = 
1 +  u[ 1-2 U      Rt^ 1 - 2 U J 

At the outside boundary of a cylinder, thin enough to consider the tempera- 

ture constant, the integral of the temperature term reduces to: 

R^ Of  T 
/     «TRdR 

P£ 2 
(Ro2 - V) 

J ft 

i 
f 

Therefore: 

^ro   =  -p =   E  ["-(l + ujaT 

1 + u   [(1 -U) 2R0
: 

(R0
2-R-2) + 

I - 2 u       R( 

+ Jf  Cz] 
1-2 u     J 
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By taking the difference between the internal and external radial stress 

the constant C2  is found: 

Cr Ri2 Ro2 (Pt -P0)(l +U)    + (n-^        aT(Ro2   -  Ri2 ) 

E (1-U) 2H2 

The Constant Cj can be found in terms of C2 

.p.    (1 + u) (1 - 2 u) 
1 E 

C2 11-2 Ü) -Mf z  . 
• •2 

The equation for the radial deflection can now be written,  inward deflect- 

ion being positive: 

A R   =   co    = j_     (1^)      J a 
R      (l-U)    *l 

TRdR - C1 R 

Considering the temperature to be constant, substituting for C^ and C2 > 

and simplifying: 

RO2(I+M)   L2 2I     R;2(i + w     r ■? 
(ji =   -^_ _      RQ    

+ (1 - 2 U )R2   P0 - -Li Z     Ro
2 f (1 

ER(R0
2-Ri2)L J ER(R0

2-R£2)   [ 
2^)R< 

-(1 + u) aTR+uRfz 

The computer program has been set up so that the plane strain condition 

can be imposed by solving for an axial load, PZl which causes (z to be constant. 
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This load is found through an iteration of the matrix solution using the following 

equation for the strain: 

Nz   +  NZo 

(Ro  " Re)   Et 

u (ar +  at )  + n^   T 

where; 

Nzo is an input axial load if a known condition exists.   The computer 

program will also select the material properties for the axial direction if a 

difference should exist. 

Figures 63    through   65   are plots ut the combined pressurization and 

thermal tangential stress distribution at the sections analyzed for several 

different times during the firing.   The maximum predicted compressive stresses 

in the graphite cloth are at all times below the ultimate compressive strength of 

the material at that temperature. 

I 

4 
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b. DUcontinuity Analyeia of Flange-Bubmerged Shell and Case Polar Boss— 

The flange shell as the main structural member in the nozzle distributes the 

blowout load, secondary injection side load and dynamic loads into the case 

closure with axial,  shear, and bending moments through the bolted attachments. 

The components are broken down into small free bodies with all loads and 

reactions shown and then the deflections and rotation* of the bodies are equated 

to each other and solved for the shear and moments per circumferential inch. 

Figure   6t<   indicates the present design of flange and submerged shell 

and the st.esses existing at critical locations in the cross  sections.   Inspection 

of the stresses and allowables indicate ail exhibit a safety factor of 1.25 on 

yield stress. 

The aft polar boss and the norzie i3ange, attached together by 100 

3/4 in. dia tensile type holts (220,000 p3i ultimate), are subjected to the 

highest discontinuity firing loads at static test. 

The following loading conditions have been taken into consideration 

(Figure   67 ): 

1. Internal case press »ire 

2. Deformation af. shear ply between the fiberglass 

reinforced plastic and polar boss face 

3. Thrust 

4. External pressure 
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5.     Axial loading due to: 

LITVC 

External pressure on nozzle cone 

3g acceleration of nozzle relative to the case 

Results shown on Figure  66  are based on a MEOP of 705 psia.   Factors 

of safety shown for metal parts are based on material yield and those for non- 

metal parts are based on material ultimate strengths. 

(1)    Material Properties 

Polar Boss 

2014 - T652 Aluminum Alloy 
(After case cure) 

FTU (psi) FTY (psi) 

Tangential 55,000      47,500 

Radial 53,250      45,600 

Axial 52,250      43,700 

FS 
=  0-6 FT            radi, 

E =  10.5 x 106 psi 

U -   0.33 

Nozzle Flange 

18 percent Nickel Steel - 200 Grade 

FTU =  210, OCO psi 

FTY =  200,000 psi 

Fs -   0.6 FT 

E =  27 x 106 psi 

U -   0... 

axial (A) 

tangential 
(T) 
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■     ll i    .1..' t— -r !  -        - 

Bolt (tensile type) 

3/4 - 16 UNF 

FTY 

'TU 

Insert 

(Cres 303) 

F1 TU 

TY 

180,000 psi 

220,000 psi 

110.000 pel 

75,000 psi 

Fiberglass Reinforced Plastic Cone 

(58 percent horizontal, 42 percent longit; Jinal - 143 
liana Fabric with Phenolic Resin) 

FTU«( - 30,000 psi 

FTU« - 33,000 psi 

U =  0.25 

E^=Ee =  4 x 106 -ja 

(2)    Boundary Load Summary 

Internal case pressure 

Load due to shear deformation of shear ply 
due to case strain parallel to polar boss 
surface 

Thrust 

External pressure at Utah 

705   Ib/sqin. 

4,980 lb/in. 

400,000 lb 

12. 5 Ib/sq in. 
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Axial loading 

UTVC -     7,800   II) 

External pressure + 84,000 lb 

3g acceleration +    3,800  lb 

(3) Discontinuity Analyels—T'dokol Program No. 3239, IBM 7040 

Computer Program for Stress Analysis of a System of Free Bodies, computes 

and solves the discontinuity equations resulting from the input of the above 

boundary loads and the geometry of structural components. 

(4) Maximum Stress in Polar Boss (Station 2) 

M = -49,100 in. lb/in.     t = 3.6in. 

Q =  - 15,220 Ib/in. 

T -      11,060 lb/in. 

max 

max 

6M       Q 

t2   +    t 

49,100 in. lb/in.   -*. 

30 deg 

11,060 lb/in. 

15,220 lb/in. 

(-)( —) \ 2'\   t cos 30deÄ/ 

At outboard side of junction 

6(49,100) 15,220 
max 

(b.SO)' (3.60) cos 30 deg 

max 

F.S. 

=     22,730  +  4,880 

=     27,610 psi 

(3) (11.060) 

2(3.60) cos 30 deg 

FTYR      45,600 

(min) 'max 

= 5,320 psi 

=   1.65 
27,610 
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(5)   Stress in Bolt and Area Around Insert (Station 3) 

T =     10,340 lb/in. AR =  -0.0444 in. 

M «    -20,8501b/ln. ^e  = + 0.0246 rad 

Q is reacted by the shear lip 

Bolt Stress 

^w i*    "    134,000 psi bolt a allowable =200'000p8i 

F.8.     =      =■   180'000   a  1.34   (See Section D3h (4)) 
ffbolt        134'000 

Insert Stress 

=    ab0lt    A8 

=     134,000(0.3734)   =  50,040  IbAolt 

Bolt - Insert Thread (Assume failure to be 2/3 the distance 

between pitch and minor dia in Insert) 

AIT» a 
3     ,D»oL 

= 
2tr(0.71) (0.95) 

3 

= 1.413 sq in. 

T s Pb 

AT 

■ 
50,040 
1.413 

■ 35.414 psi 

F.S.     = 
Fgy (Insert) 

0.6(75.000) 
35. 414 

1.27 

1.10 dia 
(shear out dia) 

0.71 dia 
(shear out dia) 
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Insert - Polar Boss Thread (Assume failure to be 3/4 the distance 

between pitch and minor dia in polar boäs) 

**rp 
3 
A     *  Dso   L 

4 

= 
3tr(1.10) (1.5) 

4 

= 3.887 sq in. 

thread 

Pbolt          50.040 
AT            3,887 

=  12,870 psi 

F.S.     = 
Fgy   (Polar Boss) 

Tthread 

  (0.6) (43,700) 
=  2.03 

12,870 

Stress in Shear Lip 

Q =     20,845 lb/in. 

Shear 

max (tXt) 
(3) (20,845) 

(2) (0.60) 

0.9 (D) 

52,110 psi 

• j, 

r 

i 

V  , 
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F,8.     = 

Bending 

where:     K ■ 

r 
t 

n 
t 

K 

a max 

'8Y        (200.000) (0.6) 

max 

= 2.30 
52,110 

/6M\ 

Stress concentration factor (Reference 40 
Figure 60) 

fixM = o.io 
0.60 

ÄJL   =  1.5 
0.60 

1.80  (From Figure 60 Reference 40) 

1.85 IB) (OB)       _ a.80H6W20.845)(0.25) 
(0.60)2 o^ 

156,340 psi 

F.8.     =      132. =   200.000 = 1.27 

max 
156,340 

Shear Stress in Polar Boss at Shear Lip 

45 deg 
shear 
plane 

_     Q cos2 45 deg 
45 deg h 

=     (20.845) (0.707)2 =  19>660 ^ 

0.53 
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F.S.     =      I§2- =   (43r700)(0.6)     =   ^33 
TC. 19.660 
45 deg 

(6)   Stress in Nozzle Flange (Station 3) 

M =      17,000 in. lb/in. 

Q =      20,845 lb/in. 

S 
B 

2.22 in. between bolts 

Typicr   Section Between Bolts 

0.80 (max) 

M 

Q 

sect 

sect 

sect 

MS_     =  17,000(2.22)   =  37,740 in. lb 
B 

QS_     =  20,845(2.22)   = 4d,280 1b 
B 

=     feJl!     =  (2.16-O.bOWl.2^ =  0.1958 in4 

12 12 

Mc        Q 
+ 

I A 

46.280 =      (37.740)(0.6)   + _ 
0.1958 (2.16 -0.80)(1.2) 

=      115,650  +  28,360  •  144,000 pai 

F.S.     =     Ili =  2Q0.QOQ = 1.38 
a 144,000 

(7)    Stress in Flange Connection King Jiu.ction (Station 4) 

M =      13, 920 in. lb/in.    A9   ■  + 0.0246 rad 

Q =    -14,740 lb/in. AR =-0.0595 in. 

T =     10,490 lb/in. 
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Ml  

Shear 

T max 
^ 2   '^ t   '      (2) (1.2) 

490) 
13.110 psi 

F.S.    -     I5L = {200.000)0.*    . 9.15 

max 
13.110 

Bending 

a max 
■ 

r       t 

■ (6) (13,920)^   14.740 

(1.2)2              1.2 

- 68,000  +   12.280  =  70.280 psi 

F.S. ■ FTY _    200.000      = 0 ai 

O               70.280 max 

(8)   Stress in Aft Cone Junction with Ring (Station 6) 

M -     -1.636in. lb/in.     AS  = + 0.0166 rad 

Q ■     -1.400 lb/in. AR =-0.102 in. 

T =    + 417 lb/in. 

Inside Surface of Cone 

a. =     -125,640 psi 

T- =    + 46.380 psi 

Outside Surface of Cone 

a> =    - 124.800 pel 

ae =     -121.510 psi 
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, 

F. S. (min) 'TY 
a 4 (inside) 

200.000 
125.640 

= 1.59 

(9)   Stress in Submerged Cone Junction with Ring (Station 9) 

M =     -3.912in. lb/in.     AO  =  + 0.0246 rad 

O »    + 3, 267 lb/in. AR =   -0.0371 in. 

T =     - 10.320 lb/in. 

The steel section of the cone segment is assumed to react the 

moment and shear loading. 

At Outside Surface of Steel Section 

F    . 

=      (6H-3.912), (+3. 267Wcoe 66 deg) 
(0.55)2 o.55 

+ 77.600  +   2,420  =  80,020 pel 

FTY 200.000 
=  2.49 

'40 
80, 020 

Hoop Stress at Outside Surface of Fiberglass Reinforced Plastic 

Section 

"o 

=     .   11.7 xlO6    [-0.03706] 

F.8.     = 

33.3 

13,000 pel 

FTU9 33.000 

aa 13.000 
=   2.53 

Ik, 
i   ffmA 

± 

\ 
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Bearlt^; Stress Between Fiberglass Reinforced Plastic Section and 

Ring 

'br X =   10»320     =   20,640 psi 
0.50 

F.8.     =      FBRU _ 35.000      =   ^69 

0^r 20.640 

(10)   Stress in Fiberglass Reinforced Plastic Cone at Junction with 

Steel Tongue (Station 11) 

M =    + 1,588In. lb/in.    ^9   =  + 0.0248 raxi 

Q =    +    846 lb/in. AR   =  +0.0421 in. 

T =     - 10.110 lb/in. 

Inside Surface of Cone 

Oj ■    - 1.522 psi 

a ~    - 5.840 psi 
9 

Outside Surface of Cone 

"* 
— - 14.755 psi 

"9 
■ -    9.150 psi 

F  3   v ■ 

FTU^      30,000 
t.a.j 

a,            14.755 

F.S.D 
FTU9       33,000 

=   2.03 

=   3.60 

JQ 
9,150 

Since (Tu and Qa are both compressive at the sur face bonded to 

the steel tongue, the pressure between the two is positive; therefore, there is 

no tendency to peel the adhesive between the two surfaces. 
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An aft polar boss and nozzle discontinuity analysis for flight test conditions 

was conducted (IBM 7040 computer program No. 3239).   The revised aft polar boss 

is shown on page 130. 

The preliminary analysis revealed that the static test condition was the 

critical condition. Therefore the flight test condition was not re-run when the 

nozzle flange was redesigned for grade 200 18 percent nickel steel. 

The aft polar boss and nozzle discontinuity analysis was then conducted for 

static test conditions.   The results of this analysis are presented on pages 131 

through 152. 
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Aft Polar Boss Revised Design (10 June 19651 
Material: 2014-T652 
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c.    Submerged Shell Buctdlng—Each structural member must be chedced for buckling 

as a column subjected to axial load, external pressure, bending moment, and radial 

shock loads. 

To Insure structural integrity, each end must be checked for local buckling 

including mucb the same loads as above and local end conditions. 

Submerged Shell 

The deformation in the middle of the cone due to external 

treasure is calculated as follows: 

Ö = 
pr2 (l-u/2)    _ 

c-hoop t 

_ 684(23.5 02 M. §3) _ 

3.4(106)(1.29) 

Average R = 23.50 in. 

= 3.40(106) 

p 

1.29 avg 

0.x5 

705 (85-14. a+30(60 tt's) 
3 2irR 

+ 684 psi 
- 660 pei 

=  - 0.0803 in.  A R = 0.0803 x 100 = -0.34 percent 
R   23.50 

. 
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(1)   Column Buckling Analjäis 

p = 85 psi 

R = 15.0 In. 

t = 1.3 in. 

p int  = 14.8 psi 

ti Igjg 143 glass 
tg hoopj34l glass 

'~~t3 jggg 143 glass 
^ hoop^341 glass 
tj long 143 glass 

Ursupported Length Between End Rings 

■        46.5 in. - 3 1 in. aft end - 5.1 in. fwd end 

-        38.3 in. 

Shell Loads - Flight Load Condition 

Station 6.0 

P =        0.440(106) + neg acceleration load = 440, 000 lb 

Pinternal =        0.12(705) = 85 psi 

M ■        119,000 in. lb (acceleration) 

V ■        neg acceleration load = 0 

Station 43.40 

P =        2.03 x 106 + neg acceleration load = 2. 03 x 106 

♦Static test load condition not critical 
154 
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M  =   373, 000 in. lb (acceleration) 

V  =   12,950 lb neg acceleration = 0 

Pint   =    0.020(705) = 14. 8 psi 

Axial Load Buckling (Reference 11) 

avg load  = -(2. 03 +0.440) 106 = 1.235(106) 
2 

avg t   =   I. 30 + 1.33 + 1.15 + 1.40   =   1.29 

P critical   =   2CirEt2 = 2(0.475)(3.14) (3. 0) (106) (1.29)2 

,6 P critical   =   14. 85 x 10' 

R/t   =   23.50/1.29 = 18.20 

avg R  =   15. 00 + 32. 0 «^p = 23.5 in. 

L2Vl^? _ (38. 3 )2 0.98   _ 
Rj 23.50(1.29) 

=   0.475 Re = 1^ü0!i = o.082 
14. 85(108) 

Glass Cloth Phenolic Shell Composite Allowables (Reference 36) 

Hoop Direction ß  =  0.15 

Compression Stress (Composite) 

0.722 (45,000) = 32.500 
0.568 (19,000) = 10,800 
1.290 43.300 

341 glass phenolic hoop oriented 
143 glass phenolic longitudinally 

oriented 

I 

43,300 
Hoop Compression 1.29 33, 800 psi 
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Compression Modulus of Elasticity (Composite) 

0.722 (4.910 x 106) - 3.54 (106) 
0.568 (1.51 xlO6) = 0.85 (106) 
1.290 4.39 (106) 

4.39 (106)        0 An „na, 
E Hoop Compression - ^^9      " 3•40 (l0^ p8i 

Longitudinal Direction n  = 0.15 

Compression Stress (Composite) 

0.722(19,000) 
0.568 (45,000) 
1.290 

13,700 
25,500 
39,200 

39 200 
9 Longitudinal Compression ■   J VAU ■ 

6. 0./22 (1.51 x lO«) «1.09(10°) 
0.568 (4.91 x 106) « 2J9 (10^) 
1.290 3.88 

3 88 (10^) 
E Longitudinal Compression » ITOQA ^ 

■  30,400 psi 

3.00(106)p8i 

* 
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External Pressure Buckling (Reference 11) 

P 
ff2D       7.5(3.142)(0.622)106 

Cn 2  ~ 2 P   RL 23.5(38.3) 

Z   =   47.5 

„.^.MU^m.o..^, 

c    =   7.5 
P 

Pcr   =   1,335 psl 

p -+7nK    (85+14.8)-H 30 lb/In. x60g'B ract   -+^w-       3 girR 
(External) + (Internal)      (Shock) 

= 705-33+12  2- ""^P81     R   =T2^=0-512 -705-33+12.2- _660pei       p    1,335 

Bending Moment Buckling (Reference 11) 

avg bending moment   =   246,000 in. lb    R/t - 18.20 

CB = 0.50 

M       =  CtTERt2 = 0.50(3.14)(3.00)106(23. 50)(1.29)2 

Mcr =  184(106) in. lb 

R      = 0.246(106) ^ 
B 6. 

neg 
184(10 ) 

Combined Axial Compression and Lateral External Pressure 

1 1 F.S.   = 

Vo.0833 + 0.5122 
0.522 

=  1.91 
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(2)   Local Stress (Station 6.0) 

Local Stress Loads 

CYLINDER 

440.000 lb rgMTERUME 

R = 15 in. 

^J.         T     A       440.000 Cyiiiider Load  =        '  

440. 000 
=  6.28(15) 

=  4,670 lb/in. 

Therefore cone load Is an angle function of cylinder loads. 

Assume no discontinuity bending and shear loads. 

CENTER LINE 

^ÖTOlb/in. 

P = Membrane 
Load lb/in. 

H  = Uniform 
Axisym metrical 

Shear Load 
lb/In. 

P cos 22 deg   -   4.670 lb/In. 

P - ^ ■ ».OBOlb/l.. 

H   -   sin 22 deg (5, 050) = 0.3746(5, 060)= 1.890 lb/In. 

Bending Moments - Due to Horizontal Shear (H) (Reference 13) 

Assume a cylindrical shell with R = 15.0 in. 

„v       0.322 H     .   f 3.a4 „ „ i      ^ MX -  -t^—  *t ^ =  T**fc) =   2.65 in. from edge 

'Sq-uZ) / 3(0.98) Y0'0074 =   0-296 

2 2       \/ 2        2 
RgV       V^-O)   (1.3 ) 
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Max moment   =   O-322^90) =   2.060 In. lb/In. 
0. 296 

Net Pressure 

+ 639 ufii 
Pnet   "  Pext-Pintl ^^'705-85^19=  m m£\ 

Hoop Stress    =  pressure + shear load 

t        t     XR 

 h 

^4 
639(15. 0)     2(1.890) (0.286)(IS. 00) 

1.30      ~     1.30 

=   -7.360-12,900 

Oi,   =   - 20, 260 F. S.   = 53^222 H 20.260 ■   +1.66 

Hoop Deformation (pressure and shear load) 

.     =   .655(1-11/2)   _ V^ 

^ Et 2n>.3 

D.  MiiS^d     ti=130 
12(1-^ ) 

=   (3.4)(2.2|10 
11.75 

6 

D  =   0.635(106) 

0     :       639(15) (0.93) _ 1.890 
'H 

1. 30 (8.4) (10«)    *(0.635) (0.026) (106) 

ÖH =   -0.030-0.057 

öjj  =   - 0.089 in. 0 087 
radial growth = -rr-j- (100) = 0.58 percent 

10. uu 
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Longitudinal Stress pressure + bending moment 

Plb/!n. + _6M_  + _Mc_ 5.050 
aL~"     * bt2        tR3t""130 

t     6(2.060) ^119, 000(150) 

(1.80)2     3.U(163)(i.30) 

«   -2,880+7,320+130 

a,   -   + ?;5!° P8i
|

0?!S! at 2.12 in. downstream from joint L       -11,330 pal inside J 

30.400 
F.S.   «  S2»^ "   +2.68 

11,330 

Local Budding (Reference 11) Flight Test Condition 

axial load -   0.440(106) 

lateral pressure = -705 . 85 ^ 30 ^y0'^  -SSOpsi 

axial bending moment - 119,000 in. lb 

assume R ■ 15.0 for a cylinder of L = 38.3 in. 

t = 1.30 in. 

max 

Axial Load 

p critical Ä 2CirEt2 ■ 2(0.50 )(3.14)(3.00)106 U. 302) 

p critical " 12.2(10^) 

R/t = 1.30 

.'. C  ■ 0. 50 

,0,440(10«), 
KC      12.2(10«) 

ieo 

—,— — 



; 
' 

' * 

i ■ 91 x 

— 

I 

Transverse External Pressure 

Z   = 

D = 

I2(0.99) _38.32f0.99) 
R. 15(1.30) 

= 74.4       D = 
Et3 

T^HT2) 

''^V^'-o-wxio«) 11.75 

C     =   9.0 
P 

PJIUJ^D       __  9tt(>.w?>106(9t9> __ ^MO ^ 
critical 2 oo «..m 

(15.0) (38.3) 22,000 

639 
R    = = 0. 246 

P     2,590 
Axial Bending R- =  0.0 neg 

Combined Axial Compression and Lateral External Pressure 

_i  _i  F.S.   = f. 2 2 
+ R c p ^ 

 5 5 
036    + 0.246 

0.248 » +4.03 

(3)   Local Stress (Station 43.40) 

Local Stresses - Glass Cloth Structural Shell 

Loads 

axial load =   2.030,0001b 

uniform axial load =   ^^^  = ^^  
2irRcoe22deg        6.28(32) (0.9272) 

=   10,900 lb/in. 

Since the steel seat for the submerged shell is perpendicular to the 

shull wall, no hoop ring will be needed to hold the glass cloth cone in place. 

; 

. 

• 

I 

i 
4 
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However to insure reliability, a glass hoo       g is installed to take 5 percent of the 

membrane load at 10,000 lb/in. 

hoop rlr-s load - 10,900(0.05) - 545 lb/in. 

Bending Moment s 373,000 in. lb (acceleration) 

Net Pressure 

p net ^   p ext " pint - 8hock Pre88ure 

«   -706 + 14.8   + 35 lb/in. (60 g'a) 
2irR 

=   -687+10.45 

+ 2.100 
-687 -f' 6.28(32) 

697.5 psla 

Stress 

hoop  ..lfi.-.S2Mfi2)..17.250P.i 
^«-t    1.40(0.927) 

F.8. 

long. 

17,250 

P + MC 
Ä ""   I 

_ 10.900    +   373. 000(16) 
1(1.40) 

fR3t 

.6. 

3.14(323)(1.40) 

7,780+ 1, 325 = ■^ 105 P81 

-6,455 psi 

F S.    = ^i20 = + 3.34 
9,105 
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Local Jtresses - 181 Glass Cloth Hoop Ring     (R.ifen   ce 36) 
t =0.50 In. 

181 glass 
cloth phenolic\ 
hoop ring I 

2 ''• // 
n i // 

glass to glass shell 

i^ 18 percent nickel steel 
flange shell 

Ring Hoop Stress 0„ 
FR 
A 

545 lb/in. (33.5 in.) 
2(0.50) 

= +18.250 psi tension 

38.000 F-s- =
+Ä = +2-08 

Local Budding (Reference 11) 

Loads - Flight Test Condition 

Same as for local stresses.  Assume R =32 in. for a cylinder 

length (L =38.3 in.) and thickness (t = 1.40 in.). 

Axial Load Buckling 

=   2CffEt2   = 2(0.465)(3.14) (3.00)^(l^O2) critical 

=    IT.lxlO6 

R/t   = 32 
1.40 

= 22.90 
,C    =0.465 

= ii03ii(Li = 012 

C        17.1(106) 

Lateral External Pressure 

p   . ^-- 6-5'3-14'2(>-797'lo8u1.088pri 
Cr        RL 32(38.3) 

I 

!l 
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_   L2(0.99)   _  38.32f0.99) _ 
Z  ~     Rt " 32(1.40)      " 3Z-6 ,C   = 6.5 

P 

Et3      _ 3.40(IQ6Hi.40)3 

11.75 ' 1U75 
= 0.797(106) 

Rp 697.5 
1,088 

= 0.64 

Axial Bendliig Budding - Not considered as the allowable bending 
moment is many times f reater than the actual bending moment. 

Combined Axial Compression and Lateral Pressure 

F.S.   = 
^.R2 "it 2 2 

12    + 0.64 0.65 = +  1.54 

Hoop Deformation 

«i, - .«a^i (R^.™,«!«, 

»H 
a. 40 (10 )(1.40) 

percent of radius = 
0.140 
32.00 x 100 = 0.44 percent 

Literal Deflection of Nose Cap - Under flight acceleration loads. 

L-46.5 +13 = 59.5 use uniform load (Reference 16) 
A . Ä      W = 226 lb/in. 

n,.,   =WIl=    -225 r59.S)4 2840 x 106 
^nax      8EI 8 (3.0) 10«>R3t)     2.860.000x106    ü-001 ln- 

Axial Deflection of Submerged Structure 

DL=aJLIL=1io515^5)=0180in 

E 3 x 10^ 
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d.    Steel Flange Shell Stresses-"The flange shell is checked for column buckling 

due to axial load, pressure. LTTVC bending moments, shear and radial shock, and 

vibration loads. 

Each shell end is checked for local buckling and stresses. 

(1)  Column Buckling Analysis—The section is analyzed for the critical 

bending moments, transverse shear, axial moments, and external pressure 

(Reference 11, Aerospace Buckling Criteria). 

= 32.25 in. 

STA 61.25 I 

= 38.0 in. 

M =1.26(106) 

. P =40,900 lb 

= 57,868 lb 
= 7.8 psl 

Avg  R = 35.02 in. 

I f 

Flight Condition External Pressure (Refer Section HQ 

(32. 25) 
Pnet  = + 

(12.7 + 7.8) _30L 
\ 2 /      *   w-    2ir(32. = 10.25 -6.9014.45* ♦ 7.80 

- 1.10 

37.8 
©Q        co84       cos 23 deg 

T             0.75ri + 1.45 ro    , 
Sq   =  TTFi "- L 

=  41.2 in. 

* Re vision A design analysis will reflect thickness change. 
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eq 
0.75 (32.2S) + 1.4S(it7.8)    (13. 65) 

2.2(37.8) 0.92 

14. 85 In. 

qt 

(14.8^ 0.955 
41.2(0.15) 

■  34.0 

Use fixed ends for K   coefficient 
P 

:.K   = 5.30 
P 

p      . KPff E.t3 .  5.30 (9.9) (27) 106 (0.0033) 
cr '   12(1-^)^2 r 10.9(220) (41.2) 

Pcr =   47.4 pal Rp - zj^-  = 0.023 (neg) 

Bending Moment 

M„    = CffERt2 Actual Moment =(2,1
2

+1,26 )(106) cr 

R/t 35.02/0.15   ■   233.0 =   1.68 x 10 6 

Avg R = 37.8 = 32.25 
=  35.02 

•c 

' 

B 

M 
cr 

Axial Load 

P 
cr 

;.c 

Pcr 

0.332 

0. 332 (3.14) (27) 106 (35.02) (0. 022) =   21. 7 x 106 in. lb 

Bß    =~^= 0.0',8(neg) 

=  2Cir Et2 

-  0.267 

= 2(0. 267)(3.14, (27) 106(O. 022)=  1. 0 x 106 lb compression 

Rc    =0 
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A *,   1 A^  i T 57. 350 + 40. 900 Actual Axial Load = —' z " 
2 

=  49,125 lb tension 

Transverse Shear 

V 
cr 

= 
C n3DR 

8 

l? 

•cs = 17.5 

D   = 

Z   = 

_   17.5(31) Er (35.02) 
er 186       (10.9) 

V      =9.38 (27) 10° (0.003) 

Vcr = 0' 810<106) 

Rc=0 

Et2 =   Et3 

12(1-fi 2) 10.9 

Rt 

(13. 65)2 0.955 
35.02(0.15) 

Z   =   33.8 

A        , „        57.000-t- 50.400 
Actual V  = —' —' = 53,700 lb 

R_  = 
. 53.799 

S        810,000 
=   0.066 

Combined axial compression, bending and transverse shear 

2 
F.S.   = 

Rc + Rb+  VCRc^Rb)2*  4(R8)2 

 2  

0  + 0.078 + V(0.078)z + 0.0174 

(Reference 20) 

F.S.   = 
0.078+ 0.153 

= +6.65 

(2)   Local Stress at Station 47.6--This section Is designed by the bending 

moments, axial load, and transverse shear of pressure, the LITVC loads (N2O4), 

the acceleration, shock loads, and tank support.   The section is taken far enough 

forward of the flange to not add to the discontinuity stresses. 
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Flight Condition 

J 
R • 32.25 in. 

Plnt ■    12 PBi 

M = 2.1(106) 

_ P 1 
V = 57,000 lb 

Plnt=     12pBi 

NOTE: Neglect local LITVC pressure effects 
at the flange. 

Plnt ' Pext + Plnt + P<,,hook, 

- 2ir R 

■  -f 9.5 psi 

Moment =  .1.23 (106)+0.73 (106) 

(LITVC)       (Acceleration) 

+   0.14(106)* 

(Tank) 

« 2.10 (106) in. lb 

Pext = 6-9 P»1     Axial Iit>,wJ ~ + 31, 500       + 100,000 

(Acceleration) (Pressure) L t = 0.15 in.** 

8,750- ff (Rg -R)(i4.7 -6.9) 
(LITVC) 

Axial Ix)ad  =  + 122, 750 - 24. 5 (60.6l - 32. 52) 

=  + 122, 750 - 65, 400 

=  +57, 350 lb 

yy-Transverse Shear ■  + 27,500 + 19,600+ 9,900   = + 57,000 lb 

(LITVC) + (Acceleration) + (Tank) 

*Tanks transposed from y'y' and x'x' axis 
to xx and yy with no change. 

♦♦Revision A design analysis will reflect 
thickness change. 
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Stresses 

aHoop 

aRadial 

aAxial 

=  +Jgr-=9,5nfK
,2$)= ^.()40PBl(neg) 

= p   i =  +9.5 psi (neg) 
net 
P      Mc   .       57.350      2.100.000(32.25) 
A ±  I 30.4   i tRJH 

(14.700) 

»AXUI Shear = V/A  = f^-   = f ^000. 
28 (32.25) (0.15) 

=  1,880 psi (neg) 

200.000   _      h   . 
F-S-   "  +6,480    -  +mgn 

Local Buckling and Deformation not Considered: Negligible 

■ 

: 
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(8)   Local Stress at Station 54.50—This section will be subjected to axial 

compression - bending loads and nonsymmetrical LITVC internal pressure loads. 

At the midpoint between the flange and torque box the shell will be weakest 

when subjected to internal pressure due to the minimum stiffening ends of the shell 

end restraints. 

LITVC Loading--(Assume Load F la Reacted in Shear by the Adjacent Wall) 

0.15 in. 

10 in. 

Pressure Loading on Shell at 
Station 54.50 

Section of shell length (dx) * 1.0 in. 

Maximum moment and hoop tension will be at ^ 
Maximum shear will be at |( - 90 deg 

At Station 53.5 the load is-U-(10) -  55 lb 
2 

180 deg 
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Total load induced by LITVC pressure on Inside surface of the steel cone. 

13.65 in 

pressure distribution 
in cone 

20.00 in. 

1/2 projected      J 
load prism 

22 psi ■ 

■ 

Total Internal Load (V) 

V -  2(T p  Ar.10#5): 2[  l(22)(13;65i10].   752lb 
4 Z 

Since the ends of the cone are restrained by stiff rings the radial deformations 

in the cone will tend to be small at the ends and gradually increase to a maximum at 

the center (z = 7 in.).   It will be assumed that the load is equally distributed over the 

752 length of the cone and reacted in shear (Q) through the wall v* 
13.65 

55 lb/in. 
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Since the local load at Station 54. SO la equal to the distribution load, use 

F - 55 lb. 

»A « j m« FR    .,     j       j    cos 4. At 0 deg      M = — (1 - ^ sin ^ + -r— ) 

= y        (1-1.5+0.5) =460 in. lb/In. 

T= -^-(ycos^ -^sln  0) 

= - 2y- ( - 1.5 - 0) = + 9.5 lb/in. 

~ sin ^  0 

At jrf = 90 deg 

M = ^ ^ (l - (1.57) (1.00) + 0.5 ( 0)) = -175 in. lb/in. 

T       jj      ((1.5) (0)   - (1.57) (l)j = + 10 lb/in. 

q Ä   (l)=0.36 1b/ln. 

SUtion 54.50 Louis 

p + 7.80 pel 
- 1.10 psi 

M(bending     , Äa    .JJ, 
7; = 1.68 x 10   in. lb moment) 

P(axial load)  = + 49,125 lb tension 

V (transverse = + 53 700 lb 

shear) 
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Stresses 

Hoop 
=  + PR   +   6M 

t     " bt2 
7. 8 (35) +   6 (460) 

0.15     ~   1 (0.152) 

} 

a
H     =  + 1,820+122,500 

+ 124,320 psi 
- 120,680 psi 

JAxial 
= ,£_! MCl0 3(122(500)   = + _«ii25_ .i^saoVs 136f8oo 

A        I       "••M*".™"/ 2ff(35)(0.15)      V (353) (0.15) 

Axial     ~ +   1.500+2,900  +36,800    = 
+ 41,200 psi 
- 38,200 psi 

Shear 
P 
A 
P_ 53.700 

2ff (35) (0.15) 
=   1,630 psi (neg) 

F.S. = ^m = + Leo 
124,320 
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(4)   Local Stress at Station 61.25—The section at Station 61.25 Is designed 

by the local unsymmetrlcal LTTVC wall pressure, internal and external pressure, 

aide load, bending moment and axial load, and acceleration g load. 

fllltrt fflrtlttiB fßdtw Section m) 

B steel = 38 In. 

# t, 0.245 

L18 percent I 
nickel steel       A 

Pext 
fPlnt 

M =1.5xl06 in, lb 
1        m P • + 40, »00 lb 

V = 50.400 16 

Pint"7'8?81 

Pext =6'9 P8i 
Of = 6.10 deg 

SECTION A-A 
Loads 

P ...     - p^.p.nt.pc^,. -6..4.7.8.^'My.l . :j2.»ps| 

.6. xx-Moment      -   4-800,000      +459,150      + Zero    - 1.26 (10 ) in. lb 
(LITVC)   (Acceleration) (lanks) 

•t^ • Steel thickness neglects assistance of injector pads and ring.   Revision A 

design analysis will reflect a thlclmess change. 
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Axial Load 

yy-Transverse 
Shear 

+ 22,000 +  80,000 
(Acceleration)   (Internal Pressure - Atmospheric Pressure) 

- 8,400      - f (R  2 - R2)   (14.7 - 6. 9) 
(LITVC) 

+ 93,600 - 3.14 (60.82 - 39.32) (7.8)   =  +93,600 - 52,700 

+ 40,900 lb 

+ 26,500 +   14,000 + 9,900 *     - +50,4001b 
(LITVC)  (Acceleration)  (Tanks) 

LITVC Tangential Moment 

Pressure Distribution 
Across Cross Section 
1-In. Long Section 

The analysis assumes the shell is divided 

into 1 in. length rings with resulting local 

loads and stresses (Reference 15). 

Chord     =  2 sin 15.25 deg (35.6 in.) = 18.7 in. 

P, =Pe   ■ ?,-?)(22.0)sin3.05(35.6)2 

1 5 2.5 

=   16.5 1bat^J^=0.213rad 
57. 3 

Po 0 P^   = ^"1 (22'0) 3-78 = 50.0 lb at 2 4 2.5 

6.10 
57.3 

2.25 

0.106 rad 

1 ♦' 
: 
! ■ 

• 

1 

p«   - ITTi (22) (3.78) « 75.0 lb at 0 rad 3 2.50 

Z P    = 33 + 100 + 75 = 208 lb 

■"Assume tank loads transposed from x'x* to xx axis with no change 
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M  -   RTPWi 

'35.6   [2(16. 5)0.15+ 2(50)(0.19)+75(0. 25)1 

- 35.6 (42.65) =1,520 in. lb tangential 

N  -EPW2 

- 16. 5(0. 325)2 + 2(50)(0.275) + 75(0.25) 

- 56.91b 

S     -   EPWg 

- 2(16. 5)(0.45) + 2(50)(0. 475) + 75(0.50) 

- 99.7 lb 

hoop 
+ PB.   . AM.  . +18-8 iff.O)      611,. 

t W 0.245 -    (0.( 
520) 

060) 

♦ 1,980  +152,000  - +153,980      outside 
-150,020      inside 

hoop shear 

radial 

axial shear 

axial 

J. 99-7 
bt        (1) 0.245 

P^   - +12.8 psi (nag) 

50,400 

406 psi (neg) 

■    V/area  ■ 
6. 28(38)(0.245) 

864    psi (neg) 

^ P axial ♦ MC 
area       I 

allowable 

+       40,800 +    1.26(106)38 + 45,500 + 0.3 (152,000) 
~ 6.28 (38) (0.245) " tR3t " " 

+ 700+   iL0(io8}  ••■45,000= +700+ 1,120+45,000 + 47,320 
" 42,000       ~ ~ ~ 

+45,920 

200,000 p«i yield F.S.   '-f^1^     = ^1-30 
15«, Woö 
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Deflections 

LITVC Load (Reference 13, pg 270) 

Max radial displacement under load  = +    '" 2 •   To determine 

displacement of all LITVC loads use P=208 'l*. 

ö     m       0.135  (208)   (M2) = + 2.65 (0.045) = 0.101 In, 
27 (106)   (0.0148) 

Pressure (Reference 14) 

A    ..      PR2a-M/2>      ,   12.dl(382>(0.85) 
Et 27(lo6)(0.a45) - 0.0024 in. 

Total Deflection 

^ T   "     0.101 + 0.002 = 0.103 

AR/R   =     -Jr-r  = 0.00321(100)   = 0.27 percent 

Local Buckling 

The static test condition is critical for local buckling load 

Pnet   =   "Pext   + Pint  +P (shock) 

=     12.5  + 7.«   +11.9 psi   - "1!'JPS! 
- +  7.2 psi 

Neglect bending moment, shear, torsion and axial load buckling. 

The allowable is very high for existing loads. 
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Lateral   External Pressure Buckling 

Cpff2D _  $,$(3t142H30.600) 
Pcr RlT ~        38(13.65)2 -  282 psl 

ll£Z_ (19, 65)2 OT 954   _ 
Rt 38 (0,245) 

D  =     ^ .W»0"l(W«W.36.aoo 
-H z) 10.91 12(1 

.'.Cp   -     5.5 

Assume R  =     38 deg for a 13.65 in. length cylinder with t  =0.23 in. 

M   »     0.30 

F.8.   =  281.  =   +hlgh 
16.6 K 
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e.    Exit Cone Shell—The exit cone sandwich Is designed for the external and initial 

shock pressure and the tangential bending moments due to the LITVCwall pressure 

distribution.   Column and local buckling in addition to deformation under loads are 

checked the length of the exit cone. 

Special end blocks and spacers are placed into the sandwich to attach the 

structure to the flange shell and static test diffuser and to allow pressure trans- 

ducers to be place   through the shell, 

(1)   Column Buckling Analysis—A check of column buckling for the sandwich 

panel between Station 68. 0 and 133. 30 for flight and static test C( idltions indicates 

the following factors of safety. 

Flight Test Loads 

P =30,550 lb 

p = 6.9 psi 

{ 

p Int   =6.48 

V = 36,600^ 

R = 40 in. L = 65.3 

M = 1.03(106)ln.lb 

Int  =6.48 

p int  c 2 psi 

R =59.3 in. 

„P-O h = 0 
V = 0 
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Loads 

.».«•«» »«....... / v ... n      6.48 +2.0   + 32 lb/In. xBOg's average pressure (p) ■     -6.9 +     i     - " B— Ky' 2 2 ff R avg 

.'.avgR -     ?9'^tf.y  .49.g5 

average pressure   = 

Average Axial Load,  P 

Pexit 

+ 3.49pei 
- 8.81 psi 

PfH     fift     "     +    19'800   ~   7'800   +   19.350 =+30, 
station 68 (Pressure)-(LITVC)+(Acceleratlon) 

avgp     ,     90.550+0 a + 15t2751bten8ion 

Average Bending Moment - Longitudinal 

exit   =     0 

xx moment   ■     +650,000 in. lb  + 379,000  = 1,029,000 in 
(LITVC) (Acceleration) 

avg moment    =     1.029,000   = 514j500 in# lb 
SB 

Average Shear Load 

shear exit   ■     0 

shear at 68.0   -     24,500 lb + 12,100   = 36,600 lb 
(LITVC) + (Acceleration) 

, 36.600       ,_  nnn .. 
avg shear   =     —*   ■ 18,300 1b 

z 
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Sandwich Properties and Equivalent Section Properties 

Face Sheets - 143 glass cloth epoxy (longitudinal); 20 end S-HTS roving epoxy 

(hoop).   (Reference 12 and Figure 9) 

hoop E 
c 

J 5.40 (ID6) 

hoop 
= 0.15 

hoop a „ - 55,'»00 psl 

long. E 
c = J.28 (106) 

Hong. 
= 0.15 

long. ac = 27,400 psl 

face 

aluminum core 

t - 0. 07 In. 

t = 1.36 In. 

t = 0. 07 in. 

For design analysis the sandwich shell h  s an effective thickness (t ) and 

modulus of elasticity (£„) for use in formulas for solid Isotropie plates.   The values 

obtained for critical loads and deflections are unconservative but for large factors 

of safety are satisfactory. 

!„   =     2ay2   = 2(1) (0. 07) (0. 7152)   =0.070 In.4 

Sandwich Properties - Hoop 

 H 

D  = 

XF 

H 

{\f: iFH 

=    2^ 3 XF * (Reference 17) 

^<t3-'c3>-iÄ) (l■5o3-l•363)=39<,•ooo 

l-M2 = l-(0.152)   = 0. 98 

.6 EF (t-tc)   =5.40(10°) (1.50 -   1.36)   = 755, 

EF   = 3.14 (ID6) 

000 
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E, 

t 

755.000 

v3(o. 98) 755t000 

755.000 
2'46      = 307,000 psl 

"pco. 98) 
390.000 
755,000 

2.46 in. 

Sandwich Properties-Longitudinal 

H 
EE=  il     3XF   f. 'E  ^    2V^7F (R<*"™ce1' 

D .     EL    (t3 .t 3)       =   2-28(106)  ( 1.503 - 1.363) = 164,500 in. 
12XF    l        C ' 12 (0.98)    v 

Xy = 1 -/ü2= 1 - (0.152) = 0.98 

H = EF (t - tc) » 2, 28 (ID6) (1. 50 - 1. 36) - 319, ^00 lb/in. 

EE = 
319.000 
2Y3(0.98)3r-Ä 

B2Ä   .129.5oo 
2 (1. 2a) 

^ tE =   2\/3 (0.98) 
164.500 
319.000 

2,46 in. 
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External Pressure Buckling (Reference 13, p 318) 

cr 
0.807  Et2    4 

Ir nb2 3$ 49.65 

0.807 {307.0001(2.4612 1/ (2.4 
65.3(49.65) V (49. (49.65)2 

460^   =103p8l 8.81 
103 0.085 

- 

* 

Axial Bending Moment Buckling  (Reference 11) 

M :i 
cr -     CbffERr   »0.495(3.14)129,500 (49.65) (2.46)' 

RA 

*   60. 5 (10") In. lb 

49.65 
2.46 

i6) 

■ 20  i .•.Cb   » 0.49b 

1.029(106) 
B =60.5(106) 

Transverse Shear 

cr 

C ff3DR «i 
s = 17.5(3. H)4 (129.500) (49. 65) 

Lz (65.3)^ 0 81 x 106 

.      L2 (0t 99)   _ (65. 3)2 (0. 991 . 
Rt >. 65 (2,46)    ' 

v 

F. S. 

.   0'0imP)   . o 022 
0.81 (106) 

.•.Cs = 17.5 

^RcZ + «p2     Vb. 0852+0.0172 

1 < 
0. 0835 12.0 

1S3 
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(2)   Local Stress at Station 68.0 (Glass cloth-aluminum sandwich)—The start 

of sandwich fabrication at Station 68.0 Is designed by axial, bending and shear loads 

In addition to the local LITVC presiare effects.   Two load conditions exist:  flight 

and static test, Utah conditions. 

Local Stress 

Flight Test Utah Conditions 

|8TA 68.0|     (65.30 in. from exit) 

JP ext 
P Int 

M - 1.029(106) 

J    30, 550 lb 

V = 36,600 1b 

p lnt = 6.48p8l 

pext=6.9  psl 

t = I.aOin 

Moment 

Axial 

Shear   » 

Pressure   ■ 

+ 650,000  + 379,000   =  1,029,000 in. lb 
(LrrVQ-KAcceleration) 

+ 19,000    -   7,800   +19,350   =  +30,550 lb 
(PressureHLITVCHAcceleration) 

+ 24,500   +  12,100   =   +36,600^ 
(LITVC) + (Acceleration) 

+ 6.48.6.9 .MMik'eoö.o.,^.^ + 5.75 psi 
- 6. 55 psl 
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Static Test Loads 

Axial    =      +70,000    -  7,800    +3,750   =   +65,9501b 

(PressureHLITVCHAcceleration) 

Moment    =      +650,000   + 114,000   =  +764,000 in. lb 
(LITVC)+(Acceleration) 

Shear   = 

Pressure   = 

+ 24,500   + 3,630   =   +28,130 lb 
(LITVC) * (Acceleration) 

,„  .     ,          .  ..     ■        30 lb/in. (60 g's) 
12.5 psi     + 6.45 psi    +    '        ' *—' 
(External)      (Internal) 

- 13.5 psi 
+   u 5 psi 

Note:    Use  flight test load for local stresses and static test load for buckling stress. 

Determination of loads P.-*" P7 is the average pressure in each arc times the 

chord width.   The radial loads on the cone ring 1 in. wide are covered in Reference 15, 

p 269. 

Pl = P5    =      sHo (20,25) Sln ^ 425 deg 

(40.0) (2) 

I7  70 
=     25.0 !b at rrH^  - 0. 309 rad 

57.30 

2       4 

(* = 8.85 deg 

1  "SO 
-r-r: (20.25) 6.17   - 75 lb 

at 0.1545 rad 

2.25 
2.50 

(20.25) 6.17 =112.5 lb 

at 0 rad 

LP   -     50+150 - 112 = 312 lb 
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Solve for the moment, shear and axial 

load under the middle of the pressure 

distribution. 

M   =      RLPW 

=      40. 0 [25(0. 12)2 +75(0.17! 

+ 112.5(0.25)] 

=     40(60)  =2,400 in. lb tan] 

N   =     LPWg 

25(2) (0.36) +75 (2) (0.3; 
+ 112.5(0.25) 

=     94.0 lb 

2(25) (0.42) +2 (75) (0.4 

+ 112. 5 (0. 5) 

■     147.7 1b 

> 

The following stresses in three directions (radial, tangential and longitudinal) 

combine the local and beam loads. 

"toop hoop 

1.0 in. 

N/A _ £r +   Mc. ä _ 6. 55(40)^.2.400(0.725) +     94 
" 0.14(1) ~        0.070 1(0.14) t I 

0.07 in. 

1.45 in. 

T 

u 
1.36 in.   t 

Li 
1_ 0. 07 in. 

lass face sheets 

5052 aluminum core J[Sti 

12 
1 -r bd3 + ay2 

![^(1)(0.103) + (0 07) (1)0.7. 

[ neg + o. 035     2 ] 
0.070    in. 4 



+ 23,7ü2 psi 
ahoop   =     -i.87Qt 24.900  ^-= . 26> a98 pSi 

_      55,000   _   . 2   ,. 

I     =    tr R31 

P,      Mc.         30.550 +   1.029.000 (40) 
aaxial +A  ■-    I + 6. 28 (40X0.14)    ~   3.14 (403) (o. 14) 

+ 2,328 psi 
=      +868 +1,460   = c-ü.,     t - -      592 psi 

*■*■ -  ^ - *** ,328 

O     ...    =     p   = -6.55 psi      a  „       ,.      =     326 psi      F.S.  =+high 
racual allowable 

compression 

S        147.7 QQ 

hoop shear bt       (1)1,50 

er 
allowable   =     210 psi 

shear 

F-S'    =     li"  =  +2-1£ 

V/A   =  36.600   = 36.600 _ 
axial shear " 2trRt 6.2(i(40)(l. 50) '        P 

allowable 
shear 

360 

"     ~97   " +3'71 

Local Buckling - Static Test Condition 

"actual    '     ' ^•50 P8' V;48 Pf' -'Of1) ('° ^ (External)    (Internal) (shock) 

=     -6.02+       ^ggg        = -13.56 psi 
- 6.28(38.0)        +   1.51 psi 
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er '-^■itM (Refer-   ^e 13, p 318) 

R  =   40 

er 
=    579 

1.59 
6.33 

=  145.5 

F.S.   = 
145. 5 
13.56 

=  +high 

I 

Local Deformation - Flight Test Condition 

Pressure (Rel'srence 14) 

6   = 
pr2a-u/2)      ^-5.75 (402) (0.9375) 

Et 307,000 (2.34) 
= +0.011 in. 

y 

UTVC Load (Reference 13, p 270) 

. 0.135 PR2   =+   0.135 (312) (402) 
0   =     +       Et3 307,000 (2.343) 

+ 0.017 

Total Deflection    =     + 0.017 + 0.011 = 0.028 in. 

AR/ R    ■ 
0.028 
40.0 

(100)   =0.07 percent 

^ 

■ I 

•■ 
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(3)     Local Stress at Station 100.60 (Glass Cloth-Aluminum Sandwich)—Section 

at half the length of sandwich cone it subjected to the same type of loads as at 

station 61.25. 

Local Stress 

Flight Test - Utah Conditions 

p = 6.9 psi 

P = 6.9 psi 
fSTA 100.61 

32.7 in. from exit 

t= 1.50 in. 

Pressure, p - 

Axial Load =: 

Moment = 

Transverse Shear = 

40.0048(705)-6.9 = +3. 5-6.9 = 3.4 pal + ttA^lbi^i!^ 
+ 3.3 pal 2ff(48.8) 
- 10.1 psi 
+15,600    -3,100        +6,800    ■  +21,300 lb 

(PresaureHLrrvC) +(Acceleration) 

+170,000        +190,000     -     360,000 in. lb 
(LITVC) + (Acceleration) 

+0, 500        +6, 500     =«   +15,000 lb 
(LITVC) + (Acceleration) 
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WlUi the determination of loads Pj -»P« the bending moments shear and axial ring 

load may be determined (Reference 15) 

P   =P   =<L|(iO) sin 7.92 deg (49.8)2 

= 1.42(13.7) = 19. 5 lb at 

4^1 =0.83rad 
57.3 

^»16.85 deg 

P2 = P6= ^|(10) (13.7) = 58.6 lb 

at 0. 55 rad 

P3 = P5= |i|(10)<13-7)=97-81b 

P4- 

at 0.28 rad 

|y|| (10) (13.7) = 127 lb 

at 0.0 rad 

EP = 39 + 117 + 195 + 127 = 481 lb 

Solve for the moment, shear and axial 
load under the middle of the pressure 
distribution. 

M =  RIPWj 

=   49.8r2(19.5)(-0.05) +2(58.6) (0.03 
+ 2(97. 8) (0. 12) + 127 (0. 25)] 

-  49.8(56.66) =2.820 In. lb tangenti: 

N =   LPW2 

=   19. 5 (0.44)2 + 58.8(0. 42) + 97. 8 (0. 
+127 (0.25) 

=   168 lb 

S   =    LPWg 

=   19. 5(2) (0. 18) + 58.6(2) (0. 32) 
+ 97.8(2) (0.42) +127(0.5) 

«   191 lb 
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hoop 

axial 

_ PR     +   MC+ N_ =      10-1 (49.8^2.820(0.725), 168 
t I        A 0.14 0.070 1(0.14) 

-3.590 + 30.350.1.200^720^ 

+ 27.960 psi 
- 32.740 psi F, S. =15^000.^^ 

32.740 

X  +   MC.= t 2..300 ^  360.000(48.8) 
+   A  -     I 6.28 (49.8) (0.14) " 3.14 (49.83) (o. 14) 

=      + 487  +330   = 
+ 817 psi 
-157 psi 

F. S.    = ""gif"" =  + w8h 

radial p   = -10.1 psi 
allowable 

compression 

F.S. 
826 
10.1 

= +high 

hoop shear 
S 
bt  ' 

a „     ..     m 210 psi 
allowable 

shear 

210 

F. S.    =    = + 1 65 
127 1-00 

axial shear 
V_ =  15.000 = 

A        2 irRt 
15.000 

6. 28 (49.8) (1.50) 
= 32 psi 

191 

O ..      ..     m 269 psi 
allowable 

shear 

360 
F.S.   =   = +hlgh 

32 8 

.     . 
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Local Buckling - Static Test Condition 

actual 
-12.5 psi   + 3.5  + 27 lb/in. (60 g's) 
(External) (Internal) 2 fr R 

=    -9.0 ± 5.17   » 
-14.17 psi 
-3.8   psi 

cr 0.807 ^(1) R  =49.8 (Reference 13, p 

104 psi 

1°* F.S.    = —    = +7.33 
14.2 

Local Deformation - Flight Test Condition 

Pressure (Reference 14) 

.      a     pr2a-^/2) ,+ 3.3(49.6)2 (0.9375) 
Et 307.000   (2.46) 

=  + O.OiOin. 

LITVC Load 

6     - +   0.135 PR2 

Et» 

+   0.035 

0.135 (481) (49. 82) 
307,000 (2.463) 

Total Deflection 

6 4 =      +0.035  + 0.004  =  0.039 in. 
tot 

4R 
R 

0.039 
49.8 

(100)  =   + 0.078 percent 
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(4)   Local Stress at Station 130.30 

Exit Cone Buckling 

The Utah ground test load condition is critical for the  exit cone. 

The only load is the external pressure and the radial shock load 

at ignition - moment and shear = zero at exit 

n       - 12  S   +   2  0   +    350»>/8qi"-      (800) 
/IT ♦       i    /T;       i6-28<59-3>       (radial g's) (External    (Internal 
Ambient      Pressure) 
Pressure) 

-10.5 psi + 5.65 psi 
__ - 4.35 psi 

: - 16.15 psi 

t = 1.50 in. 

t = 1.50 in. 

core   =1.36 in. 

/' 

t, = ). 07 in. 

tf =    0.07 in. 

For typical sections close to the exit plane and at the exit, the end ring 

block is not considered in the crippling analysis. 

Local Deformation 

g  _   pr2 a-ß/2)    =   -16.15 (58.3)2 (0.9375) 
Et 307,000(2.46) 

^ir   = ^iO  (100)   =-0.12 Percent 

0. 068 in. 
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An analysis is supplied in Reference 18. 

1.    Determine minimum face thickness from allowable compression strengt! 

f      =  20, OOOpsi 

F. 8. 

t  = ES- 2Ff 

p       -16.20 psi 

25    =   0.030 (1.25) _/l6.3(60.5)  \ 1. 
\2 (20. 000)    / 

use 0.070 in. face sheets 
ic 58.3   in. R 

59. 8 in. R 

2.    Select a core material from bare flat compressive strength (FJ 

F   >-2-    = iUL   =  10.8 <   Fr. ^360) c= 1.5 1.5 

use 1/4-5,052-0.0025       F      =   360 G     =  30,500 
c c 

(jin   =5.2 lb/cu ft   =   0.00301 Ib/cu In. 

Assume ^   =   1.36 

d  =   1.50 in. 

then r0  = 59.765 in. 

ric   = 58.37 in. 

rj    = 58.335 in. 

rc   « 59.05 in. 

3.    Determine actual radial compressive stresses in the core using: 

■*i't) 
K   = 

{-k) 
r^gy 

Ecro 
14 /58.335\, 

^9.765/ 
-5.4{106)(0.07)ln(^ 

60.4 

«53,000     60.45 
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E    _  titeEmk _ 0,09?0i(10.2)(0.8)106   _ 
use perforated      Ec   ~ ^ .     < " 0.097 -^S.uOO 

core for aluminum core: 

K   ^  1.977 10.0087(106)1 " =   0-505 

fL   15.3 (106) J 

fc   =   K(pJo.j   =  0.505 (16.2)(^^5j=  8.35 psi 

4. Determine hoop compressive stress in outer facing: 

= J^MO   =  16.2(59.765Ml-0.505)g 
0 t 0.070 

20.000 FS- ' t™    - +2•9(, 

5. Determine hoop compressive stress in inner facing by: 

f    -   proK 16.2(59.765X0.505) fi" ^r^ -    TST      = 7'000 p8i 

F        =.20t00(L       =   +286 

7,000 

6. Critical pres" ve at which compressive buckling of the cylinder 

wall will occur is: 

Per  =       [^> 

V  = ^ 5.4 (IP6) 0.07 _ 
XGcld (0.98)30,500(1.50) •*0 

L/rc = ^  =  1.105 
59.05 

59.05 
rc  = —    =  39.30 

d      i-so 

\   =   1 - ß2  =   1 -0.152   =  0.98 
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K1 Is determined from charts X-l thru X-3.   Use chart X-2. 

K1   =  0.00028 

K^ft 0.00028(5.4) 106(0.07) 
'or Xd 

pcr = 72.0 psl 

7.    Check interface buckling 

0.98 (1.50) 

72.0 A Al. 
F.8.   = 77-1 =  + 4-45 

16.2 

let ' 0-125 

Ef 

For  = 0.125 (5.4) (106)   =   660,000 psi allowable cr 

660.000 
¥'B *   7.000 

=   +hlgh 

Exit Cone Deformation 

Neglect assistance of end ring - consider sandwich resisting -16.15 psi 

pr2(]-M/2) -16.15 (58. S2) (0.9375) 
0 E   . t    * 307,006(2.46) 

z l«A>p    c 
c 

6  =  0.068 in. 

**   ' ^t (100) = 0.12 percent 
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(5)    Local Stress at Station 133.30 Nozzle Exit Plane Ring (Reference 11)-- 

The exit plane ring is  analyzed to insure an adequate moment of inertia and 

polar moment of inertia to provide a nodal point at the exit plane. 
CENTER UNE 

20 end S-HTS 
glass epoxy 
hoop filament 
winding 2.4 In. 

xx "     iM3-^   (2.4)(1.43)   = 0.55 12 12 in. 

iyy 

El xx 

=   ~ (1.4) (2.4)3   =1.61ln.4 

=     8.1 (10. 6) (0.55)   = 4.45(106) 

j = Ix+1= 0.55 + 1 61  = 2.16in.4 

Flight Loads 

Avg P = + 15, 275 lb     P In formula aquals 0 when load is tension. 

Avg M = +514,500 in.   lb avg 

Avg Pressure 

Required El xx 

El    = 

■8.81 psi 

2.4(10"4> PR3 +  2.4ao"4) 2 MR2     I   + 2.4 (lO"4) 2MB2 

L L J L 

(2) (0) + ^(lO^lS.OOO) (3.600) 
65. 3 

El    =      0 + 27. 200 = 27, 200 

6. 
0.027(10 ) 

J     =     2 (31) 
6 (27. 200) 
8.1 (106) 

J    =      o. 022 in.        Section is aatisfactory. 

NOTE:   No requirement for transverse shear or axial tension loads. 
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L    PMMI ttfltt I Ex^t CSK Shell Dlioontlnuity Analysls-'-AB the main structure In 

the Dottle, the steel »hell distributes the blowout, acceleration, and LITVC loads into 

the case-nozzle flange from the exit cone.   Components are broken down into small 

free bodies with all loads and reactions shown and then the deflections and rotations of 

the bodies are equated equal to each other to solve for the shear and moments per 

circumferential inch. 

Figure    «8  Indicates the present design of flange and submerged shell and the 

stresses at critical locations in the cross section.   Inspection of the stresseb and 

allowables indicates all exhibited a factor of safety of at least 1. 25. 

The exit cone discontinuity analysis was made unckr flight conditions. 

Torque Box Ares (Figure 69   ). 

Deflection and Rotation Equations at Flight Conditions. 

161 glass fabric 
E,  =E, = 2.5x 10 

t = 0.10 in. 

Input to progrü Ti 16deg 

6 

Axial stiffness (Dy) 

Dy * 229 x 10+3 Ib/sq in 

Damping function (0) 

R^Dy 
V(2.5 x lO"^6) (0.2) (sin2 74 deg) 

4 (41)2 (229 x 10+3) 

ß 
4V£7 10 -4 

^ »l.TSxlO"2 

ß    1.315X 10 -■} ß 3 = 2. 276 x lO'3 
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0.96:j Q 
A6 - + 

M 

2(1.73 x IC"2) (229 x 10+3)       (1.315 x lO"1) (229 x 10+3) 

6$ = lO"6 (121. 3 Q - 33. 21 M) 

(0.9613) (0.2)\2. 5    2(2.5)/ 2(2. 275 x 10 a) (229 x 10+3) 

 (0. 9613)M 
" 2(1.73 x 10-2) (229 x lö+3) 

AR = IG-6 (+ 19, 931 + 886. 8 Q - 121. 3 M) 

Axial Load (T) 

T = -440 lb/in,(Summation of Back Pressure and LITVC Loads) 

Results of Discontinuity Analysis (loads, stresses,  radial deflections and 

rotations). 

7 psi 

torque box and r- honeycomb with 181 
conical shell \     fiberglass reinforced 

18 percent nickel steel \ plasiic facings 

t - 0.2 
Sign Convention 

M, A0    + ) 
Q AR     + i 
Q = Station on 

Computer 
Output 
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• 

Station No. 

69 = ^0.000729 rad 

ÄH -  -0.000152 in. 

M = +37.4ln.lb/}n. 

Q = -30.6 lb/in. 

ty ■ -502 lb/in. 

ID of Cone 

Ox = +3,040 psi 

OQ = +1,040 psi 

OD of Cone 

a^ = -8,180 psi 

a0 = -2, 330 psi 

F.S. = High (including additional stress due to bending induced by 

LITVC and 5g loading). 

Station No. 2 

5/16 dia bolt (200) 

M = -50 in.lb/in. 

Q = -109 lb/in. 

ty « -452 lb/in. 

Tb^M(boltspace)^Q(boIt8pace) 

Tb.(60LL»,109(129) 

Tb = 205 lb (loading due to discontinuity) 

Bolt Space = 2* .j41* - 1. 29 In. 

A8 = 0.058 sq in. 
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II III» ■ ——— 

Station No. 3 

M = -256 in. -lb/in. A« ^ +0.000729 rad 

Q = -64. 2 lb/in. AR = -0.00589 in. 

N^ - -440 lb/in. 

I.    11V     =0.0916 in.4 

(wall) 
NJ,     -440 

"««(cf A^isnr2-20^81 

Mc  _        (256) 0. 725 
^(D)     I "     0.0916 

= +2,030 (due to discontinuity moment) 
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The results of the nozzle discontinuity analyses (IBM 7040 computer program 

No. 3239) in the torque box area at flight test conditions are shown on pages 205 

through 211. 
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The results of the nozzle discontinuity analysis in the torque box area at 

static test conditions are provided on pages 213 through 221. 
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g.    It^ector Ring Analysis—The analysis checks the torque box and injector 

(or stress and deflection under tank load with flight test g loads. 

Maximum Loading of Injector Ring 

180 deg 

r 

18 percent nickel 
steel, grade 200 

270 d« 

12,100 

Odeg 

Figure 70.   Torque Box Tank Loads, View Looking Forward 

Assume lateral g loads  act perpendicular and parallel to tank plane. 
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Section A-A Properties 

y 

i 

2 

3 

4 

5 

6 

0.59 

0.25 

0.25 

0.57 

1.02 

0.26 

0.63 

1.95      1.15 

3.75     0.94 

4.15 

4.10 

2.20 

1.04 

2.35 

2.22 

Totals     3.57 

Centroid:  x   =3^ 

7.77 

0.275   0.07 

0.075   0.05 

"  7.82 

0.075 

0.275 

0.75 

2.09 

3.81 

4.04 

2.11 

0. 04 

0. 07 

0. 19 

1. 20 

3. 89 

1. 05 

1 33 

3.90 x 0.15 

1,00x0.25 

0.25x 1.00 

0.30 x 1.91 

0. 24 x 4. 20 

0. 25 x 1.05 

0.15 x 4. 21 
7.77 

y = 
3.57 

- 2.19 

= 2.18 
223 



!"» (- 

— 

Item ln Are»» 

1 MTZ      0001        0-59 

2 bdy-      0.001 0.25 

yo yo' AyQ 

-2.11 4.45 2.62 

-1.90 3.61 0.90 

3 bd -^     0.021        0.25 -1.43        2.04 0.51 

4 bd y^     0.174        0.57 

5 bd f-r     0.218 1.02 

6 bd 7-     0.024        0.26 
12 

-0.09 0.01 0. )1 

1.63 2.66 2.71 

1.86 3.46 0.90 

-0.07 0.005 ... 7 bd Y^     0.1)33        0.63 

Total/» 1.372 TjßS 

Ix0    IIO+ L Ay2  = 1.372+7.65 = 9. 02 in.4 

Section Properties 
y 
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Item Area            x Ax JL- A*. Dimensions 

1 0.70           3.93 2.75 -0.47 -0.33 1.00 x 1.40 

2 2.34           2.13 4.98 0.28 0.66 4. 26 x 0.55 

3 3.84           1.42 5.45 1.15 4.42 4  26x 1.80 

4 -1.23           1.50 -1.85 0.77 -0.95 0.80 x 1.54 

5 -0.18           1.36 -0.25 1.65 -0.30 0.90x0.40 
Totals 5.47 11.08 3.50 

Centrold: 
5.47         2• 

y= I'50,  =0. 

02 

64 
5.47 

Moment of inertia about X() axis through centroid: 

Item I Area 

1 *h 0.076 0.70 

2 "fi 0.059 2.34 

3 *h 0.69 3.84 

4 "fi -0.24 -1.23 

5 
36 

-0.002 -0.18 

Totals 0.58 

yo yo^ 

1.23 

Ayo' 

i.n 0.86 

0.36 0.13 0.30 

0.51 0.26 1.00 

0.13 0.02 -0.02 

1.01 1.02 -0.18 

1.96 

Ix0=IIo + ^Ay     = 0.58+ 1.96 = 2.54 in. lb 
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The injector ring stresses (at the minimum diameter) resulting from the 

strut loa. i were determined as follows. 

1. Maximum strut loads were determined and resolved into radial 

and tangential loads. 

2. Using the coefficient curves [stress coefficient vs angle from 

applied load for a wide range of stiffness parameters (d)J in 

NACA Technical Note No. 929, the following components were 

considered around the ring. 

a. Bending moment stress for each radial load. 

b. Bending moment stress for each tangential load. 

c. Axial streb   for each radial load. 

d. Axial stress for each tangential load. 

e. Shear stress for each radial load. 

f. Shear stress for each tangential load. 

The relative stiffness parameter fd) was determined as follows: 

KK3 _   (8. 8 x 106) (40. 2)3     = 2,100 
El (30 x 10^)   (9. 0) 

where 

and 

H 

I 

E 

K 

= radius of centroid (40. 2 in.) 

4 
= moment of inertia of ring cross section (9.0 in.  ) 

a 
■ modulus of elasticity (30 x 10 ) 

= R^_ _ (40. 2) (0.15) (10. 2 x 106) =8 8xl06 
L 7 

where R        = radius of centroid (40. 2 in.) 

t = thickness of shell (0.15 in.) 
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6 
G       = shear modulus (10. 2 x 10 ) 

L       = distance along shell to a section which is not distorted 
from a circle (7 in.) 

The loads and their locations are as follows (see Figure 70). 

Radial Load (Ibf) Tangential Load (Ibf) Location (deg) 

+ 1,180 -     400 100 

- 1,430 - 460 140 

+ 1,120 +2,920 160 

+ .,010                                         -2,190                              280 

+ 12,100 +4,160 320 

-2,500 -6,860 340 

+ radial load indicates direction towards ring center 

- radial load indicates direction away from ring center 

+ tangential load indicates clockwise direction in Figure 70 

- tangential load indicates counterclockwise direction in Figure 70 

The greatest stress occurs at the location of the greatest radial load 

(approximately 320 deg).   The determination of the stress at this point will be used 

here as a sample calculation. 

The bending moment stress, resulting from radial loads, at 320 deg was 

determined by adding the contribution of each radial load at this point.   The con- 

tribution of each load was determined as follows: 

Cmr Pr  H   C              Cmr   Pr (40. 2) (2. 6) 
Omr   =  i      =       il =11.6CmrPr 
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where        mr = bending moment stress resulting from radial load 

P.. = radial load r 

R ■ radius of ring 

C ■ distance from ring cross section centroid to minimum radius 

I ■ moment of inertia of ring cross section 

Cmr = bending moment coefficient 

Bending moment stress 0 mr at 320 deg location resulting from radial loads; 

Location Angle to r P 
of load (deg)       320 deg location (deg)        mr r 

100 

140 

160 

280 

320 

340 

- 140 

+ 180 

+ 160 

+ 40 

+     0 

- 20 

mr (psl) 

0    +1,180 

0    - 1,430 

0   +1,120 

-0.023    +6,010 -1,600 

+ 0. OftC   + 12,100        +13, 200 

- 0.013    - 2,500 +     380 

Total = +11,980 

In a similar manner the other components of stress were determined. 

Axial stress a ar at 320 deg resulting from radial loads: 

a ar = 
ar    r 
• = Ü. *o wot* "r 
Area ar   r 

Total = -3,610 psl 
(comp 

Bending moment stress ami at 320 deg resulting from tangential loads: 

Cmt pt R C 
a mt " I -11.6 Cat Pt 

228 
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Axial stress a at at 320 deg resulting from tangential loads: 

C    P 
a at  =     * = 0.28 C    P4 Area at   t 

Total = + 800 psi (tension) 
- 360 psi (compression) 

Sunmatlon of stresses from radial loads « + ll,9a> - 3,610 = + 8,370 psi 

(at 320 deg).   Stresses resulting from tangential loads are small. 

Shear s'.ress u     at 320 deg resulting from radial loads: 

Car Pr 

^sr  = Area = 0.28C     P 
sr    r 

Total = + 1,680 psi 
- 1,720 psi 

Shear stresse   . at 320 deg resulting from tangential loads: 
mm 

C . P. 
o  *  "     ! = 0. 28 C f P, "st Area st   t 

Total = - 80 pel 

Summation of shear stresses at 320 deg ■ +1,600 psi 

-1,800 psi 

Oiscontinuities in the ring occur near the 90 deg, 180 deg, 270 deg, and 

360 deg locations.   See Figure   70   .   It is assumed that little error is introduced 

by using a constant ring stiffness parameter (d) around the ring.   All the Indicated 

loads are applied on the cross section used in determining this stiffness parameter 

(d).   The stresses in these four short 10 deg sections were determined by first 

assuming the rinf to be of uniform cross section and then applying an appropriate 

correction factor to compensate for changes In R, C, I and A. 
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Figure 71   la a plot of the tension and compression at the ring minimum 

diameter resulting from the bending moments and axial loads Induced in the ring by 

the six radial loada.   The maximum tension is 8.370 psi at 320 deg and the maximum 

compression la 8,000 pal at 355 deg. 

The other components are small; when they are all added to the values 

Indicated In Figure 71 the maximum tension is still at 320 deg but increased slightly 

to 8,420 pal.   The maximum compression is still at 355 deg but reduced to 7,000 psi. 

Shear stresses are small at all points. 

Factor of Safety 

Material - Injector Torque Box 

FTU= 20,000 psi 

TTY= 200,000 psi 

FSU= 125,000 psi 

9Hoop      - 8,370 psi at 320 deg in Section A-A(Figure 70 ). 

200,000 ... 
F-S-= Xm-= + hlgh 

9
 Shear     ■ -1,720 - 80 = - 1.800 psi at S20 deg in Section A-A (Figure 

125.000 _ F-s--T8ör" + high 

Deflection 

Assume ring supported by conical shell with the deflection on one side of 

ring not   affecting the other side (Reference 19). 
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Radial Load 

K« 3^- = 8.8xl06 

d» !£- = 2.100 

Pr        12 100 
AR3tCARir=i1?7io6,<8) = 0011111- 

Tangential Load Negligible Deflection 

Moment 

AtOdegat   AR  = c ^ = 0 
53.700 

8. 8 (106) (40. 20) 
= 0 

Total Deflection 

6 Total =0.011 + 

AR _   0.016 
R     40.2 (1U0) 

= 0.027 pdrcent 

Maximum Shear Stress in Shell Adjacent to Ring 

Radial Load ■ 12.000 lb 

d = 20.300 (Reference 19. Figure 14) 

„      Pr        4.35(12.100)     ,   OQK1.  /. 
q = Cqr i" =       40.62 = l' 295 lb/il 

Maximum at 18 deg from load application 

1.295      , ÖOrt C8=   "^TT =8'620P8i 

Material grade 200. 18 percent nickel sit 

Ofe allowable   =  ^20.000 
120.000 
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h.     Exit Cong Attachment Analysis--The major attachments are analyzed for tension 

shear loads in the connector and tension bearing and shear in the structure. 

The case-nozzle flange-exit cone shell, injector torque box, diffuser and 

motor LITVC attachments are examined. 

(1)   Torque Box Shear Screws— 

Maximum Shear in Bolts (Torque Box) 

38. 225 in.  R 

41.975 in. R 

SSSSSLÄ^ÜSS^ 

Ix    = 9. 02 in. 4 

S 
Area   1  =   1.46 in. 

1.80 in. 

Area   2  = 0.5625 in. 

y2 = 1.97 in. 

Q-A1y1 

O'^h 

=  263 in. 

= 1.11 in. 

Maximum Shear Stress at Area 1 

VSU LL«2Ls0.146p 4       I 9.02 "A"*- 

p«   12,100 lb 

q=   1.770 lb/in. 

■ 
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HP 
, 

Bolts:  3/l6dia. 1.0 in. bolt spacing. A.  = 0.024 in. 
D 

bolt 

F.S. 

q x bolt spacing 
2Ab 

120.000 (0.6) 
36.900 

WT-»••«-' 
72.000 

+   ' t' ~ =    +1.95 36.900 

(2)    Exit Cone Attaohmeni—160 bolts. 5/16 in. 24 UNF 3A. 

Loads 

Axial Load 

Flight 

+30. 550 lb 

Transverse 
Shear Load ■ +36,600 lb 

Bendii« Moment ■ +1,030,000  in. lb 

80.0 in. dia 

Static 

+65,950 lb 

28,130 lb 

764.000 in. lb 

bolt centroid 

f» 4/3(AL.yn .0 
\3. 
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Section Properties of Bolts 

^Its  = ^ = 007<180)(172) 

= 290(12.6) 

= 3,660 

Static Test Condition 

Avg Load/Bolt 

Bending Load 

Bolt Load = 76%6M(17) (0- 07> " "^ (A) = 249 lb 8he" 

Transverse 
Shear Load 

Bolt Load = Ijj'jjjj-Ib = 313 lb tension - one side 90 Bolts 

Axial Load 

_ ,. .      .    69.950 Bolt Load = -7*r— 
180 =  388 lb shear 

Pressure Leak Load at Middle Exit Cone Joint 

Bolt Load =f (R02 - Rj 2)8< 5 = (0> u^ ^%2 . w2) = 346 lb shear 

Bolt Load 

Bolt Load^     = 249 f 388 + 346 = 983 lb 
Shear 

Bolt Spacing 

_     2gR      6.28 (40)       ,  _„ , 

bolts 
S 1.39 

Bolt Dia   '  0.3129  ~   4.45 dia spacing 

Satisfactory 
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(3)    Sandwich Joint 

I 
CENTER UNK 

R = 40.5 

■aluminum - 2014T6 

1.75 in. 

18 percent nickel-*;. 301n. 
steel 

0.60 in. 

B pin 
0.07 in. glass cloth 143 and S H' 
epoxy 

0.08 in. glass cluth epoxn   ' * 
S-HTS doubler 

alumlaum 5052 c- 

t-0. 

Load - shear 983 lb bolt 

Adhesive bond ■ 2,000 lb/in. 

1.25 in. 

Sandwich Face Sheets 

Doubler Effective 

•t = 0.070 

143 glass cloth epoxy doubl« 
and face sheet 

Properties (Reference 12) 

Shear = 11.600 psi 
Bearing = 33,000 psi 
Tension =  33,000 psi 

Load Carry into Doubler by 1. 25 in. of bond 

p = 1.25 (2,000) 25 deg = 5,000 lb 

F.S. 
5.000 

Glass Cloth Doubler and Face Sheet Stress 

Edge Distance 

Shear Stress 

1. 20 in. use 0.90 In. 

P 98. 
A  " 2(0.40) (0.90) = 1, 365 psi 

F.S. » mji*mm 
1,365 = high 
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_,      .     _. P       983(180) 177.000  
Tension Stress = T* =   S   51  /««—v = « o0 ,** J. S ^«v S „,» A       2yBt/198    \   6.28 (40. 5) (0. 40) (0.78) 

1254.0 / 

= 2. 240 pel F-S-=,22^40 = 4hlgh 

(a)    181 Glass Cloth Epoxy End Block to Glass Cloth Doubler and Face Sheet 

Attachment 

\= i.50-0.30 -0.03 = 1.14 
(Glass) (Bond) 

t =   1.25 in. 

_ .   ., 181 Glass Cloth Epoxy Properties (Beference 12) 
t  - 1.14 m. 

Shear 13,800 pel 

Bearing 33.000 psi 

Tensile     33,000 psi 

Shear Stress     =.? = §25  las nai 
A      2(1.14) (1.10)     lö5p61 r ,      13.800       U1 u 

195 " +hl8h 

Bearing Stress =f =M3   =—123  
A      Dt      0.312(1.14) F a   -ISiÜQO    ... . 

^      ,     Gf P       983 (180) i98.000 '   '       1.430        '^ 
Tension Stress = r =  ^   J. g ;* 

A      2r iff Rt/198.0\    6. 28 (40. 5) /198 \ (i. 14) 
\254.0 / V254 / 

"      783 psi F.s. =1M20 = , hlgh 

(b)    Glass Cloth to Steel Connection—Oc by inspection 

Steel Support for Exit Cone    18 percent Nickel Steel 

Load =    983   lb/bolt       R= 39.75 in. 

P      983 
Shear Stress     = T   = n,n „^ „ ^ = 3,660 psi 

A      2(0.45)0.30      -   0   P*1 120.000       Ul u 
F-8-=~MW= + hlgh 
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P       983 
Bearing Stress = T  -     Dt 

983 
0.312 (0.30) 

- 10» 500 psi 

200.000 
F•S• "   10,500 

Tension Stress = ^ .JÖK-ÜSSI 
A      2irRt/198\ 

983 (180) 
6.28 (39.75) (0.3) 0.78 

= 3,030 

F.S. = 
200.000 

3.030 

18 Percent Nickel Steel Properties 

Tensile     -   200, OOOpsl 

Shear        -   120, 000 psl 

Bearing    ■   200. 000 psl 

Steel Discontinuity Stress at Exit Cone Joint 

Load - 983 lb/bolt     Assume 983 lb/in. 

Local Bending Moment - 983 (1.75) = 1,720 in. lb 

P +6M 
long.   A 

6M  m     983      +   1.720(6) 
btS" 'l (0.30)       1 (0.30)2 

+3,280psi +115,000 

+118, 250 
along.= -111.720 

„ 0      200.000 
F.S. = ,.',,- = 

118,280 

5/16 In. Pin B Attachment-Sandwich to Glass Cloth End Ring 

0.06+0.19 = 0.25 in. 

Material:  Steel Pin-125,000 psi ultimate tensile strength 
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Shear        =    491 lb per face sheet 

Moment    *  491 (0.25)     123 in. lb/in. 

MC 
Bending      I 

123 (0.156)      ,. AÄA 
n «L***      =41,000 psi 0.000468 ' ^ 

100.000 
F•8• 41,000 

=  + 2.44 

983 lb/in 

P        491 
0 Shear = T ^oT^T M7 ^     F.S.   = ^2 . + hi h 

847 

5/16 In. Pin A Attachment-181 Glass Cloth Epoxy End Block to Steel Shell 

steel 
steel 
0.3125 in. dla 
125,000 pai UTS 

glass cloth 
epoxy 

0.13 in.- 

The transfer of the load/in. from the sandwich through the glass end block 
is accompanied by a small bending moment at the glass to steel interface. 
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Pin Stress 

a Bending 

'Shear 

MC 
I 

A 

983 (0.23) (0.156) 
0.00046 

- 76,500 pel 

F.S.   = 

•£^.i,= 12,950 pel 
0.076       ' 

F.S.   = 

^M=+1.31 
76,500 

75.000 
' = +5.78 

12,950 

Glass Cloth Stress 

983 
Bearing      A        (0.312) (0.40) 

■ 7,880 psi 

33,000 _ 

(c)   Exit Cone Liner Attachment 

68.70 in. dia 
X        |     ^_——8.8 psia 

A       B R = 40 in. 

180  0.3125 in. 
pins 125,000 psi UTS 

carbon cloth phenolic 
exit cone liner 

118.16 

To insure retention of the exit cone liner, three lines of pins penetrate 

0. 250 in. into the carbon cloth to hold the T-U surface against gas leakage prespure 

of 8. 8 peia. 
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Blow Out Load 

Axial Load    = n 
(2       2\ 2 2 

R     -R    J  p  =  3.14(58.3   -35.435 ) 8.8 

27.6 (3,400 -1,260)  = 59, C30 lb 

Neglect blow in load from internal wall pressure. 

Pin Loads 

The distribution of the blow out load is based on pin diameters. 

59,000 = p(360) 
(forward end pins) 

360p = 59,000 

P = 164 lb 

P n Stress - Row B 

Material:   Steel, 125.000 
ultimate tensile 
strength 

'Bending      . t *£ . i JSjlffijiSS) 
I 0.000468 

0. 20 in. 48 in. 

Allowables B 0.3125 in. 

Ultimate Tensile     =   125, OOOpsi 
Yield =   100,000 psl   A    0'3125in- 
Shear =    75,000 psl 
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M       164 (0.48)  =78.6 

4 4 
I =   Ü.785 R    =  0.785 (0.156 ) = 0.765 (0.00059) 

=   0.000468 

a_     . =   26,200 pel inft Aftn 

FS>   =M)=+3.82 

0 . £..iftL   .    -iM-       ^=   2t26o psl aShear A        trR2 3.14(0.1522)      ',*D   ^ 

"•-^-^ 

Liner Stress - Row B 

Material:   Carbon Cloth Phenolic 
Material Properties at 
Room Temperature 
Bearing Stress  =  10,000 psl 
Shaar Stress      =   10,000 pel 
Tension Stress  ■   10,000 psl 

aBearlng       A        (0.312) (0.300)       M50?81 

(D)       (L) 

10.000 
F.S. -     .',"" = + 5.72 crlt 1,750 

, _P 164  
Shear       A       2 (0.150) (0.310)        '        ^ 

(L) (e) 

^Tension  - ^   =       180 ^) ,    .   IL™- =   152 ^ 
Tension       A        [2 ff R .18o (0.3l2)]t       (250-0.56) (1)       l*2 ^ 
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(4) Case to Nozzle AtUchment—3/4 in. 16 UNF Bolt.   Ultimate tensilu 

strength = 220,000 pei, yield  = 200,000 psi, shear = 132.000 psi. 

The discontinuity stress at tho bolt is 134,000 psi.   With tank struts 

RX, RX; AF. A'F* attached to the flange,an additional load is applied locally to 

the bolts (Reference Section IV-3h(7). 

Tension =  8,720 lb 

Shear      = 3,880 lb 

8.720 153.700 
a_ =   134,000  +   °r'*"     = 153,700 psi   R  =—^^ = 0.767 

Tension * 0.4418 *       K        t    200.000 

3,880 a BO„      .   „ 8.780 Ä Mtt aou =  ft'^.o   =   8.780 psi  R   =   . '   TTZ =  0.066 Shear 0.4418 ^      s      132,000 

0 767 1 U = ^ :0-775     F-s- =ir= +1-29 

(Reference 20 Figure 1535) 

(5) Diffuser Attachment--Not Available. 

(6) Nitrogen Tetroxide Tank Attachments--The nitrogen teiroxide tank is 

supported by four brackets on the injector ring and two brackets on the nozzle flange. 

The four basic brackets are analyzed for bending and axial loads in the plates with 

bearing shear and axial load in the fittings. 

The bracket bolts sustain pxial and shear loads and resist bending moments 

in addition to the standard loads at the injector ring and flange. 
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(1)     «trut AF.  A'F' AttMtega SI M0"ie n9ngfi 

i.oo m. ^ 0.87 In. dla 

1.00 in. 

0.468 in. 

1.50 in. 

no welds 
at bottom 

Steel: 4,130 normalize« 
Ultimate = 90,000 ( 
Yield = 70,000 \ 
Shear = 36,000 i 
Bearing = 70,000 i 

(Reference Thiokol Dw( 
7U37801 and 7U37785) 

0.'>25 In. 

F     = 32,000 psl (Reference 20, p 55) 
■u 
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Welds 

Weld Line a =  , ^T^,*.« 4. 25 (0. 707) (0. 25) 

°-h 
0 Shear= 7'320p6i F'S'   = 

32.000 
7,320 

= + 4.37 

Clevis Plate Stress 

^ Axial 
5. 500/2      „ QOA 

1.50(0.235)     ••ooul,D 

70.000 
F•s•   ^^O 

Support Plate Bending Stress-Use 2 in. Beam Width 

= + high 

_ _P   +    MC   =      5.500       +   0.88 (5.500) (6) 
0 Stress     A  *     I 2.0 (0.625) "      2 (0.6252) 

=   +4,400 + 37,100  =  +41,500 psi 

- 32, 700 psi 

F.s. =M2=+1.69 
41,500 

Plate Stress at Flange Bolt Hole 

Shear =  3, 880/2 (0. 50) (0.625) = 6, 200 psi 

36,000 
F-S-   "   6,200    " 

+ 5.8 

ffBearl      =  3,880/0.75(0.625)   = 8, 280 psi 

70.000 F-s- =i^ir= +8-5 
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Flange Bolt Load-Assume Load la All In One Bolt 

Sho-r   =  3,880 1b 

Tension   -  3,880+  ^TßT™   = +3,880 + 4,840 = +8,720 lb 

(Reference Section D3h   (4) for factor of safety 

Fitting Stress 

Bolts and tension, shear, and bearing stress checked out by structures 
in tank- strut analysis. 

2.7S0 
Bearing       0.56 (0. 235) 

= 20,900 pel 

Shear 

Tension 

X.B. 20,900 

2f750                 iii-oiuii 
2(0.47) (0.235)      "•™ t— 

F.S. 
36,000 
12,450 

0.90(0.235)   -13.000^1 

V fi 70.000 

70.000 
l*™ -   + 3. 34 

=   + 2. 90 

13,000 
=   +5.40 
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(b)    Strut AD, Attachment at injector Torque Box- 

1.00inpJ-*-1.00in.-»i 

1.00 in 

Material:  Steel, 4130 normalized 

4130 Steel Properties (psi) 

Ultimate   « 90,000 
. iald - 70, 000 
Shear        = 3e, 000 
Bearing    = 70,000 

(Reference Dwg 7U37784) 

r 
1.48 in. 

0. 84 In. 

O' 
h — 0.343 In. 

O'2    0 

>    i     i 
i i 

\ 

!     I      ! 

QB.   QB.   Q. 
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• \fm*Hf^. 

0.84 

Assuming two brackets: 

Bracket No. 1 with bolts A^ A2, and A3 has applied load  0 ^l\A8 
oi 

total applied load. 

TH - 77^ 

Tv = 2,180 

L Fx  = 0 

A x + Ax + Ax   = 772 
L £ ö 

772 
A x = A x  - Ax = —r- = 257 Ibf shear 

1 — .) .) 

L Fy  = 0 

a) A
1y + A2y +V = 2'180 

IMA   =0 
A3 

(2)   2Aiy + A^ = -772 + (1. 343) (2, i80) 
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tmm 

Considering the bolts elongated in tension: 

(3)       A^ + A^^A^y 

(i) and (3) 727 Ibf tension 

(i) and (3) 
and (2) 

A y = 716 Ibf tension 

Substituting in (i): A^ = 737 Ibf tension 

1.48 
Bracket No. 2 with bolts B . B. and B„ has applied load 

12 3 0.84 + 1.48 
of 

total applied load. 

r^ rWn I Bo | I   Bq I 

TH= 1.360 

T    = 3, 840 

a factor of 

Bracket No. 2 is the same as Bracket No. 1 with all forces multiplied by 

1.48 
0.84 ' 

'.     B,x = B x= B x -(1.76) (257) = 452 Ibf 

B^ - (1.76) (716) = 1,260 Ibf 

Bjr - (1.76) (727) - 1,280 Ibf 

B v = (1.76) (737) = 1,300 Ibf 
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Summary of Bolt Loads 

Bolts used:   5/16 in   Huck Lockbolts with ultimate tensile strength of 7,190 Ibl 

and ultimate shear strength of 3, 250 Ibf. 

With member In tension (6, 390 Ibf) 
 Max Stress (Ibf) 

Bolts 

B, 

B. 

B„ 

Tension Shear 

716 257 

727 257 

737 257 

1260 452 

1280 452 

1300 452 

With member In compression (6,390 Ibf) 
 Max Stress (Ibf)  

Bolts        Compression       Shear 

A 716 257 

A 727 257 
2 

A 737 257 
3 

B l-i60 452 
1 

B 1280 452 

B 1300 452 

Critical Bolt Stress 

R
2-

BT-RTaMlon^ii5=0-400 

452 
Shear     7,290 

0.062 

i       0»400      A.. 

Bracket Stress Analysls-Not Available 

10 
Use Rj + Rg      =1.0 curve 

(Reference 20, Figure 1535) 

F.S.    =  -r = + 2. M 
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(c/    Strut A'D' Attachmertt at Injector Torque Box-- 

1.196 in 

3. 800 lb 

Material:  Steel, 4130 normalized 

4130 Steel Properties (psi) 

Ultimate - 80, 000 
Yield - 70, 000 
Shear =36,000 
Bearing = 70, 000 

(Reference Thiokol Dwg 7U37784) 

1.50 in- 

0.95 In 

12, 000 lb 

12,800 Ibf 
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Assuming two bracket« 

Bracket No. 1 with bolts A,, A.,, and A0 has applied load 

total applied load. 

0.95 

ZFv  «  0 

0.95    1.50 
of 

TH= 1.590 

T    =4.700 

4,960 Ibf 
A^x + A2X + A3X  = 1.590 

A.x-Agx  =A3X=  -h -530 Ibf shear 
1 o 

IF    =  0 
y 

(1) A^ + Agy + A3y  - 4.700 

LMA3- 0 

(2) 2 A^ + A^ - (1.196) (1,590) + (0.445) (4.700) 

Considering the bolts elongated in tension: 

(3) 

(1) and (3) 

(1) and (3) and (2) 

Substituting In (1):    A.}y 

V+ V= 2 v 
Aj' = 1.567 Ibf tension 

A y «= 1.212 .bf tension 

= 1.921 Ibf tension 
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1. 50 Bracket No.  2 with bolts B.. B., and B   has appliod load    -^    of 
i      2 3 KK 0.95 ^ 1.50 

total appliod load. 

TH= 2.520 

Tv = 7,410 

7,840 Ibf 

factor of 

Bracket No. 2 is the same as bracket No. 1 W^ all forces multiplied by a 

1.50 
0.95 

B x - B x = B x = (1.58) (530) - 836 Ibf 
X /« a* 

B^ = (1.58) (1,212) = 1,910 Ibf 

Bj = (1.58) (1,567) - 2,470 Ibf 

B-y - (1.58) (1,921) -3,030 Ibf 
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iSuiniiiiuy of Bolt Loads 

Bolts used:   5/16 in. Huck Lockbolts with ultimate tensile strength of 7, 290 Ibf 

and ultimate shear strength of 3, 250 Ibf. 

With member in tension« (10,533 Ibf, 
 Max Stress HbO  

With member in compressior. (12,800 Ibt) 
Max Stress (Ibf) 

Bolts Tension     Shear 

B. 

B. 

B. 

995 

1,295 

1.580 

1,570 

2.040 

436 

436 

436 

688 

688 

2,500   688 

Bolts Compression Shear 

Al 
1,210 530 

A2 
1,570 530 

A3 
1,920 530 

Bi 
1,910 836 

B2 
2,470 831 

Bo 3,030** 836 

*w ,    ^  ^ u 10.533 ♦ Values reduced by —f- 
12,800 ratio 

Critical Bolt Stress 

R   = R    = R^ 2,500     . __n 2       T       Tension-r1—— - 0.770 

836 
Shear    7,290 

0.770 
0. 975 

- 0.115 

' 0.788 

Bracket Stress Analysis-Not Available 

♦♦No load on bolt with compression 
load 

Use RT + Rg 
10 

1. 0 curve 

(Reference 20, Figure 1535) 

F.S. --1.27 
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(d)    Strut BE and CE Attachment at Injector Torque Box 

*-      1.50 in,    —• 

249 in 

3,616 Ibf 

! 
0.812 in. 

i 

1  i 
i   >   t 

— 
 J. —1 

0.911 ia.^ 

— 

Assuming two brackets: 
0.401 in. 

Bracket No. 1 with bolts A and B has applied load „-....'    r. ox total 
0.401 + 0.911 

applied load. 

Assuming also that load applied to this bracket is carried entirely by bolts. 

0.401 
Bracket No. 2 with bolts C and D has applied load 

0.401 + 0.911 
Oi total 

applied load. 

^ -Q- 

1,110 Ibf 

TH= 1,040 

Tv - 380 

(Reference Thiokol Dwg 7U37784) 
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2, 510 Ibf 

TH = 2,350 

Tv= 860 
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Material: bteel, 4130 normalized 

4130 Steel Material Properties (pei) 

Ultimate - »0.000 
Yield        -70,000 
Shear       =36,000 

earing   =70,000 

Bracket No. 1 

Vertical shear load on A = ^  + U-^9MV5.g) = g, 38C Ibf 

Horizontal shear load on A = -h— = 1,175 Ibf 

Total shear load on A =   (2,3802 + 1,1752) 1/2  = ?., 650 Ibf 

...             „860       (1.349) (2,350)      ,   .„. .. . 
Vertical shear load on B = —   - x r-~ ' = 1, 520 Ibf 

_ i. DU 

Horizontal shear load on B 
2'350 = 1,175 Ibf 

Bracket No, 2 

■ ,    ,             o      380     (0.812) (1.040)        „., .. f Tensile load on C =  -r" + ' Qsoj— 

1   040 
Shear load on C = -J-— = 520 Ibf 

380 
Tensile load on D «= -r" = i90 lbf 

1 040 
Shear load on D    = -

J
-T- * 520 lbf 
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Summary of Bolt Load« 

Bolts used:   5/16 in. Huck Lockbolts with ultimate tensile strength of 7, 290 Ibf 

and ultimate shear atre".^ of 3, 250 Ibf. 

With member in tension (3,61S Ibf)     With member in oomprestuon (3,616 Ibf) 
Max Stress (Ibf) Max Stress (Ibf) 

Bolts 

A 

B 

Tension      Shear 

2,650 

753 

1,920 

520 

520 

Bolts 

B 

Tension 

Ü 753 

Shear 

2,650 

1,920 

520 

520 

.'here both tension and compression occur, the maximum stresses (used to 

determine margin of safety) were determined as follows: 

S 
Max Principal Stress =    T     + 

2 m • 
Max Shear Stress 

S„ 

-    1/2 

1/2 

Critical Bolt Stress 

Bolt A 

Bracket Stress Analysis-Not Available 

7  290 

(7) Nitrogen Tank Attachments—The nitrogen tank is supported by tiie same 

six io  ackets used in supporting the nitrogen tetroxide tank.    Since t 3 nitrogen tank 

bracket loads are less than the nitrogen tetroxide tank loads, the material and bolt 

stresses are satü faotnry by inspection. 

(8) LITVC Irjector Attachment—Mot Available. 
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I.     Flange Joint (Steel to Plastic) --Several analyses were completea on the nozzle 

design In an effort to verify the nozzle design confidence level.   Subsection (1) below 

discusses the analysis of the interlaminar shear at the submerged glass cloth to stee 

connection.   Subsection (2) summarizes a study conducted on the hoop compression 

and teasion of the carbon io silica cloth liner, and the bond tension stress due to the 

rotational and radial movement of the steel flange. 

(1)    Submerged Nozzle Assembly Shear Analysis—The critical shear 

stress exists at the base of the submerged assembly, the interface between the glass 

doth-phcnolir dtnctural cone, and the steel flange shell.   In nubsectlon 3.b, Dis- 

continuity Analysis of Flange-Submerged Shell and Case Polar Boss, a discussion 

is provided on the glass cloth to steel discontinuity analysis for the static firing at 

MEOP load condition.   The following moments and shears exist at the following 

stations. 

Moment Sheer Deflection 
Station (in.-lb/in. i 

+1587 Comp Out Face 

i lb/in.) 

+845 Outward 

(in.) 

11.0 +0.072 

10.0 -345 +1647 +0.025 

9.0 -3912 ^267 -0.010 
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NOZZLE 

+ DEFLECTION 

I .3   IN. 
8UNA-N-AS3ESTOS 

FILLED RUBBER 

GI_ASS CLOTH PHENOLIC 

IaX NICKEL STEEL 

GRADE 200 

Individual free bodies illustrate the shear and moment distribution. 

NOKZLi 

1 .987 IN.-LB 

H45   LB/IN 

S.912  IN.-LB 

^348   IN   -LB IN. 3,267 LB/IN, 
V * 3,912 IN.-L 

IN. 

I ,647 LB/IN 
3,267 LB/IN 

STA 11.0 STA  10.0 STA 9.0 
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The stress analysis and material factor of safety is indicated in Ihe present 

TU-393 design analysis report.   A shear analysis will be shown for free bodies 12, 

11. 10, and 5.   The shear stress is limited to the gl^ss cloth for Item 12, to the 

steel in Item 5, and shared between the glass cloth and steel for Items 11 and 10. 

The structural adehsive between the glass cloth and 18 percent nickel steel is 

Epon-913/919, Shell Chemical. 

The following tabulation indicates the thickness of steel and glass cloth for 

each item. 
Avg Steel Avg Glass Cloth 

Total Thickness Thickness Thickness 
Item (ln.l (in.i_ an.) 

12 1.40 1.40 

11 1.40 0.25 1.15 

10 1.40 0.55 0.85 

9 0.85 (.85 — 

The shear allowables for the Indicated materials are listed below. 

Material 

18% Nickel Steel 
Grade 200 

Glass Cloth 
Phfenolic 

Epon 913/919 
Adhesh e 

82 Parts Epon 913 
100 Parts Epon 919 

Ultimate Axial 
at Room Temp 

(Interlaminar Shear) 

120,000 

3,700** Beam Shear Test 

3,200* Cure - 5 hr @ 140*F 

Ultimate Transverse 
at Room Temp 

(Edge Shear) 

tea  

120,000 

7,440** 

3,200 

* Ref Shell Chemical Technical Data and Rohr Process Control Tests. 
** Ref Mil HDBK-17 and Interlaminar Shear Testing of Filament Winding 

Materials, 19th Meeting R. F. P. T    Istons - Society of Plastics industry. 
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(a)     Shear AnalyelB 

Item 12 - Glass Cloth Reinforced Plastic 

VO 3 V a g = -rf- = T T (Rectangular Cross Section) 
Max     It »., A 

K     ' dt 1(1.40) H 

3 700 
Factor of Fnfety = -*rr" = +4.08 

Item 11 

Section Properties 

Q- 

9.0  IN 

 -Q 
E =   27 X  10' 

 I  
 STEJL  

a   )      GLASS CLOTH 

0.29 

©GLASS CLOT 
C  SX  IÖ6 

 1  

Section 

1 

2 

Y 

.1   IN. « T 

Area Y 

2. 250» 1. 275 

1.150 0.575 

3.400 

f-   u     t- -> 

zizZZ^Et™ 
r~ V 

•-   1    045  IN 

AY 

2.89 

0.66 

3.55 

•- I    15 

AY2 

3.68 

0.37 

4.05 

lo 

0.046 

0.127 

0.163 

Es 27 
Glass cloth area equivalent of steel = —• (As) = — (As) 

Aj = 9As 

I = (4. 05 + 0.163) - 3.4 (1. 0452) = 4. 213 - 3. 720 = 0. 493 In. 4 

Adhesive Shear Stress 

= Va^AY a lt 246 (2 250) (0 230) = ^ 305 pfli 
^S A-A It 0.493 (1.0) 

845 + 1.647     ,   _.. .. ,. 
avg a J-^ = 1,246 lb/in. 

Factorof Safety =f|^| =  +2.45 
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QiMi Cloth Shear 8tre»i 

a8lJ   ,       -VAX ^,246(1.045x1) (0.522) 
w 8 Neutral      it    0.493(1) '       F 

Axis 

3 700 
Factor of Safety = -^-rrr =  -2.69 

1,375 

Item 10 

Section Properties - Neglect Assistance of 7U-37734-12 Support 
Ring 

0.95 IN. 

-T ■>• IN. 
? 

GLAtS Cl  TTH KOUIVAl_ENT 

STKEU 

.1  

0.88 IN. 
0.S97 IN, J 

t—$    J— 
© 

■©- 
T a 1   IN.. 

GLASS 

CLOTM 

I 

T 
© 

1.022 IN. 

1.. -©• 

ER 27 
Glass Cloth Area Equivalent of Steel = ~- (As) = — (As) 

A2 = »As 

Section Area 

1 0.85 

2 4.95 

5.80 

Y AY 

0. 425 0. 361 

1.125 5.570 

5.931 

AY' lo 

0.180 0.051 

6.260 0.124 

6.440 0.175 

y =14?^= 1.022 
5.80 

I = (6. 440 + 0.175) - 5. 80 (1.022)2 

1 = 0. 535 in. 4 

6 «15 - 6.080 
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Adhesive to Glass Cloth Shear Strcgg, Sec A-A 

It 0.535(1.00) ^ 

Adhesive Allowable ■ 3,200 psi 

Vavg ■ 3'267^1'647   =  2.457 lb/in. 

3.200 
Factor of Safety - r^TT m +137 

Item 5 - Steel - 18 Percent Nickel 

QV        3  V 
O 8 Max ■ TT   = 7 T (Rectangular Cross Section) 

«   *-   3j267        _  ____     , = 1-5Tlüi = 5'770pii 

Factor of Safety =   ^Hjj  = + High 

(2)     Stress in Nozzle Insulation and Adhesive Bond—In subsection 3.b, 

Discontinuity Analysis of Flange, Submerged Shell and Case Polar Boss, a discussion 

is provided on the discontinuity analysis of the submerged glass structural and flange 

shell.   The deflections (radial and rotational) are shown in Figure 72.   The materials 

and design criteria for the nozzle section are shown in Figure 73. 

An analysis determines the interface pressure between the liner and the steel. 

This pressure value can be used to check the adhesive bond and liner for compression 

or tension. 
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Material« allowablee at room and elevated temperatures are listed below. 

Material Rection 

B-B 

Temperature 
en 

Poissonfe 
Ratio/ 

0     ' 

Modulus 
(psi x 106) 

0.375 
Compression 

Stress 
(PSl) 

Carbon 
Cloth 
Phenolic 

2,040 
4,000 

80 
7,500 
Compression 

B-B 80 (Room 
Temp) 

0.25 
/ 

2.00 
Compression 

25,000 
Compression 

Silica 
Cloth 
Phenolic 

A-A 1.94o{ 
3,800 

80 
0 0.250 Tension 1,250 Tension 

A-A 80( 
1 

[Room 
Temp) 

0.20 2. 25 Tension 12,000 Tension 

Section A-A - Silica Cloth-Phenolic 

At Room Temperature @ t = 0 sec 

Interface Pressure 

pR2 6 = *7- (l-V/2)  Ref. Timoshenko, Plates and Shells 

p ■ Interface Pressure 

R ■ Radius ■ 33.28 in. 

E ■ Modulus of Elasticity = 2.25 x 10( 

t ■ Thickness s 1. 35 in. 

V - Poisson's Ratio - 0.20 

6 ■ Deflection ■ 0.113 in. 

= 2-25(10^ (0.113) (1.35) u Et«  
P ' R2(l-V/2) 

Bond Stress 

(38. 28)2 (0.90) " 343 pBl 

a allowable in tension ■ 1,000 psi 

o actual =343 psi 

Factor of Safety = '^~. = +2.92 
34«» 
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Silica Cloth Hoop Tension Strepg 

PR   .343(33.28) ^ 
HT      t 1.35 ' 

12.000 
Factor c  Safety -    0'   ^ = +1.42 

0, 4 DU 

At Elevated Temperature at t ^ 110 sec 

Interface Pressure 

p - Ete  x 0.25(10«) (0.113) (1.25/ __ 
P      R2(l-V/2) (33.28)2(1) "T p« 

Bond Stress 

Factor of Safety - «22 = + High 

Silica Cloth Hoop Stress 

PR      31.7 (33.28)       ... 
«'Hoop - f =        1.29 =  845p,,i 

Factor of Safety = •^-~ = +1,47 

Section B-B - Carbon Cloth-Phenolic 

At Room Temperature @ t = 0 sec 

Interface Pressure 

D _ It«  =  2.00 (1.25) (0.070) 10« _ 
v " RZ(l-V/2) (30.20)z (0.875) ^ 

Bond Stress Compression Ok by Inspection 

Carbon Cloth Hoop Compression Stress 

PR      219 (30.20)      _  „.. 
<THc=r =       1.25 5.300 psi 

Factor of Safety = ^JS = +4.72 o, üou 
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TIM 

At Elevated TemperaUire ^ t = 110 aec 

Interface Pre»»ure 
Et ft 0.876x10* (1.25) (0.070) 

P - R2(l-V/2) " (30.20)2(1) 35-9pBi 

BoodBtTMg Ok by Inspection 

Carbon Cloth Hoop Btreas 

7.500 
Factor of Safety = -4rr = +8.70 Boo 
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SECTION V 

WEIGHT ANALYSIS 

An accurate weight analysis was required to complete the motor mass frac- 

tion, acceleration, and vibration analyses and material and configuration design 

studies.   The analysis included the plane area and mass properties of the cum- 

ponents and the total nozzle assembly. , 

A total nozzle weight of 5,384 lb was reported in Quarterly Progress Report 

No. 1 October, 1965. Since then the OD insulation Figure 5 Item 18 was changed to 

silica cloth foam V-44 for a weight increase of 163 pounds. 

In addition, a total of 133.11 lb was added with Items 11, 13, and 14 

(Figure 9) to accommodate the diffuser attachment.   This attachment would not 

br included in a flightweight nozzle.   The present nozzle with gains and decreases 

is 5,677 pounds. 

Without the diffuser attachment the total nozzle weight is 5,544 lb, an increase 

of 160 lb from the last reported value.   Nozzle mass properties data are shown in 

Figure 72. 
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II  ABSTRACT 

The 156 In. dlanwter caae LTTVC motor pragraai WM conduct««) by the Wa 

Corporation for the Air Force Space Syetems Dtvlaion with technical direction by the Air Fora« I 

Laboratory.   The two major objectives were (1) the dealgn sad fabrication of a fllthlai^ghl 156 la. lHaianHii I 

Uthlc solid propellant motor utlllalag a fibergla» reinforced plastic monolltUc caae. a M to 1 nxpanakn rstl 

aubmerBad fixed noczle, aad a NIO      UTVC syateai; aad (2) the demonMraUon staUc test of the motor la a I 

altitude environment to provide meaningful UTVC daU In a hlgt. aapaaalon ratio nocsle-   Both objecUves «an succrsafnllv 
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to high localiaed erosion of the ablative Ineulatlnn on the inaidr iMamatiir    The diffuser iinallaaiid to i 

the teat although at a lower simulated alutude    A malfuncUon of the pressure ragalatlBf s«d>syau«n portion of the UTVC 

ayalen caused s tliigradal Inn of Injectam pressure Oartag the fltinf aad ■Ubsaquent degradation of the UTVC performawa 
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satlafactory and the motor had functioned ■■ expected    The atatle tatt dnmnaat raiad attainment of all jSppMB objective« 

After poet-test analyala of the fired motor aad miipnaaala. the Brad caae was hydrobarat laatod to afattla addttlonal data 

on flberglaaa caae daalga.   The caae burst at Ml pal«, «aiy near the dnslg» iiltlails presaure of »70 pal«    TUs bydre- 

burat, performed under a similsiiiiBilal agraaaMat to Ihr efliat«, demonstraied As validity «(I 

techniques used for this rase (U) 
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