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FOREWORD

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

This program was conducted under the overall direction of Col H. W. Robbins
of 88D, 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 uvbjectives were (1) the design and fabrication f a flightweight 156 in.
diameter monolithic solid propeilant motor utilizing a fibherglass -einforced plastic
monolithic case, a 34 to 1 expansion ratio submerged fixed nozzle, and a N204 LITVC
system; and (2) the demonstration static test of the motor in a simulated altitude
environment to provide meaningful LITVC data in a high expansinn 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 Ib.

The static test was successful and all motor components were intact and in gcod
concition 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 iniectant pressure during the firing and subsequent degradation of the LITVC per-
formance. Post-test inspecticn 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 componente, 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
hvdroburst, performed under a1 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 complies with the
requirements of Exhibit '"A" to Contract AF 04(695)~773 and will provide a reliable
performance.

The detailed anaiyses 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.
Aralyses indicate that design objectives were met and that the 156-7 nozzle

design should perform successfully.




SECTION I

NOZZLE DESIGN AND FABRICATICON

The nozzle concept selected for the 156-7 156 in. rocket motor is a
semisubmerged, fixed, contoured, ablative plastic no-zle for an upper stage
spplication and utilizes liquid injection of niirogen tetroxide for thrust vector
control. The nozzle has been analyzed for both flight and static test conditions;
these analyses are presented [ iter in this section.

Nozzle liner an- : sulation 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 casés, compatibility, ease of fabricatim, 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 pheaolic, 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 nozzle
design were the submerged structures of the Wing VI Stage II MINUTEMAN and
SURVEYOR, the submerged noses of tl;e TU-454 and TU-455 motors, and the exit
cone structure of the TITAN IIT 120 in. motor. Available materi il data obtained by
all contractors (primarily Thiokol and T.ockheed) in the 623A program were carefully

analyzed. Properties of the various materials are presented in Figures | thru 3.
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Tension, ultimate (psi)
Tension, yleld (psi)
Compression, ultimate (psi)
Compression, yleld (psi)
Shear, ultimate (psi)
Modulus of Elasticity (pst)

Density (lb/cu in,)

Thermal Conductivity,
(BTU/ft-hr- °*F)

Specific Heat

Compcenent
Use

18 Percent

Nickel Steel

210,000
200,000
210, 000
200,000
120, 000

27 x 106

0.293

Flange
Injector

Ring

5052-Sheet
Aluminum

31,000
21,000
31,000
20,600
19,000

6

10.1x 10

0. 097

110,0
0.23

Sandwich
Core

Figure 2, Montal Material Properties at R..om 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

Ec (modulus) - 116,000 psi

Crush Strength - 326 psi

SIS L Direction W Direction
Strength (psi) 360 210
Modulus, Gc (psi) 61,000 30, 500

Bolt-EWB 26-12 - Nozzle-Case Attacnment

Tensile Ultimate (psi) 220,000

Shear Ultimate (psi) 128, 000
odulus of Elasticity (psi) 29 x 10°

Poisson's Ratio 0.30

Figure 3. Properties of Alurninum Honeyconib and Attach Bolts



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
than 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 i~izctor 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 nczzle 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
vecuum conditions at AEDC.

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

load with internal and external pressure distribution. It was analyzed using







A A Lahe =

I — e e P R el ST L T e

AR ST B SRR TUS PO P8, MITOD |
e SO0 WRTTES -@

SOMAC 20, CLUME AAEWY T80 , LESRICE ADSPB € § ConlasC i
QP AL, LAWRNICE , a0BS , CODE OFVTY MWebe

GO0n B8 - BBl COMNNCAL COBS  stw rOPr , Ao VO

ABELy Ve 6 W AVt B HBON TS WATALL S
ammLy Ao & O WERACES MDCATID

BLD CONTOLR wy Towl Ames

BITIN AN TATIONS oS T RLATION O R T 47748 O

Al WS 0B Oy I VRI W T S NDE NS
v T % WiV Lan.

Y VW VTV

b

TN L o

g r 4+ +
B~ - EWNYL ters
1T 7 T sl N
> b+ ~Z3 TrtasY M
= N . i
L RS ¢ b ol
- “4 - .
+ .g < < -
PO B 3 .
- -+ - - - -
DO 'Q K -
S S SR ¢ : N
- 5 -
—— =
e e GRS T

T AR TV S0
—C LTV SYSTEN
L | o HEAEEs
- ‘E 3 -

“fgure 4, 150-7 Nozzle

-1




e

B -, R
k- 156 o8 ass

|- "
\(}' / "’ . o8
, ) ’
A M’ “
N{ . Sev-tee

B

AFEFFFER T
Fofe o




LN d

T

'S

( —ee
G e 83 veam 2939 wxan
DRiss PONT OFT AL G
*s = 2N :

Ly °imecr)

. . o i~ = '
. . - - ~ '
. . . .
- - - e > £ —— p-— —
. . . ° - — “
° . U |
. . . . - - '
= O st 1/ - |
| > - —
Lo —
— P ‘.lzr t .
viEwW 6-G
War nw. 2 e e -
REEUIRO A O ) I
|7u37734 1 I l )
L
o’
- - s M
e et o -



.0
L B . [
%4,
| - — LW g
- — — ——— a0 -
| NITTI4 |l1

C.,

D o s ancn - i ——— R e o
3. “
.r'g = -

o B — IS | NS B C & |t i - - b i b i ot -




e - e — o — —p o —

i s
S NP

»
waemit otV B>

o WO *er)
LN S L
UELFYFD

GE> .firreo

> oeusTec
33 L AR 1 ]
1O e
e
o Taw
W W, M
& ceinin W
-0 Q00 ¢
» T Ly e
vt taf ~Tm
EES ARV 3N 4
noLoeaRly o
MCULATION
aAVE
L NEPY 2R

o 4y AL T

BT s caremoag
us vy
curve

B~ o v
SI> s0n0 6a
> Try ae
> o0

roar ea

Rl ol A )

- iriama




B0 'YEM A IGIDTTEM G WITW TR G,

1. WOT QAP 008018 WXHLY -

B> av wsvn waed Qorv e
S0y POLYRARIDG UOMDR, (Fe SO44 48 5 JauTh ank W

B> se awras amoes CLOT™ AruoLE
usmmuuuu WA WANTR ama (AL,

Ll 3 Nere SIOEM X
-:.-ho-‘.

B> vases onamecs. WRLSWD, MPRN 1TEM 10 W G
COTTATIIN BuASatets Sachsv Farveitn e W4 ..

.;ln-lfw-uu’r»swn—tﬁrw, ﬁuv
my e Mld/rwtu o L3
S e SW T § A Al S pTT COPP ~7 S s
Pt~ 4 ol Jlr- WX Aowa SPCRNIT (075 AT n- ot
Fa OF0 AETS TV Caararat T TEC L BY T .

[ [N ald]

oML EYED

> orieren

-4
-~p

> osieTeD

I POLY (UM TEMY € Teli A &Y 11307 & 0° SOf 8 NRY
I8 CLEAN ¢ PTME AU LWEPAUEL TLIDE TO AWl LivE BouC et (Pmfemtaty
£ AUBRAEMBLIEY  TOLITAMIE I VIR wAMPPRG
M it S TOBE A0 P 4TS LRIV S s
W vl W ANy DWE( Tiom
» Pel ROy WPRELNATED Mlt\ Te @6 C.ED 2T b vmeamiy OF V0P
Atl) 08 & 5B My v T & T e P D APTECT A LomMRETE LuRt
»n Temy -0 s W .-«v U N TR T e AW rEw o gD
To tef OTWER TWE  AARLIES CWLTWY AEC SuowAME  TH am e
wnToul o e et
» Al MATY WAT B wSmmt et . wEmGE 1\ OEPMED AN A
MOAATION OF AMY S AWE ¥ L0k LASARE TR O WM
WawE ARt TR D miw man LtLYe AnD wDTH WL LuTe
CMEPT 1TEME 13 Ml 4 WORAT Y ARE 0T ALLEPT -
ML 1S AED e AES R el DETR 2OME T
35 Jomgp TAY TR fROM TBE MG LLDTH Defued AWERL (WL A bl
WABAD ALY TR FOLLOW.N L ATOLREME TS
Tw N
.ome @
wYegeLTe .'n-n o0 My

ALV LOLUBMTY (e
A0 AL ITEMA 1O Al A WREWIMAWM T BO% -—nn amvely m“m 1tnce
> varumaL juemoan, ememery coome

A3 FOLT SBSC (O, BANTR e Cagrs o
o e 5

£y ¢ 98%
IR T

~arTaR
WD FRTT MAMBAE PRI VU - VD, METWD &,
PRAIBE VAR VO B W -0 o) ISR CRNOTTENS.
Mgl SEGMA TUVWTILE .
DS TRE .

> wacn Gorm A Te0d «BRaSTED Falihuats T
Vo et g,
puLE TED .

IR G .tn.
W NBRR §,, WL %mum

B> eree 0t wr PEer SR TE- SRR B vl g -
etlis CHEMLAL. CBEPA, N VOV, S0
SO WV, Vel CHENEDL. LA, o VERA, M.
wrs,m L LK )

Sd ., Chis
e SO
g TON LR T WYO- ",
IRAMSANBTONR - oa
WA, @< MRS ~aor?

% Mw g
bmmm““vﬂ
m\, X
b * —-maw-.mou'
-nm\ .

W [SY NEYNV %
“WN“Q-‘AM

B> D844 WINT ~olS Our® i1 (ona TN Orev

[ P

dmd A i)

P

bbb o

BE> 8070 @A2 003 - 000 /CwES T3 RawRcH SeaR

B> NT 349 NUST BE MONCATID 45 2 CONTAOUS BB
FE> ur 10 00 00ren ME ane0 0. Brs WENIIIONE W w0

4
v 4
DMQW l.‘*'ﬂ“ [Y VX X ) 1
ulmmrumhx ‘ %
B> s asen asve M
O NOTUL ’ ;
- T, SaarTR haut, Ghbm.
rogest ]
—
PSS
4 -—
-

PO TRAN [RD ENTOAPREO BTS PER AT AN OF WEA

BEWEN BT IO M FLUSY NN G BEL AN SAPACE INTOM.

“» WSRU TS A WL IO AP® AT ISE O

-—ﬁr—-—-

===
=

pres———

==

CONE ASSENMLY,
SUBMERGED

Jewm| TU3TT34

UITTM prrye——
igure 156-7 Nozzle submerged Cone Assembly
- 9
T A P LS




yuslg de) j9[u] 980N ©]ZZON L-9ST

‘g oan81y

wen
e
aeene | *
T3 -1 -0 0
G 1 U \\\\ :...Iu" 4
7
AN ] |
| <7 )
. e R\ _
wan ma
ﬁ 41T JNESLLId 00 TWIIWERO TENS ‘T1s NOG Iﬂ
vvail smsn
Z.0MY 1 SWBLI 0L GNOR IGHL ONV ABLVIVGIS € WELI W1 “LINA v SV 2 OV | SWaLI Jem) ale

"SHENOH BT 304 LR - 9 LV N2 1504
154 Q0T ONY 4.0% - @€ LV G3NND 3 OL

“LEVd KOVE ANVSVIOODY TIWHS JONY LTV Twett ONV DINSVED0IOVY ‘ONININOVW
"IMISSIO0Nd NOI LIS B0 ISV SIGNTONI $LIBNS TUNGIDCI4 M1 L VIEH0 GEVONVLS

TISSINAGL 10N SuY SYIY KON NISIN 3O SGI0A 'SXOVED ‘SMOISITIONI ‘SNOILYNIWYED
TU-GLS-M1 W34 NOILI3ISHI JINIVES0ITVE

"SNOMMI LN0O 38 04 HAGIA WYL THIMBLED 01 BTIVEVY dVal 3dV1
SNONNILNOD 38 0L HAIGIM 34V1 LUV 30 IVAINS WEUNO OL BTIVUVY dVEM 34V

IO-BAL 154 (NISTH GIA0NIIY 60-3-UW
MLV @GLVNSTEGWE YOM HLOT) 11 IH4VEO 00 NOBEYD TVNOI LVI VRIGWS JIEBWAI0E 'S ‘N

9 CONLIW ‘GE-46-SN 1 154 MWW LUVd XUV

g-n -~ - N e ~ - e o =

11




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 snd thiee layers of longitudinaliy oriented cloth, also laid up
parallel to the surfarce. This combinatior 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 provide: < 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
cloth 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 structure 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

12
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critical region of the inlet and throat, but carbon cloth has been substituted in the
less 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 maraging 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 compatibiiity. The flange shell is the
connecting structure between the case aluminum pole piece, the submerged cone,
and the e>*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

LITVC system con.ponents.

Other materials considered for this application were aluminum, titanium,
e 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
E&H liner and structural shell. The liner is silica clot 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 injectant

k32

] has been demonstrated in the TITAN III program. Erosion near thz injectors is a
function of the TVC duty cycle requirement (i.e., injectant mass flow rate and total
J mass flow) and injector location. Under the most extreme conditions of injection

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

14
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approximately 0.150 in. of material could be lost. Erosion in the port region “aring
periods of no TVC is not anticipated because of the high expansion ratio at which the
injectors are located.

The design erosion rate in quausrants having no injection ports was 1.€5
mils/sec ana the corresponding rate used to size material “equired in the port
regions was 2.65 mils/sec. The resulting liner thickness is not necessary in
quadrants having no injection ports; however, this thickaess has been maintained

constant arourd the circumference for ease of fabrication.

The exit cone structural shell is a sandwich structure consisting of a 5052
alumizum honeycomb core with 143 glass cloth parallel to the surface and 20 8-HTS
glass roving epoxy shestsr. Use of“this sandwich type structure on ine TITAN III-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 liex of the stainless steel facings used on the TITAN II-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 expension ratio nozzles (Reference 7).

2. METHCD 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

19
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can delay the manv{acturing time cycle excessively. A flow chart of the fabrication
steps for this nozzle 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 centerline. The middle block and the fhroat block are
tape wrapped at a (ownstream angle of 70 degreee. 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. Tbe steel flange and the structural
glass, consisting of two layers of hoop oriented glss 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 centeriine. The aluminum honeycomb core will be gpliced into 8
longitudinal segments to provide for ease of fabrication. A forward endblock of

glass cloth attaches the exit cone structural shell to the steel flange shell. A block

20
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Figure 10. 156-7 Nozzle Fabrication Flow Chart
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of glass roving epoxy tape wrapped parallel Lo the centerline provides an end ring

stiffensr 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 mustbe a flightweight submerged nnzzle. Nozzle parts exposed
to gas flow shall be of ablative plastic.
The nozzle shall be capable of liquid injection thrust vector cont’rol (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, aad 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-

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

1. Dynamic pressure (maximum)of 1,0C5 psf.
2. Thrust misalignment (maximum) of 0.5
degrees.
3. Staging angle 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 MEOP
Chamber Pressure (psi) 550 625 705%
Burn Time (sec) 107

*Reference Figure 11.
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Average  Maximum MEOQOP
Thrust (lb) 342,000 400,000 442,000*
(Vacuum)
Action Time, tll (sec) 110.0
Shock - Vibration
Radial S8hock at Ignition
Submerged Section +60g's for 0.25 x 10_3 sec
Flange and Steel Shell + 30g's for 0. 25 x 102 sec
Exit S8ection + 60g's for 0. 25 x 10_3 sec
S8hock Load 3 g's axially
Vibration Load 1. 5g's laterally
Acoeleration 8.0g's axial, 5.0g's lateral

2. 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

LITVC Performance Band at MEQOP

= 705 psi)

Injector Port Diameter (in.) 0.70

Injectan. Pressure (psi) 750

Injector Ports/Quadrant 3

Maximum Port Mass Flow (lbm/sec) 16. 84 tbm/sec

* Reference Figure 12,
24




Injectant Fluid

3. Nozzle Requiremerts
Weight (Ib)
Throat Diameter - Initial (in,)
Expansion Ratio

Coufiguration

Area Ratio Locations
Case Boss
LITVC Port
4. Propellant Requirements
Formulation
Composition
Temperature, Chamber
Configuration
5. Strucuural Requirements

Stress

Nitrogen Tetroxide
(N 2O 4)

5,400 (norninal 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
5, 780°F

Modified Slotted CP

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

Glass F.S. (min) = 1.50 at Ultimate St~ength

28
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Insulation

Maintain at least minimuun,: thickness as required
by thermodynamic analysis
Maintain room temperature on structural glass of
subme rged cone

Deformation

Throat = 10.0 (0.40 percent) = 0.049 in. Radial

Growth

Exit Core = 58.3 (0.50 percent) = 0.292 in. Radial

Growth

26
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SECTION I

LCADS AND ANALYSIS SUMMARY

1. LOADS

The two major loading conditions, rtatic and flight tests, receive the forces
through (1) the pressur: distribution on the !nside and outside nozzle walls, (2) by
shock and vibration, ard (3) by acceleration loads in the axial and laterla directions.
Typical static test condi'ion loads are graphically presented in Figure 13.

Temperature gradients will exist on all surfaces of the nozzle, except the
external wail from fiange to diffuser, and will contribute to the total stress and
deformation at critical deeign sections.

The nozzle wall pressure and resulting axial load are presented iu Figures
14 and 15. The wall pressure due to secondary injection, the transverse shear,
and t: e bending moments are shown in Figures 16 through 22. The injector ring
loads frcm the mounting of the ""VC system and acceleration loads are presented in
Figures 23 ‘hrough 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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SIDE YIEW
23,0 ¥81
/‘ 1.4 8l 2
0 P8l i
N\
~~~_NOZZLE WALL
\\
o6 61.25 |
| 6|8 100.0 116,5 133.3
DISTANCE FROM THROAT (IN,
90 DEG
TOP VIEW 0 P81
15.25 DEG
0 P8l
1.14 nnq/- 55.8 070 SIS
0 P8I 0P8l
22.2 DEG 116. 68
0 PHEI 16.68 DIA
0 DE - ,\ L =86.0IN. _ _
\\- INJECTCR PORT
L0464
Figure 16. Pressure Distribution During Secondary Injection .
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LATERAL ACCELERATION

v G0N

T—Er——

Tonou |sst N,

- 1T LM IN,

Ve

| 225 LIIN, 175 1IN,

17 000 L1 ~

\

y ~ 12,100 LB
S~ 16.000 LB

A AM =
"~ 17,700 LB
02,970 IN, LB - — 21,650 LB
ATL 000 IN, LB -
e | | ||
~~ {17,000 IN, LB
S S 301,000 1N, LB
AXIAL ACCELERATION N
RS
20,700, LB~ ~— 700,020 IN, LB
3 : B S 137,470 0N, LB
AXIAL LOAD 27,180 LB

—— ('S
COMPRESSION

TENSION

~ 19,350 LB
25,040 LK

— 28217 LB
TN 750 LB

N FOR STATIC TEST VIARATION LOADS USI" A RATIO OF MAX € LOADS IN T AXIAL AND LATIRAL DI CTIONS,

4 IN, - — o 5 . . 2
H AN, — wmm.
. ep b o . I . ) UNIFORM LOAD = 45 LB/IN, x §
ARRUMT FLANGE FIXIDWITH CANTIL VER BIAMS ON T A1 SIDE - 225 LB/IN,
SHEAR DIAGRAM FLANGE = 360 LB/IN, x 8

= 1,800 LB/IN,

12,950 LB —_ EXIT CONE - 0 C'§ LATFRAL
UNIFORM LOATL = AVG LB/IN, x 5
| || =175 LB/IN,

INJECTOR =95 LB/IN, x 8
RING LOAD = 475 LB/IN,

R(20-98

Figure 24. Flight Test Acceleration Loads
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THE SRAVIRST TANK WEIGHS 700 LD (N O TANK WET WRICNT). VOR FLIGHT TEST CONDITIONS,
S Q0 AXIAL AND § G'S LATERAL ARE Mnnln WITH 3 O'S AXIAL AND 1.5 G'S LATERAL USED
PQR STATIC TEST. TME TANKS ARE SUPPORTED AS S120WN BELOW, 180 DEG APART.

N2 TANK (300 LBM)

INJECTOR RING
<+ P
sa's
LOAD
0DEG REFERENCE
N.O‘ TANK (109 LBM)
VIEW LOOKING FORWARD
| LOAD CONDITION 520y TANK STRUTS
AKIAL LVERT [HORIZ | AD A'D 1] cr AY AT
«8.0 | +0.0 | +5.0 | 13,178 |-0,128 +3,404 +3,498 +8, 191 +8,101
+8.0 -8.0 ~8.0 - 0,00 -3,023 +3,406 +3, 496 +5,191 +8,191
+0.0 |--8.0 -8.0 + 3,407 -2,023 -3, 408 -3, 408 +5,191 *5, 191
+4.0 +8.0 St S - [ -4,133 -3,496 -3, 498 +5, 181 +8, 191
-5.0 | 8.0 | -60 | +10 24,480 .3, 496 -3, 406 -3, 240 23,240
D CONDITION Ng TANK STRUTS

AXIAL (VERT |MHORIZ | Rw | AW [ AU v il BX X
+6.0 | +8.0 | -s.0 | 4101 |-338 chttd |[-LWd 3113 p Wi
-0.0 | -8.0 | «s.0 | +4.108 |+i 900 L3  |eLe2 -1,388 -1,958
*0.0 | 5.0 | +8.0 | +1 902 -1, 113 -1, 442 -1, 442 +2, 112 +2,112
NOTES:

1. UNDERLINED LOADS ARE MAXIMUM TENSION AND COMPRESSION FORCES

3. + STRUT LOAD '8 IN TENSION

3. ~STRUT LOAD 4 IN COMPRESSION

08320-41A

Figure 25. LITVC Tank Strut an® Nozzle Loads (Flight Test Condition)
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-y SERPRREEEP A Ll T —

TO & ZE THE INJECTOR RING FOR: THE TANK LOADS THE STRUT LOADS WERE SIMULATED BY A
TANGENTIA L BENDING MOMENT, RADIAL LOAD AND HORIZONTAL LOAD IMMEDIATELY UNDER
THE TANK ONITC CENTERLINE, THE RESULTING CONSERVATIVE APPROXIMATION OF THE

TANK LOAD® ON THZ NOZZLE ARE ILLUSTRATZD SELOW. EINCE THE LOADS AT 0 DEG DO NOT

AFFECT TrE STRESS AND DEFLECTICN AT 180 DEG THE MAXIMUM CABE I8 SHOWN FOR EACH
TANK,

MCMENT, /; ? N,O, LOAD CONDITION

LOAR AT T 0 (VLo 00 ) 8'.: HORIZONTAL
Fl = 300LB (6 0'8)= 1,800 LB +5 G'S VERTICAL
T = %1, 113)=2,346 L

M;" 1,500 LB (18.37)
= 23, 000IN. LB

LOAD AT Z Ky TANK LOAD CONDITION
F, = 700 LB (5 0'8) +8 'S AXIAL
= 3,800 LB, +8 G'S HORIZONTAL

r‘-ue.iﬂ)-w.m LB

M,= 3,600 LB (15.37)
= 53,700 IN. LB

+8 G'8 VERTICAL

FLIGHT (EST OONDITION
“FOR STATIC TEST CONDITION USE A RATIO TIMES FLIGHT TEST CONDITION

$216-6

Figure 26. Simulated Tank Loads on Igniter Ring
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TO S1Z1 THE NOZZLE SHELL TO INCLUDE THE TANK LOADS THE FORCES
USKED YOR THE INJECTOR RING MAY BE USED AND BE REACTED AT THE
NOZILE FLANGE

RIQOHT HAND RULE
MOMENT ORIEN TATION

14,20 1IN,

STATION 48,6 STATION 81,38
wmow wean  [[IPSITETOOORR
VIRTICAL m
e e M_ = 9,500 (14,20) = 140,000 1N, L3
STTTTRTTININTE] = 3,800 (42, 18) +82, 700 23, 000 -1,800 (43. 13
TORSON DIAGRAM i [,WHI (it - +110,0001. 18
:‘m V =13,800 +1,600 = 8,000 LB
SENDING MOMENT M, 5,000 (14.30) = 71,000 IN, LB
Y' Y' DIAGRAM

0630-70A

Figure 27. Simulated Tank Loads on Flange Shell
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Static Test at Utah Ccnditions

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 Svstem Support

Flight Conditions for Upper Stage Motor

Internal Motor Pressure
LITVC Pressure Distribution
Radial Shock Loads (at igniticn)
Subr..erged Section
Flange and Injector Shell
Exit Section
Acceleration Loads

Dynamic Pressure on Nozzle OD
(Staging and base pressures not
cone.dered)

LITVC System Support

Figure 28,

MEOP (psi) = 705
3.5 deg TVC at MEOP thrust

+ 60 g's for 0.25x1073 sec
+30 g's for 0.25x10-3 sec
+ 60 g's for 0.25x10~3 sec
3 g's axial

1.5 g's lateral

12.5 psi

MEOP = 705 psi
3.5 deg TVC at MEOP thrust

+ 60 g's for 0.25x10~3 sec
+30 g's for 0.25x10~3 sec
+ 60 g's for 0.25 x 10-3 sec
8.0 g's axial

5.0 g's lateral

6.94 psi

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 this 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 deformatjon 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, 18 subjected to < rosion and charring of the reinforced plastic
linar. The insulation and erosion liner design rrovides a sufficient material thick-
ness to maintain the structural glass cone at room temperature and provides a
pufficient material thickness for erosion in the throat and exit cone (Figures 30

and 31).
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SECTION

‘THERMAL-MECHANICAL
ANALYSEB

Station 0. 0 (throst)

NOZ7ZLE FLANGE-CASE
INTERFACE

SUBMERGED STRUCTURAL
SHELL

Stetion 6.0
£tation 43. 40

FLANGE SHELL
Station 47.6
Station 54. 5

Station 61.28

EXIT CONE SBHELL

Stetion 67. 06
Buation 100, 60

Station 130. 30

FLANGE SHELL-EXIT
CONE INTERFACE

INJECTO-{ “tit "JPPORT

RING
ATTACHMENTS
Injactor Ring
Screws
Sandwich and Liner
Pin A
Pin B
Case Bolts
Diffuser Screws

Nitrogen Tetroxide
Tank Attachments

Strut AF, A'F’

Strut AD

Strut A'D'

Strut BE, CE
Nitrogen Tank Attachment

8trut RX, R'X'

Strut RW

Strut R'W'

Strut 8U, TU

Injeoto
Jolta

STRESS

lioop

Shear Lip
Column Buokling

Local Hoop
Local Buckting

Local Buckling
Local Hoop

Column Buckling
Local Buckling

Local Hoop
1.0cal Strens Long.

Local Buckling
Local Btress Long.

Column Buckling

Local Buckling
Local Hoop Stress

Local Buckling
Local Hoop Strses

Local Buckiing

Long. Bending
Hoop Bending

Shear

Bending
Bending
Shear-tension
Shear

Tension, Shiar
Tension, Bhea
Tensica, SBhear
Tenslon, Sbear

Tension, Shear
Tension, SLear
Tension, Bbear

Tenalon, SBlaar

Sbesr, Tension Load

Figure C9.

FACTOR O7F
SAFETY

Rel. Fig

+1.27 Steel
+1.91 Glasa

+1.66 Giass
+4.03 Glasr,

+1. 64 Glnas
+1.93 Ciass

+ High Steel
+ Vigh Bteel

1,60 Steel
+ High Steel

+ High Steel
+1, 30 Steel

+ High Glass

+ High Glass
+2.11 Glass

+ High Gless
+1.68 Glaas

. 4.46 G'ass

+ High
+ High Stee!

+1.98

+1.31
42, 44
+1.29
NA

Bee Beot
+2. 44
+1.27
2.7

+1.28 Min
+1,28 Min
+1.26 Min

+1.26 Min
By Inspection

NA

DEFLECTION

R}

{IN,)  PERCENT RADIU®

-0.005%

+0, 106
-0,083

-0.ub7

-0. 140

0.t !

10, 420
-0.2¢

+0.03

Structural Analysis Snmmary
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SECTION IV

DESIGN ANALYSES

The nozzle must be analyzed gas dynamically, thermodynamically, and
structurally to finalize design details prior to release for fabrication. These
analyses are based on the desig 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 h:at transfer coefficients at
various stations throughout the nozzle.

The flual temperature distribution and insulation thicknesses are determined
from the thermodynamic analysis with the use of the above mentioned heat transfer
coefficients.

The structural analysis certifies the integrity of .ae nozzle design and TVC
system support structures with the loads &' 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 tho 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 pressure = 550 psia

3. Propellant = TP-H8163

The initial throat diameter is 20. 0 inches. For this design study the nozzle
throat erosion rate was celculated to be 11,5 mils/sec based on the sir.plified
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 thermodynamic analysis.

(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 is axially symmetric, nonviscous,
irrotational, and isentropic.

In addition, the direction of the streamline at the inflection point is specified
and Prandti-Mever flow is asaumed along the poirt-source boundary. The contour is
determined by the condition that the slope of the contour at some computed point must
be equal to the slope of the streamline at that point.

The variables in thz contour optimization are initial divergence angle,
length, and expansion ratio. The expansion ratio and length were determined during
the preliminary tradeoff studies.

This envelope-contour required to meet the RFP performance requirements
was doterinined as part of the overall motor configuration selection, This r.election
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 eéch of the primary variables.

The selected contour has an initial divergence angle of 25 degrees. The
contour wall turns back 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 engle. This small arc minimizes weight of the blending
section while providing for smooth transitory flow.

(2) Mach Number and Heat Tranvfer Coeificient--The exit contour Mach

pumber and heit 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 coefficient 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 inclided here. Eroded oxit 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 ke contour of

the entrance section or nose of the submerged nozzle for *he 156-7 motor and to
develop the flow conditions throughout the nozzle and motor. The objecti -e of the
design study was to design a minimum size, acceptable perfor mance, nozzle 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 discharge 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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o 1] MM.__ ks  USOWRTED

Lo

T
b 32 ’,/’:// '//

LOCAL WALL MACH NO,

[} 4 2 0

— ————
-

- 35.6 SEC
71,2 8EC
107 8EC

§620-19

Figure 34,

1566-7 Local Wall Mach Number vs Axial Location in Nozzle
(RNF = 19.2 In.; Ly = 13.0 In.)
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Ly
=3 Ko

SQ

CONVECTIVE HEAT TRANSFER COEFFICIENT

8 e /.;/ /
________,::/—/ﬁ;t";’d/
\1-—-———"/ /
/
/
—
lmr'l..z
LN-IJ.O
014 12 10 8 [} 4 2 0

AXIAL DISTANCE UPSTREAM OF THROAT (IN.)

,‘\ \
71.2 SEC
107 SEC

.
-
e
i
7
e

Figure 35. 156-7 Convective Heat Transfer Coefficient
vA Axial Location in Nozzle

(RINF = 19.2 In.; Ly = 13.0 In.)
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A minimum size nose, compatible with the above conditions is also required
to aid in providing a minimum cost and weignt nozzle.

Duosign studies conducted by Thiokol have indicated that the design objectives
can be attained using a hyperbolic spiral for the contour of the nozzle nose. This
hyperbolic spirai is blended into the throat by a circular arc (Figure 36 ). The
length of the nozzle nose from the nose tip to the throat (LN) and the width of the
nozzle nose from the 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+ ‘;(tw)
where

LN = length of nose from tip to throat (in.)

R, = nozz'e throat radius (in.)

T

€ 't = erosion rate at the throat (in. /sec)
tw = motor web time (sec)

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

= 4+ !
Ring " 16 Ry + g ty)

Using these 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 tip was determined to be 18.57 inches.
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HYPERBOLIC SPIRAL
rfA = CONSTANT

_+ .

NOZZLE
GEOME TRICAL
THROAT

0 VALUE
IN HYPERBOLIC
EQUATION EQUALS

1 RADIAN

Figure 36. Hyperbolic Spiral Description
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Two nozzle ncse contours were evaluated simultaneously using longer nose
lengths and larger nooe tip redii. The complete analysis matrix is shown in
Figure 37.

Results of the analysis on the nose contour 12.0 in. long with a radius froin
the nozsle centeriine to the nose tip of 18. 57 in. are shown in Figures 38 and 39
‘Figure 38 shows the variation of the Mack 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). Thrze Mach
number profiles were calculated using the axisymmetric potential flow solution.
The zero sec Mach number profile was calculated using the initiai propellant
configuration and the uneroded nozzle geometry. The 35.6 sec configuration shown
in Figure 38 was determined using the convective heat transfer cozfficient
determined for the zero sec flow conditions shown in Figure 39.  The material
erosion rates determined from the convective heat transfer coefficients calculated
for the zero sec flow condition were extrapolat=d for 35.6 sec to determine the
total erosion depth. A new Mach profile and heat transfer coefficient variation
along the 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 Pigures 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 = 0. 30).
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RADIUS FROM NOZZLE

CONFIGURATION| NOSE LENGTH (IN.) CENTERLINE TO NOSE TIP (IN.)
1 12,00 18,57
2 13. 00 19.20
3 13. 80 19,80

Figure 37. Analysis Matrix

61

i ~ S "

o T AR T T
< ; r. N 3
% ’»‘*""Tu:jﬁzm ;é:- 'g N ;g"




LOCAL WALL MACH WO,

1.0 7 /
’ /' ’ /

0.8
1A
" "
;
- 7~ .

0.6 74 .
,"/‘//

%.4
.'INF- 18,87
\ = 12,0
0.2 \ g
\ \ \ \\
————
1)
14 12 10 L} 6 4 2
AXIAL DISTANCE UPSTREAM OF THROA7G (IN.)
8620-23
Figure 38, 156-7 Local Wali Mach Number
vs Axial Location in Nozzle
(RmF = 18, 67 I%:?,; LN = 12,0 In.)
B odo 18 11 L O rl}{& LR » g2 Y




)

LBM
SQ FT-SEC

CONVECTIVE HEAT TRANSFER COEFFICIENT

12
0 /l
\ 40 ) /
0.0 R 4-—//_/;//
== _///
\\. - ————— “—‘—_:::_———"ﬂ‘
0.6 —]
0.4 - b
Rogp = 19:87 /
Ly = 12.0
0.2
0
14 12 10 a 6 4 2 0

AXIAL DISTANCE UPSTREAM THROAT (Ix.)

107 SEC

K6i20-20

Figure -39. 156-7 Convective Heat Transfer Coefficient vs Axial
Location in Nozzle (RpNy = 18.57 In. ; LN = 12.0 In.)

63




The flow then acoelerates uniformly along the wall
to & point : proximately 1 in. upstreem of the
geometrical throat at whicu time it reaches Mach 1.
3. As 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 aec of motor burning, the flow Mach number
at the nose tip is high (M = 0. 5).
5. 'The uverage convective hext transfer coefficient
in tb > nozzle throat area is approximately 1. 00.
This value of heat tranafcyr coefficient will produce
a throat erosion rate of 10.3 mils per second. For
this anaiysis, however, the throat erosion rate of
11.5 mila/sec was used to assure reliability of
the desiga.
The Mach number variation along the 13. 0 irn. long nose is shown in
Figure 34. These Mach mumbers also were determined using the axisymmetric
potential flow analysis. The convective heat transfer coefficient variation alung
this nose design is shown 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 Mach 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 iransfer 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 eroston rate of 9. 75 mtls/
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. The 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 réuult
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 the 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 a3 nose tip to
the nozzle throat. The 12,0 in. long nose, because of nozzle erosicn, produces a
high flow Mach number about the tip of the ..0ozzle 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 effeci is undesirable. The 13.0 in.
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long nose reduces this Mach number of turning on the nose tip approximately 20
peroent from 0.50 to 0. 40.

The Mach number on the ncse tip of the 13, 8 in. nose is not significantly
changed from the 13. 7 in. nose. Aithough the nozzle throat erosion rate would be
reduced to 8.0 mils/sec, in the 13.8 in. nose from the 9.75 mils/sec rate obtained
with the 13. 0 in. nose, this change was not considered significant enough to warrant
the increr3ed nose size.

Therefore, 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. Aerodynamic Nozzle Loads--To assist with the structural analysis of the 156-17
nozzie, the following items were developed.

1. Internal wall pressure.

2. Axial blowout load.

3. LITVCwall pressure, transverse shear, and
longitudinal bending moment.

4. Injector reaction ring load.

Figures illustrating these loads arc in Section IlI. The analysis used to
obtain these loads is explained in the following paragraphs.

(1) Wall Pressure--The internal pressure distribution is showr. in Figure
14, Pressures in the subsonic region were determined using a subsonic potential
flow solution programed for the IBM 7040 comnputer and were developed as part of

tae nose design. The wall pressures in the supersonic flow region were calculated
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using an axisymmetric method of characteristics program. Ambient sea level
pressures were assumed acting on the external surface.

(2) Axial Load--Th~ 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 usea to determine the axial load-
2" Ty
Fa= / /7 Prdgar
o ry

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 i5.

(3) LITVC Wall Pressure--The nozzle loscing due to liquid injection consists
of the wall pressure load and the reaction load due to the momentum of the injected
liquid.

Limited data are available for determining the wall pressure distribution
due tc N9O4 injection. However, the peak pressure due to injection was determined
using a method developed under Contract No. AF 04(611)-9960 (See Refereunce 27).
This pressure was assumed to act at the injection port and the pressures were
assumed to vary az shown in Figures 17 and 18. | The region affected by these

pressures was establiched 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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the structural design loads. Integration of the pressures shown in Figures 17 and
18 was 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 the 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=th Vj+ (P - Pg) Ay
where:

th = mass of injectant per port = 16.8 lb/sec

V = velocity of injection, ft/sec

Pj = gtatic pressure of injectant, psia

P‘ = gtatic pressure of gases at injection port, psia

A, = area of injection port = 0. 0029 sq ft

The velocity (V1) was calculated using the following equation:

Vy=1/Cp, PA
where:

p = fluid density, lbm/cu ft

Cp = discharge coefficient = 0.7

The calculated reaction load was 420 Ib per quadrant.
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2. HEAT TRANSFER 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 firing. 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
in the analysis (Reference 23). Boundary conditions and other input reguired by
this program are described below andare followed by a sample analysis in the
throat region.

The transient temperature response of the insulation and nozzle parts is a
functicn 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. The motor internal thermal environ-
ment i8 theoretically determined by the methods outlined below.

a. Deflnition of Motor Internal Thermal Environment--The internal thermal

environment of the motor i8 dependent on propellant composition and pressure at
which combustion occurs. With these (¥o 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 locaticns in the nozzle. From this information
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A/A*

[l

€ < e

o

B.

Condensed particle cross sectional area (sq cm)
Nczzle expansion ratio
Characteristic gas velccity (R/sec)

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

Nozzle throat diameter (ft or in.)
Acceleration due to gravity (ft/sec?)
Recovery enth:lpy (Btu/.b)

Static enthalpy (Btu/Ib)

Total (stegnation) enthalpy (Btu/1b)

Static enthalpy of the gases on the wall side of the boundary
layer (Biu/1b)

Mean radiation beam length (cm)

Lewis number (dimensionless)

Erosion rate (1b/sq ft-sec)

Particle number density (numher/cu cm)

Recoviry factor (dimensionless, the cube root of the Prandtl
numl «r)

Throat radius of curvature (ft)
Chamber pressure (psfa or psia)
Prandtl number (cp/k) (dimensionless)
Heat flux ‘Btu/ftz-aec)

Stanton number (dimensionless)

Figure 42, Thermal and Erosion Analysis Definitions
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A ———
Tg = Gas temperafiure
TW = Wall temperature
ag = Gas absorptivity
B = Blowing parameter (dimensionless)
€ g = Gas emissivity
€ W' “ = Effective wall emissivity
7] = Viscosity (1b, -sec)
P = Gas density
(o = Boltzman's oonstant[(o. 476 x 10-12 Btu/sq ft-sec ('R’)“)_]
g = Dimensionless factor accounting for variation of gas density and
gas viscosity across the boundary layer
SUBSCRIPTS
c = 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 (Cont)
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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:

fp = Ne (Lo - 1g) +1g

r
where:

i, = recovery enthalpy (Btu/Ib)

Nrf = recovery factor (dimensionless, the cube root of the Prandtl

number)

i = total (stagnation) enthalpy (Btu/Ib)

ig static enthalpy (Btu/1h)

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.

Tec determine the amount of heat actually transmitted acrmss the boundary
layer (by convertii), the enthalpy on the wall side of the boundary layer must also
be known. This is obtained by a second computer program whi~h calculates equilibrium
composition and enthalpy as a function of temperature aud pressure. Computation by
this program considers the effect on wall enthalpy of mas- 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 fuuction of these psrameters
is the output on punched cards that becomes input for the ablation and char heat

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

difference across the boundary layer at any instantarieous set of conditions may be
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determined by tze compute». This information, as well as the convective heat
transfer coefficient, is needed to evaluate convective heat flux,
The simplified Bartz (Reference 21) equation is used to calculate the

convective heat tranzfer coefficient:

. - 0.025 [ Jo.z (P .)o_a D, \ 0.1 ,
H ™ 0.2 0.9 0.6 C*
(D" “ (A/A%) (Py) re
0 0
where:
Cx = heat transfer coefficient besed on enthalpy difference
(Ib/sq ft/sec)
0.028 = a correlation constant derived by Bartz from turbulent boundary

laver analyses

Dy = nozzle throat diameter (ft)

(A/A*) = expansion ratio at the nozzle locetion under consideration

é m = viscosity at stagnation conditions (1b/ft-sec)
| P, = Prandtl number (u cp/k) (dimensionless)
B = chamber pressure (psfa)
g = acceleration due to gravity (ft/sec?)
C* = characteristic gas velocity (ft/sec)
L = throat radius of curvature (ft)
¢ = dimensionless factor accounting for variation of p (gas density)

and 4 (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
dataareusedin 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 tempera*ure and nozzle
expansion ratio are shown in Figure 46.

Having obtained the foregoing information, the convective heat flux may
be calculateq according to the following equation:

q = CH (ir = iw)

conv

where:

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

"

recovery enthalpy of the combustion gases (Btu/1b)

]

static enthalpy of the gases on the wall side of the boundary
layer (Btu/1b)
Conventional techniques are used to determine the net radiart heat flux

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

4 .
qrad = Gw' o (fg Tg - aglw4)

where:

effective wall emissivity

~
]

w
cg = gas emissivity

ag = gas absorptivily

Tg = temperature of the gas (°R)
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Figure 44. Viscosity of Combustion Products
(Evaluated at 1, 000 psi)
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CONVECTIVE HEAT TRANSFER COEFFICIENT (LB/SQ FT-SEC)
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Figure 46. Convective Heat 7' ransfer Coefficient vs Area Ratio
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i i A%

Tw

temperature of the wall (°R)

Boltzman's constant

o

Gas temperature (Tg) 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:

€g =0g = 1 - e"NAL
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 Porformance--The computer program used in the thermal analysis
is an explicit, finite difference solution for the transient temperature response in
a one-dimensional, 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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(pyrolyzing) material. Thisis 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 detefmined 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 compuiar program.
Othe: ~ut is shown in the sample analysis outlined in the following section.

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

under Air Force Contract AF 04(611)-9073 (Reference 23). The erosion depths

computed by tae 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 Bartz correlation
are available for computing beundary layer conditions (¢.gZ., the Ambrok, Rubesin,
Mayer method; and Bartz, et al.; References 24 and 25) but have not yet been fully
evaluated in conjunction with the programs described above.

In the subsonic nose region, where three-dimensional effects are impoitant,
a boundary layer program based on a more rigorous interpretation of the Bartz
equation is used in corjunction with a flow net analysis. Heat transfer coefficients
generated by this 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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c. Nozzle Throat Sample Apalygis-~C=lculations presented below show how
temperature profiles along the thzos.t centerline were obtained. Resulis of
similar caieuhtlons for several other stations throughout the nozzle are also
presented.
Computations were psrformed on the IBM 7040 computer using the ablation-
char program described earlier.
Input to the computer requires the definition of boundary conditions.
This procedure is outlined below.
1. Boundary Conditions
Definition of motor parameters
Average chamber pressure = 550 psia
Propeliant: 16-86 HB
Throat diameter = 20. 00 in.
A/A* = 1,0 (transonic)
2. Convective Heat Flux
P/P, = 0.568
P = 400 vsia
Tc = 6,240°R
T = 5,800°R (Figure 47)

Heat transfer coefficients (Figure 46)

Temperature Cy at 1, 000 psi
(‘R) (Ib/sq ft-sec)
3,125 1.030
4, 890 0.930
6, 250 0.878
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Since chamber pressure is a function of ime, the above
coefficients are corrected (as a function of time) by the {
ratio (P_/1, 000)°- 8,
3. Radiant Heat Flux--The net radiant litat flux at the nozzle
throat 18 small compared to the convective heating. It was

calculated by the conventional equations described previously.

Qrag = €' @ (cg Tg -ag Tw4‘,
Temperature 18 the only value in the equation which varies

throughout the nozzle. Gas temperature at the throat was

5, 8J0°R.

Values for the other constants were:

€' = 0,78
o = 0.476 x 10712 Btu/sq ft-sec (*R)*
Qg q Was calculated by the computer as a function of Tw.
4. Evaluation of Throat Temperature History
The above boundary conditions were input to the computer. Resulte cf the
computer analysis are plotted in Figure 48. Runs it 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 indicated by the point at

which that particular time curve intersects the erosion curve. There is no sharp
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TEMPERATURE (°F)

8, 000

4,000

3,000

2,000

1,000

*FOR TEMPERATURE DISTRIBUTION, REFER TO FIGURE 586.
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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
Section at A/A* = 12,9
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Figuve 53. Predicted Temperature Profiles, i56-7 Noxzle
Section at A/A* = 14,7
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Figure 54. Predicted Temperature Profiles, 156-7 Nozzle
Sectioi at A/A* = 22.5
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Figure 55. Predicted Temperature Profiles, 156-7 Nozzle
Section at A/A* = 33.0
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of 156-7 Nozzle
94

™00 ST VISR | et T T AT eganda”
ook SR ARRU R TR e ’ i —*



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. Pyrolysis of the resin is assumed to begin at about 500° F;
therefore, all material above this temperature has been charred to some extent.
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