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SUMMARY 
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An experimental program produced a re7 iable, parametric s e t  of measure- 

ments i n  the exhaust plumes of solid propellant rocket rotors. One rocket 

nozzle geometry (E = 7.6, On = 15") and one design chamber pressure (1000 p i a )  

were used throughout. 

forces heat transfer rates, particle sampling, and high-speed movies. Approxi- 

mately 210,OOC digital  data points and 15,000 movie frames were acquired. Mea- 

surements were made a t  points i n  the plumes via rake-mounted probes, and on the 

surface o f  a large piate impinged by the exhaust plutxe. Parametric variations 

were made i n  pvessure al t i tude (50Ky 100K, 112K feet) ,  propellant aluminum 

loading (22, lo%, 15%), impinged plate incidence angle  (30°, 45", 60°, goo), 

and distance from nozzle ex i t  t o  plate or rake (X/D = 5, 12, 16, 20). 

b i l i t y  was incorporated by continual use o f  repeat runs. 

Plume measurements included pressures, temperatures, 

Relia- 

T h i s  challenging program w i t h  the largest propellant charge used t o  date 

a t  the MSFC Experimental Aerophysics Facil i t ies involved several potential 

diff icul t ies :  

instrumentation. 

10% At propellants. 

the prosram goal was satisfied and 90 runs were performed i n  46 working days. 

A routine operation of 3-4 runs/day was developed. 

new t e s t  fac i l i ty ,  severe t e s t  environment, ambitious amount of 

The Pc level was consistently less t h a n  design for the 2% and 

Instrumentation damage was frequent a t  X/D = 5. However, 

T h i s  document begins with description of the t e s t  setup of the various 

hardware items, and an account of the t e s t  procedures. 

discussed, along w i t h  accitracy of the d a t a .  

i s  dgtailed. 

The test results are 

Format o f  the data presentation 

The completz d a t a  are presented i n  Appendices. 

i v  
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NOMENCLATURE 

A 
abs  
A t  
A 1  t 
a t m  
B t u  
CRT 
D,dia 
F 
FS 
f t  
9 
HC2 
Hg 
HRWT 
Hz 
ign 
i n  
K 
lb,# 

MOC 
msec 
MSFC 
NG 
P 

mm 

p:: 
Qxx 
PS’ 
R 
Re 
RTV 
sec 
S/N 
sq 
SSLV 
t 
T 

TWT 
w ’ 
X 
Y 

TYf! 

Area 
Absol Ute 
A 7  umi num 
A 1  ti tude 
Atmosphere 
British thermal unit 
Cathode ray tube 
Diameter 
Force 
F u l l  scale 
Feet 
Gravi tationsl acceleration 
Hydrochloric acid 
Me rc u ry 
High Reynolds iiumber dind Tunnel 
Hertz 
Igniter 
Inch 
Kilo (i .e., * lo3)  
Pound 
Millimeter 
Method of Characteristics 
Mi 1 1 i sec 
Marshall Space F l i g h t  Center 
No good 
Pressure 
P a t  xx (see Fig. 5) 
Heat transfer rate 

Greek 

E: A/A* 
ON Nozzle wall half-angle 
U Standard  deviation 
JI Plate incidence (see Fig. 5e) t Center1 i ne 

Subscripts 

c .  Chamber 
n Noztl e 

Ambient 
* Throat 
m 

&A a t  xx (see F i g .  5) 
Pounds/sq. in. ( a  = absolute, d = difference) 
Radius 
Rheni urn 
Room temperature vulcanizing 
Second 
Seri a1 number 
Sq ua re 
Space Shuttle Launch Vehicle 
Time 
Temperature a t  xx (see Fig. 5c) 
Thermocouple 
Tri soni c Wi nd Tunnel 
Tungs ten 
Axial distance (see Fig. 1 ,  5 ) ;  also,  unknown quantity 
Distance along plate (see Fig. 5e) 
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2. INTRODUCTIOK 

RTR 016-4 

Solid propellant rocket motors are cormon items on space vehicles. There 

has been continuing effort  t o  produce more accurate analyses o f  plumes of such 

rocket motors. 

i s  to compare analytical ly-predicted properties w i t h  measured values and, of 

course, this  method has been applied t o  these analyses. 

have been several shortcomings regarding this approach: 

The traditional method for evaluating the u t i l i t y  of analyses 

However, t o  date there 

1.  Measured values of plume properties are scarce. 

2. Measured values have not been acquired w i t h  
enough repeat cases t o  provide high confidence 
i n  their  re l iabi l i ty .  

Data are not  available for  parar?etrically 
varied conditions. 

3. 

An experimental program was conducted t o  overcome many of these short- 

comings. The specific aim of this  prograrri was to  increase confidence i n  a 

particular recently-developed analysis of sol id propellant rocket motor exhaust 

plumes (Ref.1) for Space Shuttle applications. The overriding consideration 

was to acquire parametric da ta  of the utmost re l iabi l i ty .  Extensive use wa: 

made o f  repeat d a t a  points t o  enhance rel iabi l i ty .  

To achieve the program aim, a variety of test-specific hardware and faci- 

l i t y  provisions were required. There were three categories of hardware: 

the rocket motors t o  produce the plumes; (2) 

(3 )  

t a t i o n .  

instrumentation, a n d  enhancing personnel access for the 50-foot diaweter sphere 

which i s  the exhaust receiver for the NSFC High Reynolds Number Wind Tunnel 

(HRWT) . 

(1 )  

the plume Instrumentation; and 

the auxiliary equipment t o  position the motors relative t o  this instrumen- 

A new fac i l i t y  was provided by a d d i n g  a vacuum capability, supplying 

1 



RTR 016-4 REMTECH INCORPORATED 

There were several unique and chal lenging aspects t o  t h i s  program. I t was 

the f i r s t  use of  t h i s  modif ied f a c i l i t y ,  the f i r s t  use o f  s o l i d  propel lants  a t  

the HRWT, and the l a rges t  propel lant  charge used t o  date a t  the  Experimental 

Aerophysics f a c i l i t i e s .  

haust environment (pressures , temperatures, heat t ransfer  ra tes,  forces, par- 

t i c l e  sampling, and h igh speed movies) were no t  s t r i c t l y  conventional. 

The planned measurements w i t h i n  the severe rocket  ex- 

Careful 

a t ten t i on  t o  a great  many considerations was requi red t o  accomplish the pr*ogram 

aim. The t e s t  var iab les were prope l lan t  aluminum content, plume instrur,entat ion, 

and pressure a l t i t ude .  One nozzle design was used throughout. A nfizzle c a l i -  

b ra t i on  phase (wi th  a i r ,  i n  the  14-inch TWT) preceeded the  basic t e s t  o f  rocket  

motors i n  the HRWT 50-foot sphere. 

This program was denoted FA-21 by the  SSLV Project, and HRIJT-38 by the 

MSFC f a c i l i t y .  

90 runs were accomplished. 

i n g  design t e s t  condi t ions.  

run ra tes  dur ing the t e s t  phase. 

resu l t s ,  and presentat ion o f  data are given i n  the fo l low ing  sections. 

Nozzle Ca l ib ra t ion  Phase was q u i t e  d i s t i n c t  i n  a l l  aspects and i s  t reated se- 

parately,  Appendix A ) .  

(The Nozzle Ca l ib ra t ion  Phase was denoted TWT-633). A t o t a l  o f  

Table 1 presents a capsule of the FA-21 t e s t  show- 

Table 2 shows the ove ra l l  program schedule and the 

De ta i l s  of the t e s t  setup, t e s t  operations, 

(The 

2 
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3. TEST SETUP 
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The FA-27 Plume Measureinents Test involved the largest solid propellant 

motors yet used a t  the MSFC Experimental Aerophysics fac i l i t i es .  

fac i l i ty  modifications were required as well as fu l l  use of most of the extant 

fac i l i ty  capabilities and a significant quantity of special-purpose items. I n  

this section the hardware and software are described in categories of fac i l i ty ,  

rocket motors, auxiliary equipment, instrumentation, and d a t a  system. 

cription includes physical aspects and component operations. 

are treated in Section 4 and-performance aspects in Section 5. 

Significant 

The des- 

Test operations 

T h e  basic tes t  setup incorporated an array of plume instrumentation lo-  

cated i n  the exhaust plume G f  a small solid propellant rocket motor (Fig. 1). 

The positions of both rocket motor and plume instrumentation could be varied 

easily. The hardware design a1 so permitted simple replacement of rocket Rotors 

and repair of instrumentation . 

3.1 TEST FACILITY 

This Plume Measurement Test was conducted i n  the 59-foot- diameter sphere 

of the MSFC High lieynolds Number Wind Tunnel (HRWT). 

the HRWT.  

a t tenuate  sound and coilect  the Mylar diaphragm debris. 

three additional provisions were necessary: 

ways, and ( 3 )  accomodation of rocket motor and instrumentation. 

depi c ts  this f aci 1 i ty  . 

Reference 2 describes 

This sphere was bui l t  as a receiver for  the HRWT exhaust, t o  

For the FA-21 program 

(1)  vacuum capability, ( 2 )  man- 

Figure 2 

The vacuum capability was provided via a 12-inch-diameter l ine from the 

sphere (connected near the 45' elbow i n  the 7-foot-diameter perforated duct 

from the HRWT tes t  section) to  pumps in Builaing 4734. These pumps also serve 

3 
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the  14-inch TWT. 

The key manway i s  the o r i g i n a l  24-inch-diameter manhole, located about 11 

feet  above ground. Outside, a p la t form (about 4 x 6 fee t )  was added adjacent 

t o  the manhole, w i th  a stairway f o r  access. 

4 x 4 fee t )  was added w i t h  an abbreviated stairway. 

f o r  the rocket  no to r  and plume instrumentation i ns ide  the sphere, a lumber scaf- 

f o l d  was erected. 

elegant i n  design, provrd very usefu l  f o r  access t o  the instrumentation. 

accommodation o f  the rocket  motor and plume instrumentation, supports were 

Inside, a smaller p la t form (about 

During welding of supports 

This sca f fo ld  was reta ined f o r  the  t e s t  and although no t  

For 

prov 

used 

o r i g  

from 

ded on the sphere f l o o r  and along the 7-foot-diameter per forated duct. 

The sphere was sealed from the HRWT t e s t  sect ion by rvlylar diaphragms as 

i n  normal HRWT operations. 

n a l l y  used t o  convey Mylar debr is t o  a t rash  container, was disconnected 

the trash c m t a i n e r  and sealed. 

The 12-inch-diameter l i n e  a t  the sphere base, 

Another 72-inch diameter f i t t i n g  was 

added on the south-west s ide about 15 feet zbove yround for po ten t i a l  use o f  

an extant  low-throughput, very-high-vacuum pump. I t was sealed and n o t  used 

f o r  t h i s  program. The cont ro l led  venting system atop the sphere was reta ined 

and used throughout t h i s  program. 

(Section 3.5) , was used i n  i t s  conventional manner. 

The f a c i l i t y  data system, described below 

3.2 ROCKET MOTORS 

The rocket motors t o  produce the plumes were the key ingredient  i n  t h i s  

t e s t  program (Fig. 3). This design has been used f requent ly  i n  U. S. Amy - 
M i s s i l e  Command Programs. The metal components (deta i led on MSFC Drawing 

80M42754) were reusable. 

fo r  the remainder. 

Molybdenum was used f o r  the  th roa t  i n s e r t  and s t e e l  

The case provided f o r  attachment t o  the f a c i l i t y  t h r u s t  

4 
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ctructure stand, which i n  turn provided alignment w i t h  the plume instrumenta- 

t i o n  equipment. 

Thirty complete rocket motor assemblies were manufactured plus ten extra 

propellant cases and one a:imny (solid a luminum)  case. Meayured dimensions o f  

each nozzle were determjned by procedures detailed in Section4.le (Table 3). 

Three propellant compositions were used: 22, lo%, and 15% aluminum con- 

tent (Table 4). 

To f ac i l i t a t e  fabrication the grain dimensions for  the three propellant compo- 

sitions were identical. 

burn rates. These different burn rates coupleu with identical g ra in  geometry 

and identical nozzle t h r o a t  diameters would produce different chamber pressures 

( P c )  and different operating times for each composition. 

equalize Pc and operating time, trace amounts of burn rate catalyst were added 

t o  the 2% and 10% A 1  compositions. 

as discussed in Section 5.2a. 

I t  was desired t o  provide Pc = IC00 psia for a t  least  200 msec. 

The variation of a luminum content gou ld  yield different 

In  an a t t e m p t  t o  

The results were not  completely satisfactory, 

The propellant was bonded to the case. The igniter was a separate com- 

ponent installed i n  the nozzle converging section as a p a r t  of the motor 

assembly procedure. Details of this procedure are i n  Section 4 . l b .  

The events during motor operation are shown i n  F i g .  3b. The dura t ion  of 

v a l i d  d a t a  was typically approximately i / s  second. 

tent w i t h  previous similar programs (Ref. 3)  which produced acceptable d a t a ,  

b u t  constrained instruinentation (Section 3.4). 

are presented i n  Table 4. The peak thrust  of these motors was less t h a n  400 

pounds. The f i r ing control box was t h a t  used previously (Ref. 3 ) ;  a 28 v o l t  

d.c. electrical  power supply was used, rather than  batteries. 

This brief time i s  consis- 

The estimated exhaust p roduc t s  

5 
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3.3 AUXILIARY EQUIPMENT .- 

The auxiliary equipment supported and positioned the rocket motor and 

plume instrumentation (F ig .  1 , MSFC Drawing 80M57454). The motor support was 

comprised of a stand with a compound drivo pwmanently installed. T h i s  stand 

was supported from the cel l  floor on three studs so that the stand axis could 

be t i l t e d  i n  any direction ( u p  to  about 7") or relocated vertically (through h 

range of about 2 inches). 

nominally-horizontal pos i t ion .  Each axil had 12  inches of motion, controlled 

by handwheel s. 

The compound dr've had two ortnogonal axes i n  a 

The core of the plume instrumentation support was a fixed mounting block 

(supported from the 7-foot-diameter perforated duct), 11 feet  above the cel I 

floor and about 1 foot west of the vertical axis of the motor s u p p o r t  s tand .  A 

vertically-oriented extension plate was attached to  this mounting block. The 

lower edge o f  the plate could be located a t  any 6 inch increment below the bottom 

of the mounting block, from flush to  48 inches. 

controlled) was attachsd t o  th i s  extension plate w i t h  drive axis vertical .  

the combination of extension plate and drive provided infini tely-variable posi- 

tion over a 69 inch vertical range. 

drive, items were attached t directly support  the plume instrumentation (rake 

ol- plate).  

A 12 inch drive (handwheel 

Thus  

Upon the slidiag plate of the 12 inch 

All of the above suppor t  items were made o f  carbon steel, painted where 

Conventional machine o i l ,  which reqijired frequent reapplication, practical. 

protected the unpainted surfaces from the rocket exhaust. 

There were three items af equipment used to  establish the proper align- 

ment between the rocket nozzle and the plume instrumentation. One item was a 

special j i g  which f i t t ed  i*:to the rocket nozzle. The other two items were a 

6 
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standard plumb bob and a bubble level. The procedure t o  use these items to es- 

t a b l i s h  proper a l i g m e n t  is  described i n  Section 4.la. 

3.4 INSTRUMENTATION 

Because of t he  r e l a t i v e l y  b r i e f  motor operating time of 1/4 second, i t  

was important t h a t  the instrumentation have rap id  response characteristics. 

There were two groups of instrumentation associat.ed w i t h  this program, accord- 

ing t o  general locations:  motor and plume. A l l  of  the motor instrumentation 

was pressure measuring equipment. For the plume group, a v a r i e t y  o f  instru- 

mentation types were used: pressures,  temperatures, forces ,  hea t  transfer 

rates, p a r t i c l e  samplers, and movies. 

meastxed using a d i a l  gage tapped into the t u n n e l  inside t h e  HRWT building. 

a. Motor - The motor chamber pressure loca t ions  a r e  shown i n  Fig. 3 and the 

nozzle pressure  loca t ions  i n  Fig. 4. Note the redundant measurement of Pc. 

All the pressure pickups and external lines were attached t o  each motor as p a r t  

o f  the motor i n s t a l l a t i o n  procedures (Section 4.1a). The motor pressure t rans-  

ducer diaphragms were protected aga ins t  h i g h  heating w i t h  a c o a t  cf RN rubber. 

b. Rake and P l a t e  Instrumentation - The plume i n s t n m e n t a t i o n  is shown i n  

Fig. 5. There were two major items: a rake and a p la te .  The transducers 

(Table 51, which convert physical t o  e l e c t r i c a l  s igna l s ,  could be used on both. 

Eitlier item could bz positioned a +  a v a r i e t y  of longitudinal loca t ions ,  an$ 

the p l a t e  could be ro ta ted  t o  several  i nc l ina t ions .  

were se lec ted  based on the expected loca t ions  o f  various phenomena of interest 

and a desire tc  parametrically vary the he igh t .  

In addi t ion ,  the cell pressure  was 

Rake and p l a t e  pos i t i ons  

Alignment of the plume instrumentation with the rocket nozzle wzs c r i t i c a l ;  

pr-cedures a r e  de t a i l ed  i n  Section 4.1a. The goal o f  rake alignment was t o  
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array the probe t i p s  a t  :?eci f ied spacing along a s t r a i g h t  l i n e  which was 

orthogonal t o  the  rocket  nozzle cen te r l i ne  and a t  a speci f ied distance from 

the nozzle e x i t  plane (Figs. 1, 5b). The rake c w l d  accomnodate pressure, 

heat rate, temperature, and fo rce  gage probes a t  minimum spacings o f  V n  inch. 

Probe locat ions were var ied as t e s t  condi t ions and unexpected developments 

dictated. The fo rce  gage, however, had a 2 o r  3 inch spacing from t h e  center- 

l i n e  probe so t h a t  i ts  la rge  bow shock would not  i n t e r f e r e  with adjacent gages 

and s t i l l  be near enough t o  the cen te r l i ne  to measure p a r t i c l e  as w e l l  as 

gas impingement forces. 

The p l a t e  could incorporate pressure and heat t rans fe r  r a t e  gages (Fig. 

5 d )  and the p a r t i c l e  sampler. Because al ignnent and spacing o f  gages were 

f ixed (Fig. 5 f ) ,  t he  pos i t ions were not  var ied and gage locat ions were c h s e n  

t o  g i ve  a cross-section of the plume. P la te  1:ncidence angles (Isi) were a lso 

e s s e n t i a l l y  f ixed (15' increments from 15-90'). 

very p rac t i ca l ,  t o  shim the p l a t e  support s t ruc tu re  t o  ad just  the angle. A t  

i n s t a l l a t i o n  the  p l a t e  was shimed t o  provide tb = 90' + 0.1'. Subsequently $ 

was monitored for  each setup (exh ib i t ing  a tolerance o f  + &"), bu t  no f u r t h e r .  

adjustments were attempted. The p l a t e  was o r i g i n a l l y  ro tated so t h a t  a t  45' 

i t  was somewhat p a r a l l e l  t o  the 7- foo td iameter  perforated duct (east end up). 

However, f o r  X/D = 5 the motor mount east-west hand crank in te r fe red  w i t h  -the 

plate.  To obta in  the smaller height needed, the p l a t e  was ro ta ted  w i t h  the 

east end down (Fig. 5e). 

It was possible, zlthough not  

- 

- 

For both rake and p l a t e  special consideration was given t o  the s i z i n g  and 

Those located i n  the severest heating p ro tec t i on  o f  the pressure transducers. 

area - the cen te r l i ne  and adjacent probes - were pmtec ted  l i k e  the motor 
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transducers - w i t h  RTV rubber on the diaphragm. Transducer s izes  were selected 

fo r  expected or observed pressures and availabil i ty.  

The temperature measuring device was a W-.05Re/U-.26Re thermmouple, of 

0.001 inch diameter w i r e ,  installed in  a special probe (Fig. Sa).  Heat r a t e  

. measurement came f rom Medtherm, Irx., slug calorimeters w i t h  a nominal upper 

f lux  level of 600 Btu/(ft*-sec). 

c, Par t ic le  Sampler and rbvies - Part ic le  sampling equipnent was b u i l t  

specially fo r  t h i s  program ( S F C  Drawing 8oH42811, Fig. 5 g ) .  T h i s  equipment 

used a rotating disk upon which par t ic les  were acquired i n  a wax base, 

plus a drive motor and a s lot ted s h i e l d  to limit t h e  spat ia l  extent of 

sampling. Particles arriving a t  t h e  s h i e l d  entered t h e  s l o t  and impinged 

on the wax. The rotation of the d isk  beneath this s l o t  caused t h e  particles 

to be arrayed on t h e  wax i n  an arc  which provided a time history, and t h e  

length o f  the slot provided a radial distribution. 

a speed such t h z t  the rocket motor start-up and tai l-off par t ic les  would not 

overlap each other y e t  still  cover most of the disk.  

The d i s k  was rotated a t  

High speed motion pictures (approximately 1500 frames/sec) were acquired 

using a camera i n  the sphere. These movies relied on the illunination provided 

by the hot exhaust plume. 

protection from the environment. Operating time fo r  the camera was approximately 

4.5 seccnds f o r  each test run. 

The camera was encased i n  a polyethylene sheet f o r  

Figure 6 shows photqraphs of typical installed instrumentation. 

3.5 DATA SYSTEM 

The data system concept was conventional for  this f ac i l i t y ,  b u t  adapted 

t o  the special features o f  this specific program (Fig. 7).  Central to  this 
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system was an o n - l i r x  c a p a b i l i t y  which provided d i g i t a l  and analog h i s t o r i e s  

o f  a l l  measured parameters w i t h i n  minutes o f  completing a run. The core e le -  

ments i n  t h i s  c a p a b i l i t y  were the  Hewlett Packard data acqu is i t i on  system and 

Tektronix cathode ray  tube computer terminal. 

were used,. tak ing data a t  200 frames/sec fo r  500 msec (recording a t o t a l  of 

100 records per channel per run) 

mentation devices are  g ven i n  Table 6. 

For this t e s t  up t o  28 channels 

The channel assignments f o r  a l l  o f  the i n s t r u -  

The data recording system and rocket  motor f i r i n g  were both i n i t i a t e d  

using the f i r i n g  contro box. Upon a c t i v a t i c n  o f  the f i r i n g  switch, a s t a r t  

s igna l  was given t o  the data system imnediately, and the f i r i n g  current  was 

released tc  t h e  i g n i t e r  a f te r  a spec i f ied  delay. 

was manually coordinated w i t h  ac t i va t i ng  the f i r i n g  switch. 

de ta i l ed  i n  Section 4.lb. 

The movie camera s t a r t  s igna l  

This procedure i s  
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4. TEST 0PERATIOI"IS 

The goal of t h i s  program wzs to  acquire parametric, reliable t e s t  data for 

In support of this goal, nozzle calibrations comparison to  Ref. 1 predictions. 

w i t h  a i r  (discussed i n  Appendix A )  were accomplished well i n  advance of the 

primary rocket f i r i n g  test phase. Test procedures were selected to  achieve the 

maximum operational efficiency consistent w i t h  safety, incorporating the exper- 

ience of prior related t e s t s  as much as practical. Test conditions were chosen 

to  investigate a broad range of typical shuttle operations and to  better define 

certain unexpected phenomena uncovered during the tes t .  T h i s  discussion first 

t rea ts  the t e s t  procedures and next the design t e s t  conditions (exact test con- 

ditions are presented i n  Section 6.4 and Appendices B and C ) .  Then a detailed 

r u n  log is  provided, w i t h  remarks on anomalies of ind iv idua l  runs. 

4.1 TEST PROCEDURES 

The test procedures were selected t o  achieve the maximum operational 

efficiency consistent w i t h  safety. The experience available from prior related 

t e s t s  was used as much as practical. Ref. 4 outlines the safety practices used 

during the test. 

The nominal r u n  procedure is shown i n  Table 7. Each r u n  required most of 

the steps shown, and the in i t i a l  r u n  a f te r  each instrumentation change req2ired 

a l l  of these steps to be followed. After an in i t ia l  learning period - approxi- 

mately three weeks - tunnel personnel cculd perform four runs daily, assuming 

no major instrumentation changes. Normal procedure was to end the daily r u n  

sequence w i t h  a loaded motor i n  the sphere and the manhole covered. This step 

permitted a few people t o  perform a run  before the ful l  crew arrived: one per- 

son turned on the vacuum pumps early the following morning to  establish the 
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desired sphere pressure by 7:00, then w i t h  two more personnel a r u n  was f i red,  

and the sphere vented and purged i n  time for  the regular crew t o  help se t  up  

the next run a t  7:45-8:OO. 

a. 

pos i t ion ing  and alignment of the plume instrumentation. These items were re- 

positioned a t  the regular instrument configuration changes called for i n  the 

t e s t  matrix, and as necessary to account for unexpected phenomena; e.g., severe 

heating, suspected plume shear layer, and instrumentation failure.  

Instrumentation Preparation - The most involved preparation process was the 

The original alignment o f  the rake probes was accomplished i n  the tunnel 

model shop using an optical measurement devicz. A h igh  accuracy could be assured 

by this device. Due to  expediency, a l l  subsequent probe changes were made i n  the 

sphere using t5e method detailed i n  Table 8. 

The height above the nozzle exi t  was specified i n  the r u n  matrix as X/D. 

Using the diameters of the specific nozzles planned for t h a t  series o f  runs, 

design heights were calculated prior t o  an instrumentation X/D change using the 

following equation: 

where 

serial  number, S/Nl is the f i r s t  and S/Nf the final nozzle ser ia l  number o f  

this series,  and n i s  the number of nozzles i n  the series. The design heiqht 

thus was a function of the average diameter of nozzle exits t o  be used in the 

series. This height was adjusted roughly by positioning the mount ing  block 

extension i n  six inch increments. Final adjustment used the vertical hand 

)specf fied i s  the X/D of the next series of r u n ,  i i s  the nozzle 
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crank t o  correctly position the probe tips as measured by a ruler from the 

nozzle exit plane to  the center prcoe. Estimated accuracy o f  alignment is 

given i n  Table 9. 

The impingement plate was aligned i n  much the same fashion (Fig. 5e). 

I t  was important to  f i r s t  adjust the plate incidence angle because the center 

of the rotation was not on the instrumented surface, and t h u s  a change i n  

this angle also changed the height of the plate above the nozzle. 

There were several steps to  prepare for particle sampler use. First, the 

d i s k  was covered w i t h  aluminum f o i l ,  aluminum tape was wrapped around the peri- 

meter, and wax was poured into the resulting enclosure. The d i sk  was then 

mounted to the motor shaft, and the cover plate was clamped over the disk and - 

t o  the impingement plate us ing  C-clamps (Fig. 6d) .  The plate was a t  JI = 90" 

w i t h  the height and plumb adjusted as above, except: 

sured to  the cover p l a t e ,  and (2) the plumb bob string was held to  the narrow 

end o f  the cover plate slot (Fig. 59). One exception was Run No. 30/1 i n  

(1) the height was mea- - 

which the center o f  the cover plate instead o f  the narrow end o f  the slot was 

centered over the nozzle. Reinstalling the cover plate a t  the beginning o f  

each r u n  could stop the disk 's  movement. Such a stalled d i s k  caused the motor 

to  draw a h i g h  current of 0.5-0.6 amp (normal current was 0.1 amp); a check of 

the current was made t o  detect this situation. 

b. Pre-Fire - F i r i n g  preparation consisted o f  obtaining an igniter and a motor 

o f  the correct aluminum content and install ing them. The igniter leads emer- 

ging from the nozzle were in i t i a l ly  connected only t o  the b i n d i n g  posts o f  the 

s h u n t  box (a box placed i n  the i g n i t i o n  c i rcu i t  which all'owed the loading per- 

sonnel t o  short c i rcui t  any current). During Run No. 4/1 (X/D = 5 )  the igniter 
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plug, upon e x i t i n g  the nozzle, struck the rake, ruined one probe, and damaged 

three others (Section 5 . 2 ~ ) .  Subsequent igniter leads were pulled ‘tightly 

from the nozzle l i p  and tied to a motor assembly b o l t  to impart a side force 

on the p l u g  and thus avoid striking the rake. The leads were then connected 

t o  the s h u n t  box. T h i s  procedure was apparently successful because only on 

one other run d i d  it appear t h a t  the p lug  damaged the rake. 
a .  

In the control room, the procedure called for  the computer operator to  

check the instrumentation readings about 5 to  10 minutes before f i r i n g .  A t  30 

t o  60 seconds before f i r ing,  the computer operator again checked f o r  normal 

mdings and stored the pre-fire zero counts (Section 6.1). The particle sampler 

motor power supply was turned on and the camera speed brake plugged i n .  Upon 

reaching the desired sphere pressure, the computer operator started the camera 

and approximately three seconds la te r  the t e s t  engineer fired the r u n .  The 

three second lag allowed the reels t o  reach a constant speed, leaving 1.5 

seconds t o  record the run .  For r,ins without movies the t e s t  enqinew fired the 

igniter when the sphere pressure dial gage indicated the correct pressure. 

To assure t h a t  the computer covered the ent i re  r u n ,  a delay was b u i l t  into 

the f i r ing curcuit box (af ter  Run No. 6/2) so t h a t  the computer d a t a  acquisition 

system began recording 25 to  30 msec before the igniter f ired.  A low rumble 

and immediate sphere pressure r i se  indicated that the motor had successfully 

fired.  If such indications were not obtained, the control room igniter c i r -  

cuitry was checked and the computer rtxycled for  another try.  If ignition was 

not obtained then, the sphere was vented and the motor dismantled and checked. 

- c. Post-Fire - After f i r i n g ,  the gage readings were checked to  see that they 

returned to  approxinately the pre-fire value?. Those that did n o t  were inspected 
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for damage a t  the f i r s t  opportunity. 

The sphere was vented originally by a d m i t t i n g  atnospheric prejsure through 

opening the vent valve. Much d u s t  f i l l ed  the a i r  and HCC o d w  was evident. To 

improve sphere c0nd.i tions l a t e r  runs were vented, pumped down t o  approximately 

200 mm Hg, vented, pumped down to  200 m Hg a g a i n ,  and vented again. 

cedure took about 40 mjnutes and was replaced by an improved procedure whereby 

This pro- 

the sphere was vented and a t  the same time the valve to the vacuum l ine  was 

l e f t  open. When atmospheric pressure was reached the vent was closed and the 

sphere evacuated to 400 mn Hg. Again, the sphere was vented w i t h  the vacuum 

l ine  open. Only 20 minutes were used this way. 

During venting the data were examined. Pressure traces were used t o  iden; 

t i f y  clogged taps ;  and adjacent positions, previous runs, and predicted values 

were checked to  determine i f  data were reasonable and consistent. 

d. 

t h s  twr? chamber pressure leads were blown cut a f te r  each run. 

the centerline probe contained very l i t t l e  debris even af te r  a 15% Al r u n  and 

the practice of automatically cleaning them was abandoned. The chamber pressure 

leads, however, always contained sufficient dust and debris t o  just i fy  cleaning 

Recovery - For the first few runs t h e  centerline rake pressure probe and 

I t  was found that  

a f te r  every r u n .  Often shop air  was insufficient and piano wire was r u n  through 

the leads to dislodge thick clogs. 

The heat rate gages were cleaned by washing the exposed surface w i t h  

electrical  component solvent and sometimes rubb ing  the surface w i t h  wet pumice. 

On various occasions - particularly a f te r  10% or 15% runs - i t  was necessary 

to l ightly scrape the gage to remove encrusted debris. 
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The plate was thoroughly scraped af te r  each irnpingernect run because the 

nickel p l a t i n g  peeled off and a crust of exhaust products made the &face 

very rough. 

t o  remove irregularit ies.  

G r  paper towel t o  remove dus t .  

I t  was necessary to use a f i l e  and sometimes quite a b i t  of force 

Finally the ent i re  surface was wiped w i t h  a cloth 

After particle sampling runs, the d i s k  was removed; the aluminum tape was 

stripped from the steel disk perimeter; and the wax w i t h  the aluminum fo i l  was 

removed, marked, and stored. Availability of three disks prevented the wax 

pouring operation from delaying the tes t .  

. .  

e. 

for proper operation. 

ducer output a t  specified pressure levels, where that pressure was determined 

by a large dial gage. The general scheme for pressure transducers was to  use 

a vacuum pump to  calibrate the plume instrumentation and t o  use high pressure 

a i r  to calibrate the motor instrumentation. Communication between personnel i n  

the sphere and control room was maintained by portable transceivers. Recali- 

bra t ion  was performed each Monday morning for  a l l  gages and a s  necessary when 

i n d i v i d u a l  transducers were replaced by uncal i brated ones. 

Calibration - The pressure transducers and force gage required calibration 

In a l l  cases, "calibration" meant establishing the trans- 

The variety of transducers (Section 3.4) necessitated somewhat different 

calibration and equipRent (Fig .  8). 

required an adapter connected t o  a h i g h  pressure l ine.  The irnpingernfnt plate 

required a special sling and chain hoist since pressure transducers on the 

plate (211 Statham) were inaccessable, and the plate had t o  be unbolted and 

lowered by this  special equipment. The pressure transducers were then dis- 

connected from the t a p  leads and reconnected t o  t u b i n g  for conventional 

The Statham Pc and Kistlei- transducers 

.. 

16 



REMTECH INCORPORATED RTR 016-4 

appl ication of specified pressures. 

Kistler transducers needed a unique calibration procedure. Because they 

were piezoelectric, their  e lectr ic  o u t p u t  vanished under a continuous pressure. 

I t  was therefore mcessary to  install  a quick-acting valve to suddenly load the 

transducers ana then record the instantaneous values for the calibration curves. 

The force gage was also a piezoelectric device and had to  be calibrated by 

a sudden change i n  force. Experience a t  this f ac i l i t y  showed these davices to 

be l inear and only two poin ts  were used i n  calibration, 0 and 1 pound. The 

gage was clamped w i t h  the f l a t  surface up and carefully leveled. A one pound 

weight was then quickly removed and the instantaneous voltage o u t p u t  was re- 

corded to generate the calibration curve. 

Continuity checks of a l l  instrumentation were made af ter  calibration and 

major instrumentation changes. 

manr,er by apptying vacuum sequentially t o  each probe or t ap .  Heat - ei ther  a 

match flame or hot  a i r  "gun" held several inches below the device - was appl ied 

to heat ra te  gages and thermocouples. 

The pressure gages were checked i n  conventional 

Prior to testing, the values o f  a l l  nozzle dimensions were measured. 

technique used previously for determining these values was t o  make RTV castings 

of the interior then measure the RTV dimensions. 

A 

This allowed quick and easy 

measurement of otherwise d 

ture ( R c ) .  T h i s  technique 

and curing techniques, b u t  

casting diameters were sma 

gages. Eventually a l l  the 

actual nozzle and standard 

f f i cu l t  parneters such as the t h roa t  radius o f  curva- 

was tr ied using several different brands o f  RTV 

shrinkage was experienced cn a17 castings, and the 

l e r  t h a n  the actual diameters as measured w i t h  hole 

physical measurements except Rc were made u s i n g  the 

laboratory gages (Table 3 ) .  Measurements o f  Rc 

were not practical except via the RTV castings. The castings of 12 nozzles 
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were checked and found acceptable; and further Rc measurements were not  made. 

Other measurrnents, however, were estimated t o  be quite accurate ( , b o 0 1  in.). 

f .  

cedure was developed t o  provide: 

(2) clean motor cases for propellant reloading. T h i s  service was provided by 

the Fabrication Division (ET39) of MSFC Test Laboratory. The primary method 

Motor Refurbishment and Reloading - The motor hardware refurbishment pro- 

(1) clean nozzles for  subsequent runs, and 

was blasting by glass beads using commercial equipment. Sone use was made o f  

certain solvents prior %I bead blasting, such as weak HCL solution and hot 

(190°F) caustic soda ba th .  After such treatment r a p i d  rusting occurred if  the 

surfaces were not protected by an o i l  coating. The time required for  this 

service varied depending on the total  work load bu t  averaged about two days fo r  

a set of ten cases and ten nozzles. 

The propellant reloading procedu.-e was performed by the Propellant Chemistry 

Branch (DRSMI-RKC) o f  U. S. Army Missile Research and Development Command (for- 

merly Army Missile Command). 

cal endar days. 

Batches of 10 or 20 cases were reloaded i n  7-8 

4.2 TEST CONDITIONS 

Test conditions were selected t o  provide. data to  increase confidence i n  

the u t i l i t y  of the Ref. 1 analysis of so l id  propellant rocket motor exhaust 

plurnes, especially for  conditions appropriate t o  the Space Shuttle. An exten- 

sive use was made of repeat points t o  provide highest confidence i n  the data. 

The original plan called for  3 runs a t  each condition, b u t  repeatabil i ty 

was adequate with only 2 runs (Section 6.2).  The cases for which only one 

run was made resulted from either: (1) discovering adverse instrumtiiiation 

performance (Run No. 35/1, 36/1), or (2)  shortage of motors (Rm No. 9/1 , 
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44/1). Run Nos. 41/1 and 42/1 were intended t c j  have been performed a t  X/D = 

12 bu t  inadver tent ly  took place a t  X/D = 20. 

As unexpected phenomena were uncovered dur ing the tes t ,  invest igat ions 

were incorporated t o  proper ly def ine them. 

w i t h i n  the cons t ra in t  o f  90 motors and the des i re  f o r  t imely  t e s t  completion. 

l h e  runs a t  X/D = 12 and 16 were of such nature, inves t iga t ing  a suspected 

shear layer  noted i n  the e a r l i e s t  runs a t  X/D = 20. 

Some balance was required t o  remain 

The f a c i l i t y ,  motor, and plume instrumentation design condi t ions are 

surnmarited i n  Table 1, a t o t a l  o f  90 runs. 

a run; the complete t ime h i s t o r i e s  are i n  Appendices B and C. Summaries o f  the 

values averaged over a t ime i n t e r v a l  selected as most appropriate f o r  each r u n  

are i n  Section 6.4. The 1963 Patr ick  AFB atmosphere was used t o  choose sphere 

Exact values var ied w i t h  time dur ing 

pressures f o r  selected a1 t i  tudes. 

4.3 RUN LOG 

During the tes t ,  several logs were kept: (1) a run l o g  t o  record t e s t  

conf igurat ion,  design t e s t  condit ions, and b r i e f  remarks on anomalies; (2) a 

de ta i led  t e s t  l o g  as a source document; (3) a l o g  of propel lant  and i g n i t e r  

inventories; and (4) the standard Operators Log maintained by the HRNT s t a f f .  

The run 109 i s  reproduced i n  Table 10. The e f f e c t s  on t e s t  conduct and re-  

s u l t i n g  data, due t o  anomalies noted i n  the run log, are de ta i led  i n  the t e s t  

l o g  and discussed i n  Section 5. 

Run numbers were assigned sequent ia l ly  as runs were completed, begin- 

ning w i t h  1/1. Repeat runs were denoted X/2, X/3, etc.  However, some o f  the 

repeat runs were no t  performed immediately a f t e r  t h e i r  respect ive i n i t i a l  run. 

Speci f ica l ly :  Run No. 6/3 was performed a f te r  11/2, Run Nos. 14/2 and 14/3 were 
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performed af te r  27/2, and Run Nos. 43/2 and 43/3 were performed af te r  45/2. 

Mozzle calibration run numbers begin w i t h  1/0, and repeat runs were denoted 

%/ l ,  etc. As the t e s t  setup and goals  of this  element are dis t inct ,  th is  re- 

dundancy should n o t  cause confusion. 
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5. RESULTS 

RTR 016-4 

The goal o f  t h i s  program was t o  acquire parametric, r e l i a b l e  t e s t  data 

f o r  comparison t o  Ref. 1 predict ions.  Success depended upon the performance o f  

the equipment, procedures, and personnel involved. A l l  o f  these elements per- 

formed we l l  and the goal was met. Approximately 210,090 d i g i t a l  data po in ts  

were recorded. This discussion t rea ts  the  resul  Eing pe r fona rxe  o f  the  var ious 

hardware items separately, inc lud ing how improved procedures evolved. (The 

data system performed so we l l  t ha t  no separate discussion was needed.) The 

sect ion concludes w i th  a discussion o f  the resu l t i ng  performance o f  the  com- 

b ina t ion  o f  equipment and remarks on ove ra l l  run rates. 

ca l i b ra t i on  phase are i n  Appendix A.) 

(Results o f  the nozzle 

5.1 TEST .FACILITY 

The f a c i l i t y  was developed s p e c i f i c a l l y  f o r  t h i s  t e s t  by modifying an ex- 

tan t  s t ruc tu re  (Section 3.1), and t h i s  t e s t  was the f i r s t  use o f  t h i s  modif ied 

structure.  

terms o f :  

Performance o f  t h i s  f a c i l i t y  f o r  t h i s  t e s t  could be measured i n  

1. Time required to acquire a spec i f ied  pressure a l t i t u d e .  

2. A b i l i t y  t o  p rec ise ly  maintain a speci f ied pressure a l t i t ude .  

3. Maximum obtainable pressure a1 t i tude .  

4. Ease o f  performing t e s t  setup and rou t i ne  equipment changes 
w i th in  the f a c i l i t y .  

The f i r s t  three items may be eva’xated ob jec t ive ly  and quant i ta t i ve ly ,  wh i l e  

the 

i n  F 

c r i  t 

as t  i tem can only be evaluated subjezt ively.  

Thn time required t o  pump down t o  speci f ied pressure a l t i t u d e s  i s  shown 

9. 9. The a b i l i t y  t o  maintain a p a r t i c u l a r  pressure a l t i t u d e  was no t  

cal  t o  t h i s  test ,  because the t e s t  procedure was to f i r e  as the desired 
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pressure was reached while i n  conti-uous-punping mode. The maximum demon- 

strated pressure al t i tude was about 114,000 f t  (4.6 mm Hg abs.). T h i s  limit 

appeared to  result from leaks of outside a i r  into the sphere, rather than from 

pump limits, as the pump specification ca l l s  for  operation down to  3 nun Hg abs. 

The u t i l i t y  of this f ac i l i t y  fo r  performing t e s t  setup and change was ade- 

quate. TherP were several features that caused in i t i a l  concern: rather modest 

manhole dimensions, m u l t i - b o l t  manhole securing,'ascending and descending s t a i r s ,  

maneuvering on and around the scaffold, and exposure to the elements. Each of 

these features d id  cause some degree of delay i n  day-to-day operations; however, 

no gross inefficiencies.ran be attributed to  them. 

5.2 ROCKET MOTORS 

The propellant compositions were developed specifically fo r  this test- 

Metal hardware, whose design had previously been used successfully, was used 

without modification. Performance could be measured i n  terms of :  

1. Pc history: level, Smoothness, duration, reproducibility. 
2 - Hardware durabi 1 i ty . 
3. Ease of assembly, attachment, refurbishnent. 

Some objective, quantitative evaluations may be made o f  the first two items, 

b u t  a considerable degree of subjective evaluation w i l l  be necessary on a l l  

three items. 

a. 

(Section 5 . b )  and agreement between these two measurements was excellent, 

(Fig.lOa). The complete Pc histories, although acceptable, were disappointing. 

First, the P, levels d i d  not generally meet the design value o f  1000 psia. 

There was a clear effect  of Ae content (Fig. lob) .  T h i s  situation was attr ibu- 

ted to inadequate performance of the burning ra te  additives i n  the 2% and 10% 

A t  compositions. 

P, History - Chamber pressure was measured by duplicate instrumentation 

Since the propellants for  a l l  90 motors had been prepared 
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before this testing phase, i t  was not practical t o  correct t h i s  deficiency. 

Smoothness ( i  .e., the degree to which the Pc remains constant over the 

duration) was not ideal (F ig .  3b, iOc). 

spike and a small terminal spike. 

history between these spikes that was important. The 102 A t  propellant was 

best, producing a variation i n  Pc less than ?3% of the average for  approxi- 

mately 150 msec. Most of the first 10 2% A t  were equally good; however, t h e  

l a s t  20 2% A t  motors showed a significant hump. Because of t h i s  hunp, t h e  

variation i n  P, over an interval of 150 msec oxceeded ?lo% of the average. 

The time interval for which a +3% variation occurred was generally less than 

80 msec. The 15% A t  motors s h e d  a generally progressive burning cbaracteris- 

t i c ,  having a plateau of about 60-80 msec w i t h  f31 variation i n  Pc. Because of 

the general lack o f  smoothness, the summary data presented i n  Section 6 was 

generally taken for 50 msec intervals. 

A l l  motors showed a significant i n i t i a l  

However, i t  was the character of the Pc 

Duration was coupled to  Pc level, w i t h  the higher Pc levels having shorter 

Duration between the end spikes range3 from 150to 250 nsec.. operating times. 

These values i n  themselves were not as important as the time interval cf  

acceptable smoothness just discussed. 

adequate (Fi3.10~;. The 10% At motors were best i n  t b i s  respect, w i t h  the 

154, A l  next best. 

producibility i n  the Ref. 3 and 5 tests. 

Reproduceability from r u n  to  r u n  was 

There was no ignition lag l ike that which had’ decreased re- 

The nozzle calibration w i t h  a i r  (Appendix A )  indicated that measured 

Pn/P, d i d  not match predicted valuesas closely as desired w i t h  air. Thus w i t h  

the rocket exhaust gas some mismatch might also be expected. 

b. Durability - Hardware durability was quite satisfactory. 

i t ems VC!Y damaged or even markedly deteriorated dur ing  the tes t .  

No basic hardware 

(One nozzle 
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pressure t a p  f i t t i n g  was damaged). One set of firing head, nozzle retainer, 

and bolts was used for all  90 firings. Hozt nozzles were used 3 times (S/N-1 

H a s  used 4 times, S/N-29 only twice). Me3surements of th roa t  diameter indicated 

a slight increase (approx. -001 in.)  after one f i r i n g  b u t  no subsequent change. 

In f ac t  the difference i n  measuremetit between hot  and cold days was as great as 

the nozzl e-to-nozzl e and run-to-run differences. 

Results of the cozzle cleanup process are shown i n  Fig. 11. The s i g n i f i -  

cant slag deposits are evident i n  Fig. l l a ,  where i t  is seen t h a t  the slag de- 

posits increased noticeably w i t h  aluminum content. However, the refurbishment 

process produced a nozzle as clean as  new (Fig-llb). With  the 10% and 15% ILe 

propellants, slag could be found covering the wall pressure ports i n  the nozzle 

ex i t  cone. As discussed below (Section 5./la), this deposit affected the qual i ty  

of nozzle wall pressure rn2asurements. 

c. Handling - The ease of handling the motor items was adequate. 

difficulty was encountered w i t h  the metal components, after some initial trouble 

w i t h  the nozzle pressure t a p  was cured by a redesign of the f i t t i n g .  ThE mount- 

i n g  o f  each nozzle t o  the remainder of the motor produced asserblies whose 

alignment with the plume instrumentation was essentially constant, so t h i r t  re- 

alignment from r u n  t o  r u n  was not  needed. 

i n g  igniter installation. 

the rubber p lug  where i t  sat i n  the nozzle throat (Fig.  3a) t o  ensure holding 

sea level pressure within the motor case when the sphere pressure was reduced, 

and thus facil i tate ign i t ion .  

perform Run Yo. 2/2 where the igniter assembly apparently was forced o u t  through 

the nozzle upon initial ac t iva t ion  of the igniter. 

!lo notable 

A difficultj was encountered regard- 

For the f i r s t  few runs, vacuum grease was applied on 

However, two instances occurred i n  t ry ing  to  

The lubrication act ion of 
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the vacuum grease was suspected to  have permitted these events. On the t h i r d  

attempt a t  Run No. 2/2, this grease was omitted and successful ignition obtained. 

Thereafter no grease was used for the igni ter/nozzle junction. 

There was another i g n i  ter-related problem. The aft-end igniter design re- 

sulted i n  a l l  igniter debris being expelled toward the p l u m  instrumentation. 

The rubber p lug  portion of the igniter tended to travel essentially along the 

projected nozzle centerline. On two instances, some of the rake'instrutwntation 

was destroyed (Fig.  1 2 )  b u t  no motor damage occurped. 

tying the t ra i l ing ignition wires t o  one side of the nozzle were evidently 

successful (Section. 4.lb). 

Efforts to deflect  i t  by 

5.3 AUXILIARY EQUIPMENT 

The auxiliary equipfiient was designed specifically for t h i r ;  t e s t  to  support 

and position the rocket motor relative to  the p l u m  instrumentation (F ig .  1).  

The durability of these items was excellent. Although significant rusting was 

experienced on some unpainted surfaces, no detrimental effects on testing were 

encountered. 

between motor and plume instmmentation due t o  motor f i r i n g .  

Rig id i ty  of the system appeared to preclude any relative motion 

The ease of positioning the plume instrurentation relative to the motor 

nozzle vias very satisfactory. 

needed af te r  the in i t i a l  alignment. The alignment of the mounting block (welded 

t o  the perforated duct), was excellent. 

t i a l  alignment of  the plume instrumentation support, b u t  run-to-run changes 

were accomplished without further shirming. A sling was devised to support the 

plate during transducer changes, and greatly faci l i ta ted what  m i g h t  otherwise 

have been a tedious, time-consuming operation. 

For the motor s t a n d ,  no further adjustment was 

Some shiming was required i n  the i n i -  

Some revork of  the nozzle 
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alignment j i g  was required t o  accommodate the igniter wires. 

5.4 INSTRUMENTATION 

There were two groups of instrumentation used i n  this t e s t ,  categorized 

according t o  general locations: motor and plume. Their satisfactory performance 

was a significant factor i n  the timely and beneficial completion of this t e s t  

program. The plune equipment was the heart of t h i s  t e s t  pr3gram. 

trumentation monitored the control 1 i n g  independent parameter of the plume, and 

nozzle wall pressures checked this. 

sures, the rake and plate, plume pressures, plume heat rates and temperatures, 

plume force gage, and miscellaneous instrumentation (particle sampler and movies). 

Motcr Pc ins- 

Instrumentstion i s  discussed as motor pres- 

a. Kotor Pressure Instrumentation - Performance of this equipment was satis- 

factory. 

sure transducers was used throughout the test, and each Pc transducer was re- 

placed only once. Thi  s durabi 1 i ty  was considerably better t h a n  previous sol i d  

propellant rocket motor tes t s  (Ref. 3 ,  5).  The reasons are surmised t o  be: 

lower P,, and (2)  better protection o f  diaphragm due to  better RTV application 

and longer, convoluted plumbing. The pre-ignition values of Pc d i d  n o t  always 

match the expected atmospheric value, nor d i d  the post-burnout values match 

sphere pressure. This result was ascribed to  lack of accuracy of  these high- 

range transducers a t  such low pressures (Section 6.2). The nozzle wall pressure 

ports experienced a significant amount o f  p l u g g i n g  (Section 5.2b, Fig.  11). 

In i t ia l ly ,  specific notations were kept b u t  this plugging occurred so frequently 

t h a t  run log notes here la te r  omitted. Rather, the P, history reliably indicates 

plugging by i t s  marked deviation from the Pc history. 

Durability of the transducers was excellent: one set of nozzle pres- 

(1) 
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b. 

formed well. Thirty-six (36) runs were made with the rake equipment. There was 

noticeable erosion of t ips  of the rake pressure probes a t  X/3 = 5. T h i s  repeat- 

able phenomenon removed about .09 - .10 inches from the centerline ( P , )  probe, 

.03 - .06 inches from tne next (P,) probe, .01 - .02 inches from the t h i r d  probe 

(P3), and a negligible amount from other probes. Generally, these were refurbished 

by hand f i l ing ,  then realigned t o  position a l l  probe t ips  in a plane. During the 

early runs several probes were dismantled and blown o u t  t o  decide i f  the particle 

flux were clogging the pressure tubes. There was almost no clogging except i n  

cases where severe probe damage occurred. The pressures measured by these probes 

consistently indicated ax ia l  symmetry, so t h a t  i n  l a t e r  rake runs few or no checks 

\.;ere called for. 

Rake and Plate - The basic instrumentation items (rake probes, plate) per- 

The plate was used on 54 runs (44 for plate surface pressures and heat rates 

and 10 for particle sampling). The nickel surface plating on this plate detcr- 

iorated rap id ly  due t o  flaking and peeling. Loose material was removed between 

runs t o  provide the smoothest practical' surface. After 3-5 runs, essentially 

a l l  of the p l a t i n g  i n  the central .plate area ..as gone. 

carbon steel plate showed almost no further deterioration once this nickel 

plating had been removed. 

t i e s  did n o t  affect  the measured pressures and heat rates. There was an anomaly 

i n  the plate data  a t  JI = 90'. 

Fortunately, the low- 

I t  was concluded t h a t  the minor surface irregulari- 

For this  inclination there should be symmetry 

about  the extended nozzle centerline. However, the d a t a  in the region 6-9 

inches from center show a dis t inct ,  consistent lack of symmetry (Fig. 13) 

i n  which the peak readings on the west side were closer t o  the center than  

the peak east side readings. 

metric rnisal ignment, b u t  extensive measurements showed this was not the 

I t  was f i r s t  t h o u g h t  t h a t  there m i g h t  be geo- 
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case, The naximum rni5alignment was estimated t o  be about 2/3O of inclination and 

0.02 inches, and a check of transducers by serial  number revealed no reason to  

suspect any consistent malfunction. 

l ikely causes, because on rake runs w i t h  these sane nozzles, no such asymmetry 

was measured. Discoloration of the plate i t s e l f  seemed to confirm the asymme- 

try-- although the core regfon was centered, there were snokey arcs (about 2 

inches wide) coinciding w i t h  the peak pressure readings w i t h  the west one 2-3 

inches closer to  center than the east  one. 

niovies could provide more information. However, a t  this wr i t i ng  no cause has 

been identified, and this puzzling phenomenon i s  reported as it  was recorded. 

I t  was concluded t h a t  the nozzles were n o t  

Possibly, detailed analysis of the 

c. Plume Pressure Instrumentation - A significant number of pressure transducers 

were mounted on either the rake or plate for  every shot. 

formed satisfactorily.  The original ly-selected transducers for low-pressure 

aeasurements, Setra b d e l  237, d i d  an admirable job while they lasted. However, 

an accident du r ing  i n i t i a l  pre-installation calibration permitted vacuum pump 

o i l  to enter the reference pressure ports of a l l  16 available transducers, w i t h  

unfortunate reslil ts. A1 though a1 1 i terns were cleaned, only 8 were functional 

for the in i t i a l  rake installation; and there was a continuing decline i n  the 

quantity of functioning devices. The inverted (diaphragm down) position re- 

quired for use on the rake evidently accelerated the harmful effects of this 

o i l .  The requirement to  replace Setras w i t h  Stathams involved a good deal of 

activity:  (1) swap transducers, (2)  adjust channel assignments to position 

a l l  Setras onto a sequential group of d a t a  channels, w i t h  a similar sequential 

group for Stathams (required by data reduction program), and  (3) a d j u s t  data 

reduction program for reduced number of Setras acd increased number of Stathams. 

A d d i t i o n a l  act ivi ty  was needed to  replace a Setra which was one of a p a i r  checking 

In general they per- 
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axial symmetry (such as P l l a n d  P b l o n  Run No. l / l )  because b o t h  transducers were 

then replaced (so t h a t  such symmetry checks would be made w i t h  identical trans- 

ducers). 

b u t  resulted from the limited number o f  functional Setras re la t ive t o  the number 

Note t h a t  these diff icul t ies  were n o t  due t o  the transducer design 

of desired probes. The Statham pressure transducers performed well i n  this 

severe environment. On the average each Statham was replaced once. The need 

for replacements was not clearly related to position w i t h i n  the plume. 

Clogging was detected by an examination o f  the pressure history traces. A 

continuous rise.in pressure (or no r i se  a t  a l l )  indicated the probe was clogged 

a t  the beginning,and i t s  data were ignored. A slow decrease i n  pressure a f te r  

burnout indicated the probe was clogged d u r i n g  the run,and i t s  da ta  normally were 

good. The probes t h a t  held the transducers performed well and rarely clogged. 

d. 

satisfactorily.  Several o f  these items were mounted for every run. One gage 

was destroyed on Run No. 4/1 due t o  excess heat load  near the centerline a t  

X/D = 5. 

adequately fa r  outboard to  ensure survival. 

Plurre Heat Rates and Temporatures - The heat transfer ra te  gages performed 

For subsequent runs a t  X/D = 5 the remaining hetb gages were moved 

The gages used were designed for a maximum i n p u t  rate o f  600 Btu/[ft*-sec) 

sec., which was acceptable for almost a l l  measurements made. One value (Run 

rlo. 6/1) i n  Table 16, however, was over 800 Btu/(ft2-sec) and should  be used 

w i t h  caution. 

Those below 4-5 Btu/(ft2-sec) should probably be disregarded -because the re- 

solution (ir;dicated by er ra t ic  traces) i s  insufficiently accurate. 

Values below 10 Btu/(ft2-sec) should also be used w i t h  caution. 

The thermocouple probes i n i t i a l l y  performed poorly. The first design d i d  

n o t  include the solid spacer shown i n  F i g .  5a and had only one vent. This 
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design apparently allowed the thermocouple to touch the interior wall of the 

probe and thus not measure the true gas temperature. The improved design was 

installed prior t o  Run No. 6/1 and measured 5237 O R  dur ing  the run. 

compared favorably w i t h  pretest estimates of approximately 5500 O R ,  but  the 

temperature history was very e r ra t ic  and the reading was probably erroneous. 

Th i s  value 

The probe was damaged d u r i n g  this run due to  the severe conditions (X/D = 5, 

15% At., 50 Kft a1 ti tude). Replacement thermocouples were used i n  less severe 

environments and d i d  not register more t h a n  2200 O R .  

e. Plume Force Gage - The force measuring device was used for 23 runs and per- 

formed acceptably. Durability was excellent. However some electronic d r i f t  

occurred a f te r  taking the pre-fire zero. T h i s  d r i f t  caused a non-zero reading i n  

the interval between data system start and motor ignition, and required correc- 

t i n g  the printed d a t a  (Section 6.1, 6.3). Comparing measured forces to  corres- 

ponding pressures (Table 11) indicates t h a t  the particles generally made a signi- 

ficant contribution to  forces and- n o t  t o  pressures, i .e., F/JPA>l. 

qualitatively documents the validity of the many pitot  pressures measured i n  th is  

T h i s  result  

t es t .  

because i t  would require detailed definition o f  the particle f l u x .  

A quantitative assessment is  beyond the scope of this  document, primarily 

Furthermore, the Table 11 trends are  not unambiguous. There are several 

possible reasons. Noxe t h a t  this force gage measured th:? sum of: (1) the 

par t ic le  momentum change to  the metric gage element, and (2)  

AP across that element (Fig. 14). In ideal circuinstances the pressure forces 

would be nearly balanced, and o f  magnitude consideiably less t h a n  the particle 

force, so t h a t  the force gage v;llue would be taken to  equal the particle force. No 

d a t a  were taken t o  confirm this approach, and certain phenomena nay have workec' 

the integral o f  
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to  invalidate i t .  

rnize movement o f  air between exterior and interior o f  the probe. Thus the i n -  

t e r ior  (Pcore) was expected to  be a t  sphere ambient pressure, while the exterior 

(Pface) was a t  the pitot-probe measured pressure, and Pedge migh t  be a t  some 

intermediate value. Also, a t  50,000 fee t ,  the predicted plume edge and l i p  

shock impinged the force probe. Such impingement could produce complicated 

pressure f ie lds ,  

be regarded as  qualitative rather than  quantitative. 

For instance, the l abyr in th  sed1 design was intended to m i n i -  

For these reasons i t  is recomended that  the force gage values 

f .  Psrt ic le  Sampler and Movies - The miscellaneous instrumentation includes the 

particle sampler and the movies. Actual analysis of the entrapped particles has 

not been accomplished, so t h a t  evaluating the performance o f  the particle sampler 

will focus on mechanical operation. T h i s  equipment performed very well, es- 

pecially considering t h a t  i t  had been designed w i t h  minimum experience i n  this 

topic, and practically nu development. 

The a n g u l a r  velocity versus power supply voltage was calibrated outside 

the sphere. 

would provide 11 vo l t s  t o  the sampler motor yielding a 2.5 rps d i s k  velocity. 

This should have exposed 75% o f  the surface i n  300 msec. In Pun No. 30/1, the 

f irst  particle r u n ,  only about  40% o f  the surface was covered. 

was increased to  14.7 volts ( i t s  maximum) which produced 13.2 volts i n  the sphere, 

and subsequent runs covered approximately 60% o f  the disk. (The d i s k ,  however, 

rotated as long as the power was on, which was usually several minutes. Stray 

particles may have been picked u p  a f te r  bu rnou t ) .  

T h i s  calibration indicated t h a t  a control room power Of 12.5 volts 

The power supply 

Or one r u n  (!lo. 4/2), the wax base was mounted downstream of the rake as a 

Khite candle-wax base was "piggy-back" verification, w i t h  the disk stationary. 
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used (except Run No. 38/2 which used red tunnel wax) and was general ly s a t i s -  

factory.  However, a t  X/D = 12 wi th the higher aluminum content propellants, 

there was s i g n i f i c a n t  mel t ing and splashing o f  the wax. For t h i s  reason re -  

peat points were no t  obtained f o r  Run Nos. 35/1 and 36/1. The aluminum f o i l  

backirlg f o r  thta candle wax proved very benef ic ia l ,  g r e a t l y  f a c i l i t a t i n g  hand- 

l i n g  and storage. A t o t a l  o f  10 runs were devotEd t o  t h i s  a c t i v i t y .  

The high speed movie caFDra performed very s a t i s f a c t o r i l y  so t h a t  no 

comments are needed. Movies were obtained on 58 runs, producing a t o t a l  o f  

that  

e from 

movies 

about 15,000 frames. The r e s u l t s  a re  mo;t i n te res t ing .  I t  i s  expected 

considerable b e n e f i t  t o  the subsequent ana ly t i ca l  tasks w i l l  be avai lab 

these movies. Movie speed was not  p rec ise ly  defined so t h a t  use o f  the 

may need c o r r e l a t i o n  t o  Pc h i s t o r y  f o r  de ta i led  analysis. 

5.5  PERFORMANCE OF COMBINED EOUIPMEPIT 

The r e s u l t i n g  performance o f  instrumentation measuring the exhaust plumes 

o f  the rocket motors operating i n  the t e s t  f a c i l i t y  i s  discussed here, along 

w i t h  overa l l  run  rates.  Overal l  performance was very sat is factory ,  especial13 

since t h i s  was the f i r s t  use o f  the f a c i l i t y ,  and l e d  t o  a t ime ly  and tene- 

f i c i a l  completion of t h i s  t e s t  program. The program goal o f  parametric, re -  

l i a b l e  t e s t  data was sa t is f ied .  

The sphere s ize  was q u i t e  adequate f o r  these motors; there was no ind ica-  

t i o n  t h a t  the scaf fo ld ,  perforated ddct, nor other sphere component a f fected 

the exhaust plume. Likewise, there was no evidence o f  permanent damage t o  

thz  sphere from the exhaust. 

which appeared due t o  th2 p l a t e  de f lec t ing  the exhaust onto p a r t  o f  the scaf- 

f o l d .  

There was minor scorching o f  the wooden scaffold,  

The X/D = 5 p o s i t i o n  imposed a severe environment t o  the rake components, 
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and was probably the c loses t  p rac t ica l  l oca t i on  w i th  t h i s  hardware. 

however, a l l  hardware endured s a t i s f a c t o r i l y  or  was repairable.  O r i g i n a l l y  

there were 15 p i t o t  probes avai lable.  Although some damage was incurred, a t  

l e a s t  12 operable p i t o t  probes were always avai able. As a r e s u l t  o f  a sus- 

ta ined repa i r  e f f o r t ,  a t  the conclusion o f  t h i s  t e s t  program there were again 

15 avai lable.  

I n  general, 

\ 

I n  general, the measured data agreed w i t h  the pre- test  predict ions,  (Ref. 

6). However, Pc was genera l ly  l o b v  than the  design value o f  1000 psia, upon 

which the predic t ions had been made. 

as predicted. This  s i t u a t i o n  made the X/D = 20 pos i t i on  less  than completely 

sa t i s fac to ry  and resu l ted  i n  invest igat ions a t  intermediate a x i a l  posi t ions.  

The f a c t  t h a t  P, was a func t ion  o f  aluminum content o f  the prope l lan t  compli- 

cated comparisons w i t h  predictiors., due t o  having two var iab les changing sirnul- 

taneously . 

Consequently, the plumes were n o t  as l a rge  

This t e s t  was qu i te  unique and d i f f e r e d  i n  most respects from previous pro- 

grams a t  the Experimental Aerophysics f a c i l i t i e s .  Ready comparison o f  t h i s  

t e s t ' s  experience t o  conventional programs i n  terms o f  i n s t a l l a t i o n  time, model 

change time, etc., i s  no t  straightforward. However, the most appropr iate des- 

c r i p t i o n  might include: (1) f a c i l i t y  modif icat ions,  (2) a u x i l i a r y  equipment 

i n s t a l l a t i o n ,  (3) instrumentat ion bui ld-up and i n s t a l l a t i o n ,  and (4) test ing.  

F a c i l i t y  mod i f i ca t ion  took place i n t e r m i t t e n t l y  over a 3-month period. The 

actual  welding and a l i gn ing  o f  the a u x i l i a r y  equipment requi red about h a l f  a 

rronth w i t h  an add i t iona l  h a l f  a month o f  preparat ion beforehand. 

t i o n  bui ld-up took about a month w i t h  an add i t iona l  mofith o f  i n s t a l l a t i o n ,  c a l i -  

brat ion,  and checkout. The tes t i ng  phase, from f i r s t  shot t o  l a s t ,  was 94 

weeks. 

Instrumenta- 

Ninety runs were performed a t  an average r a t e  near 2/day. The greatest  
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number o f  runs on one day was 6; this productivity was possible because 4 of 

these runs were a t  50,000 fee t ,  for  which pumping time das br ief .  *In the 

l a t t e r  portion o f  the tes t ,  i t  became roztine to perform 3-4 runs/day. 
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6. DATA 

RTR 016-4 

An extensive body o f  data was acquired i n  t h i s  t e s t  program. These data 

were i n  the form o f  time h i s to r i es  o f  a va r ie t y  o f  physical parameters f o r  the 

complete d u r a t i w  o f  rocket motor operct ion. 

the data and samples o f  each type o f  data would be o f  general i n t e r e s t  wh i l e  

the complete c o l l e c t i o n  might be o f  more l imi ted.  in te res t .  The data presenta- 

t i o n  i s  organized f o r  t h i s  ant ic ipated usage. 

It was decided t h a t  s m a r i e s  o f  

A ce r ta in  time i n t e r v a l  was selected t o  represent each shot. This se lec t i on  

method i s  discussed i n  the f i r s t  sub-section below along w i t h  the standard HRWT 

data reduction steps. 

data. 

samples. 

h i s to r i es  are presented i n  Appendices B and C. 

data are i n  Appendix A). 

Next i s  presented the estimated overa l l  accuracy o f  the 

Then the format o f  presenting the various data i s  explained along wi th 

This sect ion concludes w i t h  the dzta s m a r i e s .  The c o q l e t e  t ime 

( A l l  of the nozzle c a l i b r a t i o n  

6.1 DATA REDUCTION 

There were three steps involved i n  producing the  desired engineering u n i t s  

and r a t i o s  f o r  the data summaries: convert fm counts t o  engineering uni ts ,  

se lec t  a reprecmta t ive  time in te rva l ,  then ave:-age the values over t h i s  i n t e r -  

val. 

The f i r s t  step was performed f o r  the pressure data o f  each time frame 

f o r  each channel, using: 
counts + zero c w n t s  

s e n s i t i v i t y  
Engrg. u n i t  = Ref. engrg. u n i t  value + -- 

where the "ZerO C O l J n t j "  were obta'ned immediately p r i o r  t o  each run, and 

" s e n s i t i v i t y "  (counts/engrg. mi t) was obtained f r o m  weekly o r  more frequent 

ca l ib ra t ions .  The "Ref. engrg. u n i t  value" was the design sphere pressure 
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(corresponding t o  the design a l t i t u d e ) .  

procedure was used b u t  the reference value and s e n s i t i v i t y  were constants 

throughout the test, taken from published l i t e r a t u r e .  For the force gage 

the reference value was zero. 

s lope  of the temperature h is tory  and the ca l ib ra t ion  constant supplied w i t h  

the i ndi vi dual gage: 

For the te rqera ture  data  a similar 

Heat t r a n s f e r  r a t e  data  was computed from t h e  

(3) Q/A = (Cal ibrat ion Constant) x A?/At 
(B t u/ f t  2- s ec ) ( B t  U/ f t -O I?) ('R/sec) 

Or ig ina l ly  A T / A t  = (Ti - Ti-,)/(+ - ti-l ) for a 5 msec in t e rva l .  Beginning 

w i t h  Run No. 28/1 a moving mean smoothing computation was incorporated t o  

provide a more comprehensive value of AT/At.  

The r e su l t i ng  d ig i t ized  data  were tabulated (Appendix C )  and p lo t ted  

(Appendix B).  

(Section 5.4e), the tabulated force  data  require correct ion:  

Because of the e l ec t ron ic  d r i f t  experienced on the fo rce  gage 

25 msec 
- 1 1 5  ( F t ) t a  bul ated (4) - 

Fcorr.  - Ftabulated 
t=5  

The p lo t t ed  data  were corrected f o r  t h i s  d r i f t  (Section 6.3). 

The second step was t o  select a time in t e rva l  during each r u n  t h a t  would 

appropriately represent t h a t  run. The goal was t o  i den t i fy  a 50 msec (or 

longer)  i n t e rva l  dur ins  which Pc was acceptably smooth. T h i s  step was performed 

by subjec t ive  evaluation of the p lo t ted  Pc h i s tory .  The accep tab i l i t y  of this 

selected in te rva l  was verified by the f a c t  t h a t  the standard deviat ion from 

the P, averaged over this in te rva l  v a r i e d  from 0.1% - 3% and averaged approxi- 

mately 1 / 2  - 3/4%. 
The t h i r d  step was t o  average the data  f o r  each channel f o r  this se lec ted  

time i n t e r v a l .  After this time averaging s t e p ,  the dupl icate  Pc values were 
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again averaged to  produce the single most representative Pc value for t h a t  

r u n :  
1 

- 
P , = l ( F  + P  

2 CKistler CStatham 

There were some instance; where one of the duplicate Pc measurements was suspect; 

for  these cases the other P, value WJS used for vc and denoted i n  the run log. 

Next a l l  of the other pressures were ratioed to this Fc. 

Pc data were obtained; so the average P, of Run !4os. 1/2 and 1/3 were used: 

For Run No. 1/1 no 

1 
- - 

= 1  + F  
‘CRun No. 1/1 T (‘,Run No. 112 cRun No. 1/3 

6.2 DATA ACCURACY 

The accuracy o f  the data determines the degree t o  which any comparison 

w i t h  Ref. 1 predictions may be accepted. 

be assessed by three methods. 

used i n  the measuring process may be determined, and the cumulative effect 

The accuracy of data generally may 

First, t h e  accuracy of each component or step 

smmed. 

elsewhere. T h i r d ,  measured data  may be compared t o  theory. These l a s t  two 

methods a r e  not available for this prograin - i t  was the lack of data  and 

theory t h a t  neccessitated this test. Repeatability among data  of this test  

may be a p a r t i a l  substitute for  the second listed method. 

with an estimation of accuracy of the da ta  from cunrulative tolerances o f  the 

various data  measuring, recording , and reducing equipment. Next thermocouple 

response time and repeatability are examint?. 

Second, measured data  may be compared to  equivalent data acquired 

This section begins 

The accuracy as affected by cumulative tolerances may be explained by 

referring t o  Eqn. 2 and Fig. 7. 

cessing equipment---computer and terminal---qave negligible errors). 

values and sensitivities were determined by visual readings dur ing  calibrations. 

( I t  i s  generally accepted t h a t  digital pro- 

The reference 
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Counts were the resultant of operations by the transducer and the electronic 

processi ng equipment: 

Counts = (Pressure sensed by transducer) * (Transducer mv/psi conversion) 

* (Computer counts/mv conversion) 

Thus ,  Eqn. 2 may be modified t o  eqhasize accuracy: 

(a) + counts 2 + zero counts t E,, True physical value ? c1 = Ref. value ? c2 
sensit ivity 2 E~ 

where 

counts + - E 3  = (Pressure)*(mv/psi conv. Z E,)*(counts/mv conv. E,) (6F 1 

Estimations o f  the resultant range of error i n  the computed physical value 

( E ~ )  are summarized i n  Table 12. The effect  of these cumulative tolerances 

was ceen i n  the dupliczte Pc measurement (F ig .  15). In many cases, there was 

a dis t inct  (APc)l, w i t h  Pc, (Kistler) being higher. 

was a (APc)2, b u t  PCl  was n o t  always higher and there definitely was net a 

general t r e n d  of (APPc) ,  = (APc)2. 

consistent w i t h  Table 12. 

In almost a l l  cases there 

The magnitude of these differences was 

As mentioned i n  Section 5.4d thermocouple data for  Run Nos. 1/1-5/2 are 

incorrect. Subsequent d a t a  also sppear suspect fo r  several reasons: unrea l i s t -  

ical ly  low values and ( i n  8 cases) inadequate response times. 

temperature histories,  it11 runs exhibited a response time l a g  o f  80-lo@ msec; 

b u t  runs af te r  5/2 (exczpt Run Nos. 41/1-45/2) came to steady s t a t e  and had 

temperatures of approximately 190OOP. These temperatures are judged to  be 

low; they should  be near t h ?  stagnation temperature of approximately 5500'R. 

Reradiation and conduction losses in the thermocouple, mixing and cooling i n  

the plume, and other causes could have prevented the thermocouples from indica- 

t i n g  the expected temperature; 

As shown by the 

however, i t  i s  not possible to  accurately 
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predict such effect. A t  112,000 feet  (Run fios. 41/1-45/2) steady-state wzs 

n o t  reached and the data shown are the highest values reached for each r u n .  

The recorded temperature data are therefore presented for cornpl eteness and 

should be used only as lower limits. 

As n2ntioned i n  Section 5.4e,the force data exhibited drifts i n  zero 

values inmediately prior to fir ing.  As a result  these data should  be re- 

garded as qualitative. 

A key ?lement i n  this program was the inclusion of a number of repeat 

runs adequate to  lend h i g h  confidence to the data. As mentioned i n  Section 4.2, 

the only cases for  which only one r u n  was made were a result o f  discovering 

adverse instrumentation performance or shortage of motors. Figure 16 shows 

the degree to  which parameters (Pc,  P n ,  P/P,, 4 / A ,  T ,  F)  f o r  each repeat r u n  

agreed w i t h  the original values. The Pc and Pn repeatability i s  acceptable 

though not as good as in i t i a l ly  estimated; however, the plume measurements 

show very satisfactory repeatability. 

rcajority of Q j A ,  T ,  and F measurements i s  better t h a n  exnected, especially 

when considering the rather non-standard nature o f  this  instrumentation. The 

indicated repeatability documents the fundamental accliracy of  the FA21 data, 

and strengthens confidence i n  these data. 

In fact  repeatability evident i n  the 

6.3 DATA PRESENTATION FORMAT 

The time histories ~f the measured parameters were recorded i n  two forms: 

digital  tabulations and CRT plats of these digital  data. T h i s  section des- 

cribes the manner i n  which these d a t a  are presented; the complete sets  o f  data  

are presented i n  appendices. 

d a t a .  

Tables 1 and 10 can be used as indices to the 

The d i g i t a l  tabulations (Table 13) are presented i n  a conventional manner. 
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Nomenclature is  t h a t  used throughout this report. 

i s  by channel number. 

positions from centcrline outward. 

tions from east to west, then heat gage positions also from east  t o  west. 

Table 6 for detai ls  of channel ass gnments). The complete set o f  d i g i t a l  da ta  

i s  i n  Appendix C y  i n  r u n  number sequence. Note t h a t  the p r i n t  format adjusts 

t o  the l e f t  when "zero" appears i n  a column. Also, the force data needs correc- 

tion (Section 6.1, Eqn. 4) .  

The arrangement of columns 

On the rake this  pattern generally follows radial probe 

On the plate i t  follows pressure p o r t  posi- 

(See 

The CRT plots (Fig. 17) are likewise of conventional format and consistent 

nomenclature, w i t h  several per axis for  compactness. The  HRWT printer d i d  not 

always operate a t  constant speed, t h u s  causing some variation i n  the vertical 

scale from sheet to  sheet. Any such mismatch was corrected i n  the plots fo r  

each given r u n  number. However, the variations from r u n  t o  r u n  were not 

necessarily accounted for. 

the vertical axis should be used rather t h a n  superposition. The complete 

set o f  CRT plots i s  i n  Appendix B,  i n  run number sequence. The d r i f t  i n  the 

force da ta  (Section 6.1) was corrected i n  these plots. 

In comparing from r u n  to  r u n ,  the t icks along 

Note that i n  both Appendices B and C ,  the complete sets  of recorded data 

are included w i t h o u t  editing. 

anomal ies . 
Refer to Section 5 and Table 10 for coments on 

The high speed movies comprise a potentially valuable collection of 

information (Fig.  18). 

t h a n  can be seen i n  Fig. 18. 

fac i l i ty .  

18 example shows a reversed image, as i f  viewed looking south. 

The movies are i n  color and show even more detail 

They are available v i a  the authors  or the MSFC 

The movies present the scene. as viewed looking north, b u t  the Fig.  
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6.4 SUMMARY DATA 

The complete time histories were inspected t o  select  a time interval 

dur ing  each r u n  that  would appropriately repreqent t h a t  r u n ,  and the data 

were averaged for  t h i s  interval,  as described above (Section 6.1). These 

averages are tabulated f o r  the nozzle, plate,  ar.d rake i n  Tables 14-16. The 

force data i n  these sununaries were corrected per Eqn. 4 (Section 6.1). Data 

evaluated t o  be erroneous, per the discussion i n  Section 5 and Table 10 or  

by inspection of the Appendix B plots, were omitted. 

The data from Tables 14-16 are  plotted i n  Figs.  19-21, respectively. 

Although some anomalous points seem indicated, a l l  of  the Table 14-16 data 

were plotted for completeness. The unusual  appearing data were plotted w i t h  

dashed symbols for  emphasis. 
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a. Physical Characteristics 

--- Propel 1 ant Case 
\ 

Nozzle: Throat Dia .  = 0.524" 
E = 7.6 
Rc/R* = 4.0 

Fig .  3 Rocket Motor 
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b, Opera t i  onal Character i s t i c s  
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Fig. 3 (Concluded) 
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Pressure 
Nozzle 

No. 

P 
n l  

% *  
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To Transducer 
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Design Values (See Table 3 for measured values) 

RTR 016-4 
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Fig .  4 Roztle Instrumentation 
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a. Rake Probe Designs 
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Fig.  5 Plume Instrunentation 
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b. Rake Positions 

RTR 016-4 

Ju n 

X/D = 5 X/D = 20 A1 i gnment 

Position No. 56 51 47 43 39 35 1 5 9 a w 21 25 

Ccnfig. No. - X/D 

1 

6A 
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4 
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2A 
2B 
2c 
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5A 
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20 P Q T Q T Q P T Q P Q P P P P P P P P P P P P  

16 Q Q  Q T Q  F P P P P P P P P P P P 3 F P  
9. Q Q  Q T Q  F P P P P P P P P P ! - P P P  

12 Q Q Q T Q  F P P P P P P P P P P P P P P P  
12,zo Q T Q  F 
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Pq Q QPT P PPPP i'P PPPP 

P Q Q QPTOP PPPF PP PPP P 
P P p PPPP PPPP 

PQQTQQ F PPPPF?PPPPPPPP 
QQTQQ F [PPPPPPPPPP 

Q - Heat Rate Gage 
T - Thermocouple 

Fig. 5 Continued 

49 



RTR 016-4 REMTECH INCORPORATED 

d. Plate Tap Designs 
.125" O.D. x .101" I .D .  

Pressure Transducer 

Gage 

e. Plate Positions 

X/D = 20 A1 i gnmen t 

f. Pla te  Tap Combination (P = Pressure, Q = Heat Rate Gage) 
. -  South . 

.. - ---__- _ _  .---_ - - - . ..- ------------- . 
20 
. P  
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P Q  P P Q P P Q P  P P Q P P Q P P ~ P  

I 
E& t 

I .. - 21 Q - L Y  typ. 
L----..- . - - - 

North 

J i g  

Fig. :mrtinued! 
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9. Particle SanDlinu 
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Fig .  5 (Concluded) 
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a. Main Data System 

Cab1 e Bund1 es 

1 ! ' 1 ! i ~  Signal Conditioning 1 ' 1  , I (  t ~ i ~ : l ~ ~  I .  For K i s t l e rs  
.. -. 
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---. 
CRT Computer P r in te r  
Termi na 1 

'ektronix 4610 .. 
rekt ron ix  4010-1 ard Copy Un i t  

t 
I py Hz 39. 

I3.l 41 

Permanent Data 

Fig. 7 Data System Schematic 
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- Cornpu ter Igniter Igniter 
Box Power Supply 

RTR 016-4 

b. Peripheral System 

Movie 
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1 Z O F C a r n e r a  Brakc 

Camera Power 
Supply It and Timer 

Par tic1 e 
Sampler 
Motor 

Binding Posts for 
Igniter Leads . 

1 Shunt 
Box 

article Sampler 
Motor I 

Power Supply 

Fig. 7 (Concluded) 
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a .  Se t r a  
o Control Room 

tmosphere 

b. Stamam 1 To t on t ro l  Room 
6-inch 

* L  ter  bbrevi ted c a l i b r  

YT" 
1 

To Vacuum Pump 

Range Cal ibra t ion  Points 

1 ps id  -10,-20,-30,-40, 
-50 m Hg gage 

Range ' Cal ibra t ion  Poin ts  

5, 10 ps ia  0,1,2,3,4,5 ps ia  
15 ps ia  0,5,10 ps ia ,  atm. 

(0, am).* 
1500 ps ia  0, 1000 ps ia  

c .  Kistler Range Cali b ra t ion  Points 

75 ps ia  0,15,30,45,60 ps ia  
(0,50 psis).* 

1000 ps ia  0, 1000 ps ia  

To Control 
Room - 

Shop Air 

t ion j u s t i f i e d  by high l i n e a r i t y  evident i n  e a r l i e r  
rnul t i - p o i n t  c a l i b r a t i o n .  

Fig. 8 Cal ibra t ion  Setup 
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a .  Comparison of PC Measured by Statham and Kistler Gages - 

Statham Chamber Pressure (psia) 

b. Variation o f  PC During Test From Summary Data (averaged over selected time interval). 

Fig. 10 Rocket Motor Performance 
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c. Pr HI story Reproduci b i  1 i ty 
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Fig.  10 (Concluded) 
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Fig. 13 Plate Data Anomaly a t  J, = 90’ 
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Fig. 14 Force Measurement 

Time (Seconds) 

Fig,  15 P, Accuracy 
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o 2% A t -  1 ~ 1 0 %  A t  -1 
@15% A t  

a.  Rocket Motor Pressure 
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REMTECH INCORPORATED RTR 016-4 

c. Plume ticat Rate - 

(Q'*)RU" KO. xx/1 

d . Temperature 

600 1000 1400 1800 2200 

(T)Run No. Xx/1 (OR) 

Fig. 16 (Concluded) 

( B t u / f  t2-sec. ) 

e. Force 
Q 

0 10 20 30 

No. X#/1 O b .  1 
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1200 r Run No. 43/2 

RTR 016-4 

I I I I I I I I I 
0 .1 .2 . 3  14 

Time (sec) 

Fig. 17 Examples o f  CRT Plots 
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RTR 016-4 REMTECH INCORPORATED 

(Referenced t o  Sphere Ambient) 

(See Fig. 5 f o r  Positions) 

0 .1 .2 . 3  .4 

Time (sec) 

Fig. 17 (Concluded) 
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REMTECH INCORPORATED 

a. X/D = 5, 50,000'.,5, = 45O 

.01 

.001 

. 0001 

.01 

.001 

. 0001 

.01 

.001 

RTR 016-4 

.OOoi 
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 

Radial Distance From Center1 ine (inches) 

Fig. 20 Plate Data Summary 
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REMTECH INCORPORATED 

b. X/D = 5, 100,000', J, = 4 5 O  

RTR 016-4 

.01 

.001 

COO1 

. V I  

.OOOl 

.Ol 

.001 

.OOOl 

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 

Fig .  20 (Continued) 

Radial Distance From Centerline (inches) 
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C. X/D = 12, 100,000', 11 = 45" 
.Ol 

,001 

.OOOl 

.01 

aJ 
L 
J 
VI 
v) aJ 
L n 

.OOOl 

.Ol 

.001 

.OOOl  

_ . - . i c  

32/ 1 4733 

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 
Radial Distance From Centerline (inches) 

Fig.  "0 (Continued) 
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d.  X/D = 20, 100,000', J, = 4 5 O  

RTR 016-4 

.01 

.001 

. 0001 

.01 

.001 

,0001 

.01 

,001 

. coo1 

15% Aa 
Sym. Run No. - pc/Pa~ 

0 20/1 5628 

A 20/2 5845 

1. d. 

--.-.- 
I ,  $E -- 

--+I- * 
-30 -25 -20 -15 -10 -5 0 5  10 15 20 25 30 

Radial Distance from Center1 ine (inches) 

Fig. 20 (Continued) 
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REMTECH INCORPORATED RTR 016-4 

e. 
.o 
- 

. 00 

. 000 

.01 

CI 
CL .001 

0007 

.01 

.OOl 

.OOOl 

14/1 4306 

-25 -20 -15 -10 -5 0 5 10 15 20 25 30 
Radial Dista,-ce from Center1 ine (inches) 

Fig. 20 (Continued) 
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f. X/D = 20, 100,000', 9 = 60' 
.Ol 

e 001 

0001 

.Ol 

.OOOl 

. 01 

. co1 

RTR 016-4 

10% Aa Fq 
0 39/ 1 5559 2lL 

.OOOl 
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25. 30 

Radial Distance from Centerline (inches) 

Fig- 20 (Continued) 
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9. X/D = 20, 100,000', 9 = 90' 

.01 

. 00 

. 000 
.01 

.OOOl 

.01 

.001 

.OOOl 

RTR 016-4 

4- 

10 -25 -20 -15 - 
Radial 

Fig. 20 (Concluded) 
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a. X/D = 5,  50,000' 
.025 
.020 
.015 

.010 

.005 

.003 

.002 

.025 

.020 

.010 

.005 

.002 

.015 

.040 

.030 

.020 

.010 

.005 

,002 

RTR 016-4 

(Flaq denotes East) 

Radial Distance from Centerl ine (inches) 

Fig.  21 Rake Data Summary 
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REMTECH INCORPORATED RTR 016-4 

b. X/D = 5, 100,000' 

.01 

0 00 

V 
\ .OO'  
0 .. 
0 

.OOl  
. oooa 

(Flag denotes East) 

__-- 

... . I . . 

I 2 3 4 5 6 7 8 9 10 11 2 

12 
Radial Distance from Center1 ine (inches) 

Fig. 21 (Continued) 
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c. X/O = 12, 100,009' - 
RTR 016-4 

. 00 

. 00 

. 00 

4 0 1 2 - 4 5 6 7 a 9 10 11 12 
Radial Distance from Centerline (inches) 

Fig. 21 (Continued) 
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REMTECH INCORPORATED RTR 0'1 5 -4 

d. X/D = 12, 112,000' 

,002 

Sym. Run F4o. P,/Poo 

43/1 10,300 
43/2 10,610 

.OOl 

. 000 

. 00 

. 001 0 

2 3 4 5 6 7 8 9 10 11 
.0006 

0 
Radial F s t a n c e  from Cepter l ine (inches) 

Fig.  21 (Continued) 
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e. X/D = 16, 100,C30' - 

10% A t  
* 002( 

* 001 

. 000; 

.0031 

. 001 

. 000: 

4524 ---- 
. __ - - 

0 1 2 3 4 5 6 7 8 9 10 1 1  12 

Radial Distance from Center1 ine (inches) 

Fig. 21 (Continued) 
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. ooa 

.001( 

.ooo: 

(Flag denotes East) 

RTR 016-4 

2adial Distance from Centerline (inches) 
Fig.  21 (Continued) 
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0 '  

9. XJD = 20, 112,000' 

~ . . ... . 

' 0  1 2 3 4 5 6 7 8 3 10 11 12 

Radial Distance from Centerline (inches) 

Fig. 21 (Concluded) 
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X/D = 12 

lOOK (6) 

lOOK (5) 
112K (6) 
lOOK (4) 

RTR 016-4 

X/D = 16 

lOOK (5) 

TABLE 1 

CAPSULE OF FA-21 (HRWT-38) TEST 

a. Sumary (Showing Alt i tudes i n  Feet) 
(No. of runs i n  parentheses) 

50K (6) 

Par t  i c I  e f 1 
23 

b. D e t a i l s  (Showing Run Nos.) 
Design Pc = 

X/D = 20 

6 
lDOK (26) 38 

7 
21 
8 

1OOK (7) 

1OOK (6) 10 

41 90 
- 

1000 psia 

i 112,000 feet pressure aititu’o, 
0 100,000 feet pressure a l t i t u d e  Sequence, except: 
A 50,000 feet  pressure a l t i t u d e  

Rur,s were performed i n  Run No. 

1. 6/3 occurred a f t e r  11/2. 
2. 14/2. 14/3 occurrer! c f t e r  271’2. 

a3 



REMTECH INCORPORATED 
RTR 016-4 

TABLE 2 

SCHEDULE 

a. Overview 

1974 I 1975 I 19' 

- 3 4 1  1 2 3 4 1 1  
pl 

Concept 

I 
Equipment: Design 

Fab. 

Instal  1 
I 

I 
D 0 Procedures 

I Test 
I 

I 

2 

Open = Prel iminary 
Shaded = Final 

b. Test Phase 

Runs Per 
Week 

- 30 

0 2 4 6 a 10 

Time ('uleeks) 
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TABLE 3 

MEASURED NOZZLE D I M E N S I O N S  

voz. 
j/N 
1 
2 
3 
4 
5 
6 
7 
8 
9 

IO 
I1 
~2 
13 
14 
15 

18 
I9 
!O 
!1 
12 
!3 
!4 
15 
!6 
17 
18 
!9 
10 

16 
17 

RTR 016-4 

- 
a 

15'01' 
14'57' 
14'59' 
15'02' 
15'01' 
15'07' 
14'58' 
15'02' 
15"- 
14'59' 
15"- 
15"02' 
15O02' 
15'03' 
14'59: 

14'58' 
15"Ol' 
14'59' 
15"08' 
15'04' 
14'59' 
14'55' 
14O56' 
15'05' 
15"Ol' 
15'02' 
14'59' 
14"59' 

15"- 
15"- 

I;" A- 

E = A/A, = (D/D,)* Dimensions 
In Inches 

E 1  

3.159' 
3.184 
3.178 
3.175 
3.139 
3.118 
3.149 
3.152 
3.167 
3.14? 
3.157 
3.143 
3.191 
3.163 
3.172 
3.192 
3.149 
3.109 
3.148 
3.176 
3. 151 
3.101 
3.227 
3.172 
3.188 
3.120 
3.144 
3.143 
3.143 
3.189 

L 
@ G I  
1.871 
1.851 
1 .e40 
1.883 
1 -857 
1.885 
1.871 
1.855 
1.861 
1.841 
1.899 
1.862 
1.845 
1.865 
1.871 
1.858 
1.860 
1.878 
1.862 
1.840 
1.849 

Overa 1 1 
D* 

-5235 
,5235 
.5230 
,5230 
.5235 
.5235 
.5230 
-5240 
-5240 
.5235 
-5235 
.5240 
.5235 
.5230 
.5230 
.5230 
.5230 
.5230 
,5235 
-3235 
.5230 

I t  Wall Pressure TaDs 

I 

~ 

.951 

.956 

.946 
1.957 
.958 
.965 
.960 
.947 
.959 
.955 
.955 
.953 
.950 
.960 
.949 
.957 
,963 
.964 
.949 
.957 
.968 

1.855 
1.869 
1.850 
1.851 
1.885 
1.844 
1.869 
1.857 - 

1.145 
1.142 
1.144 
1.147 
1.143 
1.143 
1.146 
1.145 
1.150 
1.145 
1.146 
1.146 
1.144 
1.136 
1.144 
1.145 
1.143 

1 -442 
1.444 

1.441 
1.442 
1.444 
1.446 
1.440 
1.442 
1.442 
1.442 
1.447 
1.441 
1 -443 
1.443 
1.441 
1.437 
1.446 
1.441 
1.446 
1.443 

1.440 
4.783 
4.760 
4.781 
4.794 
4.755 
4.765 
4.794 
4.779 
4.830 
4.790 
4.799 
4.820 
4.781 
4.718 
4.775 
4.784 
4.777 

.5230)' 441 

.5230 ,343 

,147 
,148 
,151 
,152 
,148 
,143 
.151 
.147 
.149 
.146 
.146 
.153 
.143 
.149 
.154 
.151 
.138 
.154 
.150 

.148 

.I50 
,152 
.150 

- 

7.587 
17.623 
7 . 581 
7.577 
7.587 
7.623 
7.61 5 
7.552 
7.587 
7.587 
7.573 
7.640 
7.591 
7.613 
7.613 
7.591 
7.549 
7.630 
7.577 
7.644 
7.598 

1.361 
1.362 
1.360 
1.363 
1.367 
1.363 
1.361 
1.363 
1.362 
1.369 
1.362 
1.361 
1.366 
1.361 
1.355 
1.365 
1.367 
1.363 
1.362 

1.364 
1.36C 
1.356 
1.364 

- 7.591 .93i 
7.613 .960 
7.581 .949 
7.560 .954 
7.623 .963 
7.634 .964 
7.577 .959 i 7.602 .949 

.934 

.932 

.932 

.928 

.924 

.928 

.930 

.933 

.929 

.930 

.929 

.935 

.930 

.932 

.934 

.928 

.922 

.929 

.933 

.928 

.922 

.939 

.932 

.934 

.924 
-927 
.927 
.928 
.934 - 

b 
555 
55c 
557 
554 
552 
555 
562 
556 
555 
559 
552 
552 
552 
551 
558 
550 
555 
563 
563 
553 
560 
553 
538 
558 
550 
559 

558 
55c 
552 

560 

- 

E3 

6.810 
6.794 
6.804 
6.772 
6.765 
6.753 
6.789 
6.801 
6.770 
6.761 
6.781 
6.756 
6.834 
6.787 
6.777 
6.825 
6.773 
6.709 
6.799 
6.820 
6.789 
6.771 

6.503 
6.762 
6.723 
6.797 
6.795 

' 6.772 
6.800 

- 

- 

- 
For S/N 1 - 12, 

@ Measurrd (other values were computed). 

R, = 1.00 - 1.02 wi th  average value cf 1.01. 
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Product -i - A1 H20 203 

HC1 

H2 

N 2  

co 
coz 

TABLE 4 

PROPELLANT COMPOSITION AND EXHAUST PRODUCTS 

(Mass Percentages) 

4 

Propellant Composition 

19 ?a 

Sol ids 

t t2%t t  1110%tt 111 5%11 

AL 2.x lo .% 15.0% 

NH CLO 82.0 74.0 69.0 

--- 
84.0% 84.0% 84.0% 

Estimated Rocket Exhaust Products 

RTR 016-4 

I 

Other - 

11.35: HTPB (hydroxyl -terminated 
polybutadiene) . 

0.15 MT4 binding agent 
1 .oo IPDI curing agent 
3.50 P1 a s t i c i  t e r  

16.00% 

I 
- % Aludnum 

2% 10% 15% I 

1 I 2 I 3 

15 I 6 2 
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REMTECH INCORPORATED 
TABLE 5 

RTR 016-4 

INSTRUMENTATION DEVICE CHARACTERISTICS 

t a, Pressure T r a n s d u c E  

3.15 

Setra Model 237 Statham Model PA208TC 

K i  s tl e r  

Model 601L Model 603A 

Parameter (Units) 

Rated Pressure (psis) 
Max. Pressure ( P s i 4  
Temp. L imi ts  (OF) 

Resolution 
Non-Lineari ty 

Thermal Zero S h i f t  (%FS/OF) 
Hysteresis t 
Thermal S e n s i t i v i t y  t 
Accel . S e n s i t i v i t y  (%FS/g 1 
@ Frequency ( H a  
Resonant Frequency # 

Statham 

5 15 1500 

5 15 1500 
15 30 3030 

C- -65 - +250 

.75 .75 .75 

.75 .75 .75 

.02 . 01 . 01 

.02 .01 . 01 

.2 .6 . 01 
500 1200 6000 

2500 6000 30li 

( A l l  dimensions i n  inches) 

b. Load Washer 

K i s t l e r  Model 901A 

K i s t l e r  

601 L 603A 

.l-300 3000 
1000 5000 

* -450 - +500* 

.10 05 

.50 1.0 

. 01 . 01 

.003 .00003 

130K 400K 

Setra 

237 

+ 1 ps id 
100 PO5 9 
30 - 150 

.25 

.10 . 01 

.015 

.02 

5000 

0 5  neg. 

Rated Force 3500 1 b. 
Max. Force 3850 lb .  
Temp. L imi ts  -400 - +5OOcF 

Resolution .01 l b .  
Non-1 i nea r i  ty 1% 
Temp. Sen: 1 t i v i  ty  . O l  % / O F  

R i g i d i t y  15  x lU-' in./ lb. 
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! *  RTR 016-4 
TABLE 6 

INSTRUMENTATION AND DATA SYSTEM CHANNEL ASSIGNMENTS - 
1 A  

Run Na 
111 

18 P, 

17 P, 

16 P, 

- 
Ch. TYPO ..__-- - 

10 P, 

15 P, 

14 P, 

p, 

P l  

P l  

P l  

13 P, 

T - 
20 Q 
11 P, 

21 Q 

25 T, 

12 P, 

22 Q 
26 T ,  

23 0 
27 T, 

- 
614 

12/1- 
'31 1 * :; 1 
16 

15 P, 

14 P5 

13 P, 

12 P, 

11 P, 

10 P, 

9 p, 

8 p5 

7 p, 

7 

25 F 

21 Q 
26 T, 

22 Q 

23 Q 

24 Q 

- 

- 
2B 

' / 2 r , /  
:h. typ. 
P - 

17 P, 
16 
15 
14 

' 

12 
11 

9 
8 

f v -  - 
18 P, 

26 T, 
19 P, 
23 Q 

24 Q 
25 Q 
20 P, 

- 
4 

;/w 
:h. Typo m 
19 
18 
17 
16 
15 

14 P, 

13 P, 

12 P, 

11 P, 

10 P, 

9 p, 

6 p, 

7 p5 

- 

25 F 

21 Q 
26 T, 

22 Q 

23 Q 

- 
5A 

l o / , -  ,,/, - 
Ch. Typc -- - 

19 P, 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 

77 '- - 

25 F 

21 Q 
22 Q 
26 T2 
23 Q 
24 Q 
20 P, 

JB 

1/2-3/, 

17 P, 

16 P, 

15 P, 

14 P, 

13 P, 

Ch- TYW - 

12 P, 

11 P, 

P l  

P l  

P l  

P l  

-T 

10 P, 

20 Q 

21 Q 
25 T, 

18 P5 

22 0 

26 T, 

23 Q 
27 T, 

Pos i ti on 

!&I 1West: 
11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 
- 

G - 
-1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-9 

-10 

-i 1 6; 

24 
2.1 
22 
21 
20 
19 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
7- 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

- 

17 
16 
15 
14 
13 
12 
11 
? O  
9 
8 
7 

T 

1 5  

- 

16 
15 
14 

12 
11 

9 
8 
7 
T 

18 P16 
22 0 

18 P, 
22 0 
26 T, 
19 P, 
23 9 

18 P, 
25 Q 
26 T2 
19 P, 
23 Q 
20 P, 
24 Q 24 0 

25 Q 
20 P, 

24 Q 

19 P, 

24 Q 

I- 

24 Q 
19 P, 

I Constant for remainder 
o f  test. I 
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TABLE 6 (Concluded) 

@ For 10 Particle Sampling Runs 
(30/1-31/2, 35/1-38/2) , only 
motor pressures (Ch.  1-5)  were recorded. 

P, Setra pressure transducer, ? 1.0 p s i d  
Px, Statham pressure transducer, xx psia 
Q Heat rate gage, 600 Btu/ft2/sec 
T, Thermocouple, original design 
T, Thermocouple, improved design 
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REMTECH INCORPORATED 

TABLE 7 
RTR 016-4 

TEST PROCEDURE 

A. NOTOR PREPARATION (Outside of Sphere) 

1. Obtain next S/N nozzle and place i n  retainer using O-rings (2). 
2. Install nozzle pressure taps. 

B. SPHERE PREPARATION STEP 1 (As Req'd by Run Schedule) 

1. Position plume instrumentation (rake/plate) as required. 
2. Verify functioning of instrumentation (span,  leak, etc.) .  
3. F u l l  calibration each Monday a.m. 
4. Stack catwalks a t  west end o f  scaffold. . 

C. SPHERE PRFPARATION STEP 2 (Every Run) 

1. Check O-ring i n  f i r ing head. 
2. Mount nozzle/retainer/tap assy. on dummy motor i n  f i r i n g  head. 
3. Connect nozzle and Pc taps to  transducers. 
4. Remove non-essential personnel w d  equipment f r m  sphere (see l is t ) .  

D. MOTOR INSTALLATION 

1. In control row, insure f i r ing box safety s h u n t  on "UrlARMED". 
2. P u t  on face shield, gloves, ear protectors; get magazine keys and 

firing box key. I 
3. Obtain correct loaded % A t  propellant case, and igni ter  (Z'people or 2 trips) 
4. Set propellant case i n t o  f ir ing head (replacing duiyny). 
5. Set igni ter  i n t o  'nside of nozzle, using special pushing  tool. 
6. Attach nozzle/retainer/igniter assy. t o  f i r i n g  head w i t h  4 bolts .  

-motor now 1 i v e t  
7. Recheck alignment of rake/plate t o  motor us ing  brass j i g ,  level, and 

plumb bob. 
8. Remove a l l  lights except one. 
9. Check f i r ing  c i rcu i t  for stray current. 

detected). 
10. Place al l igator  clamp across lower igniter leads near insu la t ion ,  u n t w i s t  

leads, and attach to  shunt box. 
11. Remove clamp and s h u n t ,  and ex i t  sphere. (Keep head below lzvel o f  nozzle 

ex i t  plane while near motor mount) .  

(Ocly one man i n  cel l  a t  this time). 
(Do not  proceed if current 

Place s h u n t  i n  s h u n t  box. 

E. TEST CONDITION 

1. Close sphere door. 
2. Check continuity of c i rcu i t  using f i r ing  box i n  control room, w/o moving 

f i r e  switch. 
3. If discontinuous, put  on safety equipment and reverse order o f  motor i n -  

s ta l la t ion beginning a t  D-9 above to  discover cause. 
4. If continuous, turn off f i r e  box, turn s h u n t  t o  safe position. 
5. Depressurize sphere to desired a1 t i tude simulation. 
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TPBLE 7 (Concluded) 

F. DATA TAKING 

RTR 016-4 

1. Check data system--on and ready; t u r n  on a l l  power switches. 
2. Take s e n s i t i v i t y  reading and p r e - f i r e  zeros using computer (w i th in  30-60 

seconds o f  f i r i n g ) .  
3. Turn i g n i t e r  box shunt t o  "ARMED" and make f i n a l  c o n t i n u i t y  check. 
4. I f  discontinuous, proceed as per E-3 above. 
5. I f  continuous, t u r n  key t o  "ARMED". 
6. Turn on power supply t o  p a r t i c l e  sampler motor ( p a r t i c l e  runs only) .  
7. Plug i n  movie camera brake (movie run only). 
8. Whan a t  desired pressure t r i g g e r  camera t imer (movie run  only). 
9. Push "FIRE" switch forward (when t imer reaches 1.5 second f o r  movie run). 

10. Observe pressure gage f o r  increase i n  pressure and l i s t e n  f o r  low rwmble. 
11. Turn key t o  "SAFE" and remove; p u t  shunt i n  "UNARMED" posi t ion.  
12. Unplug camera brake (movie run only). 
13. Turn o f f  p a r t i c l e  sampler motor power supply ( p a r t i c l e  sampling run only) .  
14. I f  misf i re--no pressure increase; no rum5le--proceed as i n  E-3 above. 

Hold f o r  5 sec. 

G. RECOVERY OUTSIDE SPHERE 

1. Close pump valve and vent sphere t o  atriosphere. 
2. Pump down t o  200 m and vent again--do t h i s  t i l ice.  (F ina l  procedure 

was t o  leave pumps on and vent t o  atmosphere then pump t o  400 mm and 
vent again w i t h  pumps on). 

3. open c e l l  door. 

H. RECOVERY I N S I D E  SPHERE 

1. Replace l i g h t s  and scaf fo ld ing as needed. 
2 .  Remove nozzle and spent motor (back t o  step A-1). 
3. Inspect hardware and instrumentation f o r  damage, corrosion, excessive 

dust, burns, etc. 
4. Clean motor mount and instrumentation, especia l ly  pressure taps/probes. 
5. Reapply p ro tec t ive  grease as necessary. 
6. Detach and blow out  both4Pc leads - run w i re  through leads i f  necessary 

t o  dislodge debris. 

ESSENTIAL EQUIPMENT LIST 

Lantern 
F'r ing box keys 
Ammeter 
Shunt f o r  f i r i n g  leads 
I g n i t e r  pushing t o o l  

Hex wrench f o r  3-13 cap screw 
Brass alignment j i g  
Level 
P1 umb bob 
A1 1 i ga t o r  c l  amp 
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TABLE 8 

PLUME INSTRUMENTATION ALIGNMENT PROCEDURE 

A. RAKE 

1. 
2. 
3. 
4. 
5. 

6. 
7. 
8. 

.9. 

10. 
11. 

Install  dunany probe i n  centerline position. 
Touch two widely spaced probe tips with steel ruler. 
Move one probe t i p  down u n t i l  ruler i s  level as determined by bubble level. 
Bring a l l  other probes down u n t i l  the tips touch the ruler. 
Adjust spacing by s l igh t ly  bending tips or loosening and retightening 
holding bolts. 
Adjust height roughly by moving mounting block extension. 
Place alignment j i g  i n  nozzle and check level of nozzle. 
Adjust motor mount hand cranks u n t i l  plumb bob centers on j i g  cross-hairs. 
Adjust height using mounting block hand crank and measuring distance from 
nozzle exit center t o  center probe. 
Re-check pl umb. 
Reiive dummy probe and align centerline probe as i n  steps 4 and 5. 

B. PLATE 

1. Adjust plate  angle JI. 
2. 

-- 

Proceed as  i n  steps a.6 - a.?O above except that  plumb bob st r ing hand-held 
t o  center tap. 

C. PARTICLE SAMPLER 

1. Adjust 9 to  90'. 
2. Install  disk and clamp cover over it. 
3. See tha t  disk rotates  f reely under power. 
4. Proceed as  i n  steps a.6 - a.10 above except plumb bob will have t o  be harid- 

held t o  narrow end of s l o t  and he ight  measured t o  this point. 
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Device 

Rake 

Rake 

Rake 
Rake, plate, sampl e r  

RTR 016-4 

Height above Nozzle E x i t  

TABLE 9 

PLUME INSTRUMENTATION ALIGNMENT ACCURACY 

Rake, plate, sampler 
Rake, plate, sampler 

Plate 

- 
Parameter 

East - West Center 
North - South center 
Plate Incident Angle 

Rut e r  Level 

Tip Height above Ruler 

ax (See Below) 

Probe T i p  Spacing 

Estimated Accuracy I 

f 10 

+ -03 inches 

- 
- 

f ..03 inches 
+ -03 inches 
+ .02 inches 
+ -02 inches 

- 
- 
- 
- 
+ -67' 

I / 

Bubble Level 
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- 
SEI 
NO 
1 
2 
3 
4 

- 

5 
6 
7 
8 
9 
10 
11 
12 
13 
I4 
15 
16 
L7 
L8 
L9 
20 
2 1  
!2 
23 
!4 
!5 
!6 
!7 
!8 

BO 
)1 
)2 
13 
14 
15 
16 
17 
18 
19 
i G  
I 1  
I2 
13 
14 
b5 
16 
-7 

-9 
IO 

?T 

.a 

- 

RUN 
NO. 

I/] 
1 / 2  
1 /3  
2/1 

- 

2/2 

3/2 
3/1 

4/1 
412 
5/1 
5/2 

6/2 
7 /I 
7/2 
8/J 
8/2 
9/1 

LO/] 
L0/2 
ll/l 
L1/2 
6 / :  

L2/1 
L2/2 
L3/1 
L3/2 
L3/3 - 
.4/1 
.5/1 
.5/2 
.6/1 
.6/2 
.7/1 
.7/2 
.8/1 
.8/2 
.8/3 
.9/1 
.9/2 
!0/1 
!0/2 
!1/1 
!1/2 
!2/1 
!2/2 
!3/1 
!3/2 
!4 / l  
!4/2 - 

DATE 

m 
212c 
2/23 
2/24 
t 

2/25 

t 
2/26 
3/02 

3103 
3/04 

3/11 

I 
3/12 
3/15 

t 
3/16 
3/17 

3/24 

3/25 

I 
3/26 

3/2 9 
I 

I 

TIM 

- 
,101! 
154! 

1041 

0901 
1 105( 
~ 1431 
103! 
103! 
ll3t 

11521 
112! 

,084t 
130! ' 160! 
095( 
121: 
144( 
164: 
1535 
113: 
134C 
1601 
092C 
160C 
071C 
0925 
1140 

1200 
1515 
0715 
0935 
1145 
1425 
0715 
0920 
112  5 
1355 
0710 
0920 
1120 
1355 
1015 
1510 
0845 
1110 
1310 
1450 
1625 
1750 

11401 

I1501 

1420 - 

- 
NOM - coti 

PLT . 

SOK 

. ROCKET 
6 

% NO1 
AL 

I [ ;  
9 1 5  6 

f ;  1 3  

i :: 
;: 

15 16 
1 l7 i o  l a  

1 0  21 

15 23 
2 24 

10 26 

t 22 

t 25 

I x;: 
15 t 1  2 

10 ' 1 :  

f 

2 29 
10 30 

4 5  

"i 
'"t 15 1: 

2 
l{ 

8 

11 
t 12 

;; 
18 

15 1 9  
t 20 

'N 
CASE 

2 OA=i 
2OA=l 
20A=r 
19A=i 
19A=l 
19A=( 
19A=l 
18A=i  
18A=l 
19A=l 
19A=l 
18A=1 
18A=l  
1 8 A = l  
18A=l 
20A=l 
20A=l 
18A=(  
18A=I 
19A=( 
20A=I 
20A=C 
19A=€ 
19A=l 
18A=l 
20A=€ 
2OA=1 
19A=(: 
19A=E 
19A=C 

19 = A  
19 =E 
18A=J 
18 =A 
19 =c 
19 =I: 
18 =E 
18 =C 
18 =C 
19 =E 
19 =F 
18 =E 
18 =F 
19 =E 
19 =H 
18 =C 
18 =H 
19 =I 
19 m J  
18 =I 
18 =J 

0 - 

20A=J 

- 

TABLE 1 0  

RUN LOG 

I ACTUAL 
CONDITIO 1 
PcQ Po0 
psis mmHl 
- 8.6( 
860 8.6: 
773 8.W 
749 8.7( 

909 8.6t 
955 8.7( 
942 8.7( 
904 8.6! 

992 
986 97.C 

761 8.7( 
745 8.65 

998 
988 

940 8.7C 
726 96.5 
749 98.5 

949 t 

I 

928 
761 8.70 

I 901 8.8 
894 8.7 

850 8.70 
949 

1002 
950 
855 
932 

1001 
973 

1005 
1024 

rj 
1 

goc 

1 

Pa N.G.;P,,, PI, overscale. 
El , Pd,-m not on ( K i s t l e r s ) .  

Q 33 de te r io ra t ed .  
No fire. 
No firs. 

& N.G. (Kistler). 
&, N.G. (KiStlW). 

PI, P2, Q s ~  destroyed; QS OVW- 
Pi damaged- scale 

P2 destroyed. 
PI bent  ; improved T/C . i n s t l .  K1 N. G .  (Kist ler) .  
Added force gage. 

I 

I 

I 
I 
I 

PI N.G. 

P, destroyed; P2, P,.P,,damaged. 

I$2 plugged; added camera. 
Q2 Plugged- 
Pi N. G .  
PI piugged. 

I 
Force N. G. 
Qo,Qte N- G= 
Plate p l a t i n g  de te r io ra t ing .  . 

QIp, Q, N-G* 

I 
I 

Pel Inco r rec t  s e n s i t i v i t y  
PCI N. G .  ( K i s t l e r )  

I 
?,e N.G. I. 

. .  I 
1' 

b2 N. G .  (plugged) ( Statham). . 

Pc2 d i r t y .  

?re N.G. 9 p,o plugged. 
P,, plugged; no RTV on F&xdzr. 

Pro eroded; Pd2 t a p  loose. 
Pro eroded; PI, over sca le .  

J .  
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RUN 
NO. 
25/1 
25/2 

TABLE 1 0  

(Concluded) 

DATE 

4/01 
4/02 

- 
SEQ 
NO. 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1  
72 
73 
74 
75 
76 
77 
78 
79 
00 
0 1  
02 

84 
BS 
86 
07 
88 
B9 
90 

- 

83 

- 

CHRONOLOGY 
- 
TIME 

1600 
0715 
1020 
1150 
1540 
0935 
1155 
1410 
0715 
0930 
1145 
1420 
1025 
142 5 
0715 
1005 
142 5 
0900 
0850 
1055 
1350 
0710 
1010 
1225 
1520 
0720 
0920 
1120 
1430 
0850 
0940 
1230 
1015 
1330 
0905 
1215 
1600 
0850 
115 5 
1450 

- 

- 

- 

NOM. 

A 

1 

1 

1 
1 
1 

1 

1 

1 

1 
1 

1 

1 
I - 

ROCKET 
S 

NOZ 

2 1  
22 
23 
24 
25 
26 
27 
28 
14 
30 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13  
29 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
1 

30 

- 
- 

- 

- 

- 
CASE 

Q 
2FX 
20 =B 
20 =c 
20 =D 
20 =E 
20 =F 
20 =G 
20 =H 
20 =I 
20 =J 
20 =K 
20 =L 
20 =M 
20 =N 
20 =o 
20 =P 
20 =Q 
20 =R 
19 =A 
1 9  =B 
18 =A 
1 8  =B 
19 =c 
18 =C 
19 =D 
19 =E 
18  =D 
18 =E 
19 =F 
19 =G 
18  =F 
18 =G 

19 =H 
18 =H 
20 =T 
19 =I 
19 =J 
1 0  =I 
18 =J 

m 

- 

ACTUAL 

% 
772 
777 
779 
812 
729 
771 
774 
792 
760 
774 
810 

815 
765 
750 
796 
749 
844 
886 
062 
940 
846 
967 
950 
845 
987 
996 
935 
888 
800 
013 rn 
948 
016 
812 
888 
908 
026 
011 

- 

- 

- TIOb 
p, 
p&€ 

t 
t 

8.7( 

17.0 

8.7C 

8.6E 

1 5.0C 5.1 

5.1 
5.05 
5.1 
5.1 
5.0 
5.1 - 

RTR 016-4 

I 

u 
K 
3 
- 
- 

i 2 

1 

2 

I 

1 

N.G. (Ki s t l e r ) .  

ed smoothing t o  Q data. 

,N .G.  (plugged) 

a l l  channels off. 
ign. plug hit wax.  

N.G., d iskdidnut  ro- 
tate 

z le  

; used r e d  wax. 

I 
F u l l  S / N  = given S/N preceded by "12", i .e.,  for Run No. 1/1, "1220A = A". 
Average %,per Eqn. 5 and T a b l e s  1Q-16. 
Configuration per  Fig. 5 and T a b l e  6 .  
T, d i d  not reach s teady state condition. 

@ P a r t i c l e  sampling run. 

Qxx = 
PXX = Pressure a t  pos i t ion  xx 

Txx = 
Heat r a t e  a t  posi t ion xx 
Temperature at pos i t ion  x)( 

Posi t ion per  Fig. 5 and Ti:ble 6. I 

Notes : 
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TABLE 11 

FORCE MEASUREMENT RESULTS 

- - 

\ P j A i  

lNozzIe Centerline 
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TABLE 12 

CUMULATIVE TOLERANCES 

RTR 016-4 

Parameter 

Setra 1.0 psid (Plume Instr.) Pressures : 
To1 erance 

.04 psi 

Statham 5,lO psia 

Statham 15 psia 
1 Statham 1500 psia P 

pC 1 

300 psia 'n 

c2 

Kistler 3000 psia 

Ki stl er 

Force 

Temperzture 

Heat Transfer Rate 

.08 psi 

.25 psi 

16 psi 

11 ps i  

.5 ps i  

.03 l b .  

2% 

5% 
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d 

a 
V 
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0.0503 

RTR 016-4 

0.0267 I 0.0204 

TABLE 1 4  

NOZZLE DATA SUMMARI 

- - 
- 
- 

0.0279 
0.0278 

- 
- 

0.0279 
0.0276 
G. 0313 
C 0233 
0.0283 

- 
% 

A 1  
I 

I 

15 

0.0221 
0.0213'. 
0.0202 
0.0217 
0.0215 
0.0213 

0.0227 
0.0227 
0.0204 
0.0206 
0.0202 
0.0217 

0.0216 

- 
Run 
No. 
21/1 
21/2 
23/1 
23/2 
3511 
33/2 
35/1 
37/1 
3712 
39/1 
39/2 
42/1 
4511 
45/2 - 

- 
pc 
(psia 
895 
8 98 
956 
954 
844 
886 
846 
951 
843 
935 
888 
948 
888 
907 - 

- 
Pn 1 /Pc 
0.0544 

- 
- 

0.0480 
0.0474 
0.0540 
0.0491 

0.0489 

0.0483 
0.0552 

- 
- 

?i 

& 
2 

PC 
l M ! h  
816 
860 
77 3 
761 
744 
726 
749 
761 
709 
"24 
771 
774 
792 
771  
776 
779 
811 
729 
792 
7 59 
773 
810 

810 
762 
750 
796 
749 
792 
812 

- 

I 
RUn 

1/1 
1/2 
1/3 
7/1 
7/2 

10/1 
10/2 
12/1  
1212 
1411 
24/2 
14/3 
25/1 
25/2 
26/1 
26/2 
27/1 
27/2 
28/1 
28/2 
29/1 
29/2 
30/1 
30/2 
31/1 
31/2 
32/1 
32/2 
4 l / l  
44/ 1 

L b  

- 

fi& 
0.0249 

3.0387 
0.0311 
0.0325 
0.0333 
0.0330 
0.0357 
0.0337 
0.0327 
0.0359 
0.0356 
0.0347 
0.0321 
0.0367 
0.0365 
0.0349 
0.0362 

0.0394 
0.0357 
0.0341 

0.0359 
0.0354 
0.0345 
0.0348 
0.0358 
0.0353 
0.0338 
0.0346 

- 

- 

- 

- 

Ltik 
0.0248 

0.0213 
0.0196 
0.0205 
0.0205 
0.0196 
0.0248 
0.0193 
0.0193 
0.0207 
0.0206 
'8.0200 
0.0191 
0.0199 
0.0204 
0.0208 
0.0213 
0.0209 
0.0205 
0.0197 
0.0185 

0.0204 
0.0201 
0.0202 
0.0194 
0.0202 
0.0202 
0.0205 
0.0205 
0.0014 

- 

- 

w - 
- 

0.0612 
0.0616 
0.0668 
0.0624 
0.0672 
0.0524 
0.0557 
0.0655 
0.0719 
0.0623 
0.0636 
0.0641 
0.0673 
0.0683 
0.0653 
0.0646 
0.0687 
0.0665 
0.0635 

0.0658 
0.0650 
0.0660 
0.0664 
0.0678 
0.0635 
0.0635 
0.0645 

- 

5.7% 

0.0202 
0.0244 
0.0221 
0.0207 
0.0213 
0.0215 
0.0201 
0.0216 
0.9213 
0.0197 
0. C194 
0.0205 
0.0203 
0.0207 
0.0227 
0.0213 
0.0220 
0.0215 
5.02G6 

0.021c 
0.0215 
0.0184 
0.0215 
0.0192 
0.0205 
0.0204 
0.0214 
0.020E 

- 

0.0200 

3.3% 

0.0289 - 
- 

0.0212 
0.0232 
0.0294 
0.0266 
0.0238 
0.0235 
0.0283 
0.0284 
0.0265 
0.0305 
0.0250 
0.0310 
0.0250 - - 
0.0255 

- 
- 
- 

0.0307 

0.028i 
0.0285 
0.0271 
0.0284 
0.0288 
0.0289 

- 

-- 

955 
942 
1043. 
992 
986 
949 
928 
987 
997 
949 
10Q 
932 
1000 
972 
946 
983 
936 
981 
192% 
1023 
1001 
939. 
962 
97 0 
996 
879 
1013 
1015 
1026 
1010 - 

3/1 
3/2 
5/1 
5/2 
6 /1  
6/2 
6/3 
8/1 
8/2 

16/1 
16/2 
18/1 
18/2 
18/3 
20/1 
20/2 
22/1 
22/2 
24/L 
24/2 
34/1 
34/2 
36/1 
38/1 
38/2 
4 0/1 
40/2 
43/1 
43/2 
43/3 - 

0.0552 
0.0629 
0.0468 
0.0493 
0.0488 
0.0641 - 

- 
- 

0.0616 
0.0566 
0.0546 
0.0662 
0.0519 

0.0469 
- 

- 
- 

0. 0533 - 
- 

O.OW5 
0.0559 
0.0466 - 

- 
0.0567 

0.0467 
0.0484 

- 

w g  . 
c 0.0039 0.00 ' 

7.8% 6.8% - r/Avg 6.1% - 
0.0538 
0.0582 
0.0493 
0.0486 
0.0516 

0.0531 

0.0530 
0.0527 

0.0577 
0.0496 
0.0505 
0.0501 
0.0532 

- 

- 

- 

e - 
2/1 
2/2 
W 1  
4/ 2 
9/ 1 
11/1 
11/2 
13/1 
13/2 
13/3 
15/1 
15/2 
17/1 
17/2 
19/1 
19/2 - 

0.0271 
0.0217 
0.0222 
0.0222 
0.0241 
0.0222 
0.0215 
0.02&8 
0.0223 
0.0210 
0.0236 
0.0220 
0.0204 
0.0220 
0.0230 
0.0225 - 

748 
908 
903 
935 
940 
890 
902 
8 59 
900 
893 
943 
849 
950 
855 
879 
889 - 

1C 0.0391 
0.0344 
0.0241 
0.0246 
0.0271 
0,0316 - 

- 
- 

0.0232 

0.0295 
0.0280 
0.0286 
0.0272 
0.0263 

- 

0.0207 

0.0065 0.0026 0.Om U -- 
U/Avn 12.2% 9.7% 5 - b9. 

L 

99 



FIEMTECH INCORPORATED 

-9 

-1 5 
-1 8 
-21 

; -12 

200-250 
776.8 
414.1 

TOOZZVlF 

.002411 

.002198 
42.7 

.002391 . 0021 98 
40.7 

,007390 
.007320 m 

14.7 
.002249 
.002251 

.002254 

.002253 

.002259 
528.51 

.0161351 -. ---. 

2612 

779.3 
415.4 

.002145 

- 

- 
- 

-- 

a i  
- ------ - 

- 
.002268 
.001827 

41.1 . 0021 88 
.001022 

38.8 
.007293 m7m 
.(J1733v 

13.1 
.0021 1 1 
.002105 

,0021 11 . 0021 04 

,0021 1 5 
459.31 . 01 6894 

- 
- 

160-21 0 
956. 7 
510.@ 

3JUl-m 

.001901 . 001 709 
39.2 

.002018 

.00061? 
66.2 

.007116 

.005315 

.017490 
23.0 

.001825 

.001821 

,001 828 . 001 822 

.001832 
126.5 

.006625 -- 
2312 

- 

2.7 

- 

-- 

I 50-1 90 
954.1 
508.6 

roo1992 
--- 

- 
,002069 
,001 859 

35.0 
.002299 
,000698 
59.9 

.007268 

.005533 

.o1pov6 
22.9 

,001 966 
,001 955 

2.3 
.002006 
,001 997 

I002000 
205.1 

I 00671 7 

- 

150-2G0 
I 004.78 
535.6 m3 - 

,001 822 
,001 621 

41.9 
,001 836 
,000699 
111.6 

,00671 4 
,004442 
.012644 

27.9 
,001 744 
,001 740 

I001 739 
,001 739 

,001 747 
243.5 

2412 

1023.9 
545.8 

,001 878 

,001 955 
,001 721 

44.8 
,002093 
,000765 
48.6 

,006769 m m 
27.8 

,001 877 
,001 872 

3.5 
I 001 875 
,001 872 

L- 001 879 
243.61 

,00541 1 

- 
- 

,00530? -__ 

160-21 0 

-- .- 

- 

- 

15.5 

31.7 80.1 
0001 79 . 0001 03 
000227 .000212 

3.5 
000229 .000201 
000241 . 000200 - . 
@3083- - .. 002934 ---- ~ 

2512 2112 

'71.75 898.1 
50-200 175-225 

- - 
000082 .000070 
0001 31 .000127 
6.3 9.2 

000265 .000226 
000259 .000245 

4€.4 

P 

10% /I  34f 15% 1 

175-225 4-3  1001.8 165-203 

87.6 
.000097 
.000204 

3.8 . 0001 94 
.000204 - 

50.4 
.003065 
.000233 

2.8 
.000225 - 

31.2 
,001 31 6 
.o(J3828 
.007476 
110.1 

.000086 . 000202 
4.1 . 0001 86 

.000193 - 

15.1 
.000551 
mm37 
-xmlm 

60.0 
.004007 
.000244 

2.5 
.000244 

,002436 1.000833 

5018.0 
,0001 65 

6.4 
,0001 41 
,000204 
13.9 

,00060C 
,000644 
55.1 

5954.3 

10.0 
.000152 
.000201 

16.7 
.000460 
.000420 
111 .o 

m 

130.9 I 213.1 
,001 285 .001197 
,000292 .000336 

4.0 5.4 
.000206 .000188 
.000220 .000189 - - 

J86.3 I 939.r 
5267 6 I 5584.6 
,0001 44' 

6.2 I 
.oooi 391 0001 65 

T 

- - .  

,00021 91 0001 91 

137.2 211.9 
,001 231 1 001 184 
,000285!. 000293 

4.2 ! 4.9 
,000209~.000200 
,00021 1 000200 - I -  

- * 
200-254 
A L L  

m 4824.6 

2.41 
,0001 27 
,0001 78 

5.7 
,000435 
,000634 

18.2 
,000738 3mm 
.00038t 

24.0 
.00091z 
.OOl 1 53 

8.7 
.000223 
.000223 - 
.00022$ 

31.6 -- .000435 

*& 
4334.0 m, 

1.91 
.000124 
.000173 

6.0 
.000445 
.OW682 
E.? 

,000774 

+k!%% 
25.4 

,001 50d 
,001 257 

7.6 
,000241 
.000252 

w 
,000682 - 

0 50,000 ft. (Otherwise, 100,000') 



TABLE 15 
PLATE DATA SUMMARY 

- 
k 
23 
3. 
..9 
204 

,4 
1097 
202 
4 
I91 9 
I i a  
1 - 542 
93a m 

,4 
-16 5 
233 

,8 
22 5 . 
r21 
9- 
8 8  

4 2 
b235 
9 
.o 
El 
1 
098 
-93 
9 
908 
962 
1 
551 
Vn m 
107 
!44 

244 

- 41 

33 

- 
- 
- 

- 

13.9 16.7 
.000600 .000460 
.000644 .000420 
55.1 111.0 

. 0001 27 . 0001 78 

.000435 

.000634 
18.2 

.00035fl. 000284 .000738 

.0009991 .000815 .000382 

. ooo58oi. 000484 .000438 

130.9 I 219.1 24.0 . 001 285 . 001 1 97 .00091 Zi 
.000292 .000336 .OOl 1 53 

4.0 8.7 

- - I -  
.OO02021.000186 .000224 

1 413.3 31.6 

.000285 .000774 

.000469 .000787 
829 .000459 - - .  _ _ _  

137.2 1 211.9 25.4 
,001 231 f . 001 184 . 001 504i 
,000285!. 000293 ,001 257 

4.2 4.9 7.6 
,000209 .000200 .000249 
,00021 1 .000200 .000252 

,000207 . 0001 97 .000251 
!39.7 
,000573 . % 6 1  .0&;2 

- - - 

175-225 
874.6 
5198.4 
3 = R O T X  

6.0 . 0001 62 
.000212 

9.0 
.000377 
.000478 

52.0 . OOC458 m m  
.ooo314 

98.0 
.000553 
.001181 

18.4 
.000215 
.000209 

,000224 
89.3 

.--.- .000340 

- 

** 
- 8 K T  
5317.5 
.000190 

6.5 . 0001 62 
.000217 

10.4 
.000387 
.om482 

51.8 
.000444 

100.2 
.000518 
.!IO1 435 

26.7 
.000215 
.000208 

.000220 
97.8- 
,000297 

w 

0 

P 

176.9 11.4 
.000466 .000418 . 001 308 .000699 

43.8 46.7 
.000209 .000400 
.000201 .000237 - - 
# 213 .000243 
171.2 17.4 

100.5 28.7 
,000329 ,000485 
.000263 .000346' 
.000244 .000250 
183.4 37.9 

.000419 .O00461 . 001 104 .000685 
43.4 50.4 

.000185 .000444 . 0001 75 .000237 - 0 

,000268 II.000316 

E-- 
14/3 
200-250 
774.4 
4602.5 
,0001 59 

2.41 
.000121 . 0001 95 

9.8 
.000599 
.000943 

26.8 
.000509 
.000316 
.000245 

35.8 
.300461 
.00067 5 

56.9 . U00441 
.000233 

.ooo238 
18.9 

.000316 

- 

- 

--- 

- Pressure Ratio, P/P, 

* 180-230 

943.0 

.ooo117 
5604.6 

4.31 
,0001 38 
,0001 96 

18.9 
.000432 
.000544 

52.2 . 0001 93 
.000095 . 0001 59 

70.2 
.000339 
.000443 

42.4 
.000747 . 0001 86 

L!x!sW 
81.5 

.000101 

- 

-- 

& 
849.4 
5051.3 
.ooo118 

4.11 
,0001 33 . 0001 77 

15.4 
.000400 
.000567 

45.8 
,000346 - 
000095 

,0001 58 
62.6 

,000341 
,000443 

65.6 
,000665 
,000206 - w 
,0001 09 

b . 1 )  - Heat Rate i n  Btu/ftz/sec(>l.) 

5954.4 4514.3 
,0001 31 .000300 

5.711 2.1 
,0001 45 . 0001 27 
,0001 81 . 0001 66 

24.4 6.1 
,000331 .000491 
.000409 .00073? 

79.4 22.0 
,000221 .000698 
,000083 .000790 
,0001 34 .000607 
112.2 39.1 
000292 001 675 

,000376 . 00051 6 
53.5 3.7 

000673 . 000243 . 0001 81 .000245 

I 0001 77 .000246 
1.6 - 

.8 
, &90 .OO%i 

5.7 7.9 5.4 
.000171 .000207 .000288 
.000224 .000218 .000138 

10.9 13.4 5.7 
.000438 .000378 , .000795 

.000214 .ooo233 .000195 
203.1 274.3 53.3 

6.4 8.0 6.2 . 0001 87 .000185 .000242 
.000226 .000234 . 0001 1 9 

12.0 17.4 5.6 
.000444 .000397 .000704 
.0005? 2 . Om425 .!!el 3?? 

47.01 110.511 18.6 
,000465 . 000366 .0007 66 
.000419 .000323 .000780 
.000435 .000379 .000757 _ _  - 

75.4 149.7 23.5 
.00150 .000952 .001940 
.000870 .00078 .000629 

8 . 1  y.4 5.1 
.900211 .000186 - 
.000212 .000185 .000256 

0 - 
.000209 . 0001 82 !. 000226 

.000427 I .000315 II.000751 

1 



TABLE 15 
PLATE DATA SUMMARV 

RTR 016-4 

r- 
74/3- 
200-250 
724,4 

3mm 4602.5 

2.47 
.000121 . 0001 95 

9.8 
.000599 
.000943 

26.8 
.000509 
.000316 
.000245 

35.8 . GOO461 
.00067 5 

56.9 
.000441 
.000233 

.009238 
18.9 

.000316 

- 

_T_- 

\ 

~ - 

* 
180-230 
9r13.0 

m 5604.6 

4.31 
,0001 38 
,0001 96 

18.9 
,000432 
,000544 

52.2 
,0001 93 
.000095 
,0001 59 

70.2 
.000339 
.000443 

42.4 
.000747 . 0001 86 

.ooo181 
81.5 . 0001 01 

0 

-- 

k j i j  
-8mT 
5051.3 .m 

4.13 . 0001 33 
,0001 77 

15.4 
.000400 
.OOO56? 

45.8 
,000346 
,000096 
,0001 58 

62.6 
,000341 
,000443 

65.6 
,000665 
,000206 - 
%Y 
,0001 09 

b . 1 )  

i8/3 

912,8 

5782,2 

150-200 

.000185 
9.0 . 0001 79 . 0001 1 0 

15.0 
.000984 
.000663 

86.2 
.000499 

.000484 
109.3 . 001 169 

.000764 
7.9 . 0001 10 

.000209 

,000203 
427.9 

-7 .000488 

zma 

- 

.b 5w 
9.0 . 0001 96 

.000099 
15.0 

.000938 

.000717 
73.2 

.000504 

.000481 
96.3 

.001236 

.000767 
?.3 

.OOOl 1 7 

.000207 

.ooo187 
395.9 

.000499 

18/2 
175-200 
Ti5oim 

5947.0 . 0001 76 
10.5 . 0001 81 . 0001 02 
16.5 . 001 01 1 

.000592 
92.1 

.ooo481 
,000572 
.000453 

109.2 
.001228 
.000799 

8.5 . 0001 12 
.000203 

. 0001 86 rn 
I- .000472 

3mSB 

- 

- 

5.7 
,0001 71 
.000224 

10.9 
,000438 
,000497 

54.1 

7.9 
000207 
00021 8 

13.4 
.000378 
.000438 

85.5 

5.4 
,000288 
,0001 38 

5.7 
,000795 
,001 446 

16.7 

4.a . 0001 64 
.000094 

14.1 
.000993 
.000642 

40.1 
,000791 .000505 
&No794 -000634 
,000767 .000409 

24.6 
.002006 
.000543 

4.7 . 0001 61 
.000274 

0 

51.2 . 001 236 
.000566 

2.5 
.000097 . 0001 89 - 

.OOO809 
8.2 . 0001 97 . 0001 98 - 

.000668 
7.7 

.000216 

.000215 - 
? 000233 I .  0 001 89 

53.31 245.1 

6.4 . 0001 87 
.000226 

12.0 
.000444 
.000512 

47.0 

8.0 . 0001 85 
.000234 

17.4 
.000397 
.000425 

110.5 

6.2 
.000242 . 0001 19 

5.6 
.000704 
.001317 

18.6 

8.5 
.000207 
.000094 

10.0 
.000902 
.000762 

35.1 
- 
J .000485 
3 .000346' 
4 .000250 

37.9 
.000461 
.000685 

50.4 
,000444 

3 .000237 

- ,000241 

28.7 

- 
. o & L  

75.4 
.001505 
.OOO8Y 0 

8.5 
.000211 
,00021 2 - 

149.7 
.000952 
.000789 

14.8 . 0001 86 
.000185 - 

,001 940 ,001 602 
23.51 50.3 

.000376 .000516 

.000673 .000243 
53.5 I 3.7 

,000629 
5.1 

,000256 
0 

- 

.000573 
4.5 

.000125 

.000234 
0 

.000209 ,0001 82 

.38:;': .o% 
:!re Ratio, P/P, 

1 00 Rate i n  Btu/ftz/sec(>l e )  



REMTECN INCORPORATED 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 = 
-1 

-2 

-3 

-4  

-5 

-6 

-7 

-8 

-9 

-1 0 

X/D = 5 

302528 
302520 
302580 
302539 
302595 
302559 
302594 
302926 
309790 
332379 
307371 
3081 50 
008325 - - - 
!5.3# 

002506 
002509 
002568 
002538 
002567 
002552 
002560 
002949 
00921 8 
0291 71 
00731 0 
002027 
,008489 
3I!EEE 

33.5# 

12.5 43.6 
29.1 73.61 
I245"R 11 28"R 
!0.3 12.1 

302540 ,002528 
- - 

1 
11.L1 

002087 
0021 02 
0021 40 
0021 32 

0021 34 
002439 
006969 
021 740 
008098 
01 3088 
005085 
,006453 
-mmT 

15.6# 

7.12 

767"R 
- 
- - 

002 1 48 

175-22E 
m 4 -  
475- 

50,000 ' 
x 
11/2 

c - - 
301 935 

302031 
DO2445 
DO7828 
021 164 
DO5624 
DU5329 
DO6621 
007448 mmm- 

- 

12.8# 

10.2 

595"R 
- 
- - - 

175-225 
3.02.0 
mT-- - 

- 
1 

41t 

001 954 
002944 
009331 
01 91 59 
0081 19 
003656 
004566 
104258 
002562 
004337 
893.1 

5236"R 
01 9204 
608.7 

003486 - 
- 

40;775 
86.4 
26 - 

6/2 

001 934 
0021 74 
0051 98 

011014 
004622 

OOk82 

- 

004588 
0@4863 
530.1 

01 8584 
396.8 

002358 

- 

- 

m 
49.2 
06 - 

613 

- - - 
002044 

002C46 
002471 
0071 68 
01 8567 
0051 57 
0041 89 
004807 
,00488f 

- 

Ou4609 

8.1#? 

1.01 

68"R 
.. 
- - - 

m 
128.1 
95 - 

1 
4/1 

001 037 
000860 
001 227 
001 748 
00231 5 
00251 4 
003463 
004225 
004996 
005987 

BiZE - 
0061 97 

1914"R 
003922 
318.9 

297.3 

78.9 
001 207 

- 

OOlZOO m- 
451 

.00090! 

.00091~ 

.00121: 

.001374 

.002542 . @0305f 

.004992 

.005696 
006671 - 
-005829 

671 O R  

003946 
405.0 

310.6 

87.2' 
DO1 102 

rn 
935.4 5m- 

100,000' 

.000553 

.000814 
,001 132 
.001099 

.002322 

.002641 

.003780 

.004248 
,0061 61 
.007139 

.004174 

1792"R 
.003287 
557.7 

373.3 

110.0 
.000807 

m 
t 0 4 3 . 2  
6235 - 

,0027 

,0007iL 
,001 1 
.00115 

,002; - 

,00254 

,00281 
,00445 - 
m 
,0041 C - -  - 
,00322 
523.8 

318.4 

11 3.2 

.0022i 

E E  
P92.4 



TABLE 16 
RAKE DATA S U N  

X/D = 5 
100,000 ' 

I01 934 
1021 74 
051 98 

11014 
I04622 

- 

-16582 
En 

104863 
530.1 

18584 
396.8 
102358 

- 

- 

ra--mr - 
& - 

- - - 
002044 

002046 
002471 
0071 68 
01 8567 
0051 57 
004 1 89 
004807 
,00488t 

- 

Imn 

8.1#? 

1 .o? 
'68"R 

- 
- - - 

v!Em 
28. 'I 
95 - 

1 
4/11 

001 037 
000860 
001 227 
001 748 
00231 5 
00251 4 
003463 
004225 
004996 
005987 * - 
0061 97 

1914'R 
003922 
318.9 

297.3 

78.9 
001 207 

- 

llimn- 
03.5 
F 

4/2 

.000901 

.000914 

.00121: 

.001374 

.00254i 
,00305E 

.004992 

.005696 
006671 - - 
,005829 

571 O i l  

DO3946 
405.0 

310.6 

87.2' 
301 102 

m 
)35.4. r 

.000550 
,00081 4 
,001 1 32 
,007 099 

,002322 
,002641 

,003780 
.004248 
,0061 61 
Lpm 

,004 1 74 

1792"R 
.003287 
557.7 

373.3 

110.0 
.000807 

125-775 
1043.2 r -- 

V 

5/2 

,00271 a 

. ooi  1 oa 
,000786 

,001 192 

.002402 
,002 548 

,00281 9 
.00445@ - 
2ICEzEE 
,0041 94 - - 
,003224 
520.8 

318.4 

113.2 

,002272 

m 
992.4 
iv32 -- 

000230 
000236 
000258 
000420 
000652 

001 772 

002694 

001 006 

OG0845 

000948 

001 030 

O O i l l ?  

001 187 

m m  

. O# 

7.3 

- 
11 .1 

11 .7 

- 

7 5 7 5  
67.3 
525- 

% 

.000245 

.000245 

.000266 

.000445 

.000700 

.001 F72 

.t9'./46 

.001121 

.000846 

,00095 1 

. r)0102? 

.031138 

,001 1 91 

pml7 

2.8# 

77.1 

21 72'R 

94.5 

1 L . O  

- 

m 
744.5 
i r  -- 

1 a0,oOo' 

& 
.000289 
.000450 
.000706 
.001133 
.001485 

.001867 

,000675 

.000552 

.000605 

. ~007oa 

.000746 

.00@825 

.000910 

1.69 

231 .?  

31 17'R 

200.1 

199.5 

36.7 

l?rzu 
mC4- 
5589 

.000222 

.000315 

.000472 

.000778 . 001 049 

.001592 

.000634 

.000436 

. do0478 

,00058 I 

.000691 

.000836 

.001030 

LQQll33 

2.0# 

370.9 

2143'R 

178.1 

232.7 

54.7 

m 
987.0 r 

j% 
812 m s  
,000302 
,00048a 
,000747 
,001 11 2 
.001380 

.001519 

.000549 

,000446 

.000486 

.000582 

.000656 

,00076C 

.00098: 

DQllS 

2.0# 

3?6.4 

21 08"R 

261.4? 

214.3 

62.6 

m 
997.7 
5964 -- 

:12 

-?fx; 
2u.1 

,000692 
. Cir0664 
,000732 
I 000835 
,000869 
,000924 
,000960 
,001 009 
8 001 040 
, OC1146 
,001 140 
,001 21 9 
, C31323 

- 
- 

I .04# 

74,8 

I724"R 

32.0 

11 
4511 

,000489 
,000538 
I OOOCl2 
,000665 
,000679 
,000702 
,000768 
,000707 
,00081 4 
,000854 
,000855 . OOC96 3 
, C01055 

,001 408 

- 

I .46# 

126.4 

I556"R 

132.5 

m 
B88 ..2 
9006 

112, 

14572 
- - 

. OX4 

.0005: 

.0006L 
,0006f 
.0m61 
.0007' 

.0007' 

.00081 

.0008 

.0008' 

.0009: 

. O O l  c. 
LOO1 3' 

. ooo8r 

_- 
e --- 

? . 1 5 #  

101 .; 
1638' 

138. 

EG- 
E ?07.7 



L 

- - 
!& 

L71 E 

07M 
.lo€ 
'192 

?40i 
?54E 

?8? S 
445c - 

794 - - 
3224 
.8 

.4 

.2 

r2r L - - c  

i 

, 

- -T 
.4 - - 

RTR 016-4 
TABLE 16 

RAKE DATA S U W R Y  

-- 
1 

& 
.m23c! . ooO236 
,000258 
,000420 
,000652 

,001 772 

.OOc694 

,001 005 

.o00845 

. O00948 

,001 030 

,001 11 3 

,001 187 

rn 

I .O# 

P 7 . 3  

- 
31.1 

31.7 

- 

& 
m!?45 
000245 
000266 
000445 
OOC700 

001 872 

002746 

001 121 

000846 

000951 

(io1 c23 

001 13s 

901 191 

m 

.81 

'7.1 

172"R 

'4 I 5  

03.0 

- 

!25-275,mnmr 
16'1.3 1744.5 
325 4450 -- 

100 ,OW' 
lox . 

.oo0450 .000315 

.O00708 .000472 
,001 1 33 .0O0778 
,001485 .001049 

,001867 ,001592 

,000678 I .000634 

,000552 

,000605 

.0007% 

,2007 46 

, OOOU5 

b 00001 0 

A n i  29 , "Y a ..-- 

I .6# 

231 - 7  

21 17"R 

200.1 

199.5 

36.7 

m m r  
r 

.000436 

. OC0478 

.OM581 

.000691 

. ooos36 

.@Dl  030 

-M!1_1_1 

2.0# 

320.9 

21 43'R 

X/ 

5$ 
5?2 JJmm . m302 
.Oa?w 
.OW747 
.001112 
.00138(1 

.nn!5!9 

.000549 

.000446 

.OW486 

.!XI0582 

.OW656 

.000760 

.Om83 

I_ MI11 - S# 

?.O# 

316.4 

21 08"R 

178.1 61.4? 

232.7 14.3 i 

12 

2I 
94/! 

m 9 2  .E!!493 
DO0664 .000538 
000732 .Om12 
000835 .000565 
000869 .000679 
DUO924 .000702 
DO3960 .000768 
DO1 009 .000767 
001040 .000814 
001 146 ,000854 
001 OOljl9 140 ,;OC:963 .000855 

DO1 323 .001055 

.001408 

__- -- 

4 *8 136.4 

724"R 1556"R 

2.0 132.6 

12.4 1885.2 
Tlr-mK- E3!clEK 

c. i ii T - T e m e r a t u r e i n l  
-_ 
:essure Rat io ,  b f D  

, t Rate f v  Btu/ft "3 /st&l.jlF - Force in%.  1 

112,000' 

Tm- 

000778 
900809 
000863 
,000871 
000976 
,001 060 

,001 31 3 

- 

I .IS$ 

10'1.7 

1538'R 

138.4 

izzs 
107.7 
1203 

00061 1 

00071 2 
000724 
000888 
001 054 

001 324 

001 332 

- 

.21# 

196.5 

I689'R 

158.5 

2o0-240 
1015.9 
10300 

101 

- 

m 3 8 5  om 21 
000490 
000563 

000577 
000673 
000658 
300662 
,000700 
,000754 
000884 
,001 01 4 

,001 308 

,001 1 30 

L 

I .70# 

185.6 

1384'R 

143.0 

I 

43/3 -- 

.go0393 

.000435 

.000488 

.000576 

,000573 
.0005?7 
.000647 
.000656 
.000690 
.OO0744 
.000864 

- 

- 
L 

.- .OOl - 1 9? 

1.59# 

I 
I 

I 

202 .? 

1350"R 

143.2 
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X/D = 16 
1 00,000 ' 

.000400 

98.3 

- 
.001827 

99.4 

- 
60.3 

- 
8.5 

.090287 

150-204- __ 
773.1 
4595 

. 
i 

. 

,' 

. 
L. 

41.1 62.8 - 
- 

-- 
12-11 
.ooo253 
.000295 
.000335 
.000483 

.ooi 03a 

.001948 

-002577 

.002215 

.000633 

.000608 

.000641 

.000648 

.000676 

100-0607 

r 
12/2 m m  
.000286 
.OOO296 
.000416 

.000889 

. 001 685 

.002548 

.002801 

.000872 

.000594 

-000623 

.000641 

.000652 

,[)[10567 

1 /3 

.000307 

.000488 

.000872 

. 001 397 

.001805 

.OO2037 

.001842 

.001077 

.000451 

.000412 

.000390 

.000394 

80.2 

- 13/1 

.OW367 
,000494 
.000755 

.001329 

. 001 847 

.001721 

.000683 

.000411 

.000460 

.000520 

.000474 

,000533 

.(TooTrs 

- 

.Ob3492 

.000673 

.000975 

.001528 

.001879 

. 001 666 

.000644 

.000404 

,000440 

,000505 

,000455 

,000453 

xmm 

- 

212.0 

1955'R 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

,00034f 

.O0059C 

.00092! 

.00138€ 

. 001 662 

,001 71 5 

,001 253 

,000607 

,000445 

,000391 

.000381 

.000383 

35.0 

.000395 

101 .o 
- 

.001237 

92.6 

- 
78.1 

- 
17.6 

.00042€' 

150 
860 I 

51 23 

__ 
-_ 

.00169G 

.001214 

.000469 

.000392 

.O00424 

,000501 

,000464 

,00051 2 

,[1004V4 

- 
.001686 

. 00 1 620 

.000996 

.000539 

.000443 

.000416 

.000416 

.000416 

- 
t 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-9 

-1 0 

0.55R 

60.9 

2043"R 

120.2 

0.38# 

57.7 

21 58'R 

127.4 

- ;.000421 
I 

3.67# 

!03.0 

!OOOOR 

150.9 

162.4 

42.6 

zizizz 
859.8 
5110 

!21.4 

~ 71 8'P 

160.6 1 - I - 

96.4 

12.0 

78.7 

5.01 

180.7 201.3 

1 I 1.00038: 

P - Pressure Ratio, P/P, (<.I) 
Q - Heat Rate i n  Btu/ft2/sec(>l.) 

T - Temperature i n  
F - Force i n  l b .  
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2% 
112 - 

TED 

l o  
1 /3 2/ 1 -- 

TABLE 16 
RAKE DATA SUMMARY 

(Conel uded) 
X/D = 20 

.000872 . 001 208 

.(I02037 

. 001 842 

. 001 077 

-000451 

.000412 

.000390 

.002087 

.OOO822 

.00044a 

.000367 

.000404 

,00041 6 

,000244 
,000255 
.000243 
.000202 
.000286 
,000269 
.000288 
.000348 

.000368 

,000336, 

5.2#? 

133.8 

- 
112.1 

165-21 5, 
348.1 
961 3 

.7 

58'R 

.4 

.7 

'.M 

203.0 

2000'R 

150.9 

162.4 

42.6 

- 
,001 827 

99.4 

- 
.1)00801 

184.5 

r 
X/D = 16 

11 
2% 

4t/1 

,000897 
,000846 
,00053Q 
,000465 
,000392 
,000358 
,000370 
,000361 
,000378 
,300395 
,000385 
,000397 
,000425 

.000440 

,000428 

- 

19.3 

- 
18.3 

FiZrm 
792.5 
31 96 

100,000 ' 
10% 
1312 

f 

31 2 

,00041 9 

,000644 

,000941 

,001 21 5 

,001 61 1 

,001 059 

,000374 

,000262 

,000224 

,000206 

,000299 

,000244 

108.7 

,000264 

357.9 

307 O R  

.000412 

!12.5 

- 

- 
179.1 

- 
55.5 

,000428 - w 
5599 

.. 
3/ 1 

.000642 

.000890 

. 001 1 39 

.001236 

. 001 439 

.000593 

.000268 

,000296 

.000285 

.000325 

.000309 

212 

.000418 

.000660 

. 001 01 4 

. 001 31 1 

. 001 483 

.001407 

.000442 

.000348 

.000311 

.(I00339 

.000356 

- 1 /1 

,000382 

000583 

,000960 

__c_ 

- 
,001586 

b 001 620 

I 000996 

,000539 

v 000443 

b 00041 6 

b 00041 6 

b 00041 6 

- 
,000421 

- 
- 
- 
- 
- 
- 
- 
- 

,000387 

13/3 

.000467 

.000626 

.00097S 

. 001 491 

.00169C 

.001214 

.000469 

,000392 

.a00424 

.000501 

.000464 

.000512 

.Dou494 

- 

- 

221.4 

I71 8'R 

- 

201.3 

62.8 

-- -I - 
.000492 
.000673 
.000975 

.001528 

.001879 

,001 666 

.000644 

.000404 

.000440 

.000505 

.000455 

.000453 

mm? 

- 

212.0 

1955'R 

160.6 

180.7 

41.1 

mm 
900.5 
5291 

.000307 .000508 I .000348 

.000593 

.000927 

. 001 388 

.001662 

.001715 

.001253 

.000607 

.000445 

.000391 

.000381 

.000385 

35.0 

.000395 

101 .o 
- 

.001237 

92.6 

- 
78.1 

- 
17.6 

.000428 

150 
860 

51 23 

- 
I__- 

.000488 I. 000787 

.001397 . 001 552 

. 001 805 1.001 791 
I 

,000357 ; .000291 

379.8 

.000317 

224.5 

727'R 

.000528 

179.8 

- 
149.1 

- 
47.1 

416.5 

.000298 

372.0 

741 O R  

.000278 

190.3 

- 
198.8 

- 
64.6 

.000481 

70-1 20 
95.u- 
5678 

.000400 

98.3 

,000372 

204.2 

- 
60.3 

- 
139.2 

8.5 - I -  38.3 
I 

Ratio, P/Pc (4) 
, t e  i n  Btu/ft2/sec(>l.) 

T - Temperature i n  O R  

102 
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APPENDIX A 

NOZZLE CALIBRATION 

RTR 816-4 
Appendix A 

The nozzle ca l i b ra t i on  phase o f  FA-21 was qu i te  d i s t t n c t  from the primary 

rocket t es t i ng  phase. The goal was t o  provide an acceptance t e s t  and to deter- 

mine the ef fect ive expansion ra t i o .  Ar sptance was judged by the  degree t h a t  

wall pressures and plume shapes o f  a specimen nozzle flowing a i r  matched values 

pmdicted by accepted methods (Ref. A l ) .  Three o f  the 30 rocket nozzles were 

calibrated, by f lowing a i r  through the nazzle i n t o  a quiescent chamber. Mall  

pressures acceptably matched predict ions . Unfwtunately, an accident i n  photo- 

graphy development destroyed the schl i eren p l  ume photographs. Thus, evaluation 

of the plumes was not accomplished. 
-- __ _ _  . . .  

This appendix describes the setup, procedures, resul ts  and acquired data 

o f  t h i s  phase. The nozzle ca l i b ra t i on  phase was denoted FA-21C by the SSLV Pro- 

j ec t ,  and TU-633 by the MSFC f a c i l i t y .  

TEST SETUP AND PROCEDURES 

The setup f o r  t h i s  t e s t  was conventional f o r  t h i s  fac i l i t y . (F ig .A l ) .  The 

f a c i l i t y  was the 14 x 14 Inch Trisonic Wind Tunnel a t  MSFC, f i t t e d  with the 

Special Test Section (Ref.A2). The 3 tested nozzles were selected a t  random 

From the 30 items avai lable and described i n  Section 3.2, Fig. 4 ,  and Table 3 

o f  the main text .  

Instrumentation consisted o f  pressures and schl ieren photographs. There 

were 7 pressures measured: Pc, Pn,, Pnp, P,,, and P, a t  3 places. Table A1 

gives character ist ics o f  the pressure transducers: 

A-1 
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PRESSURE TRANSDUCER CHARACTER I SVI CS 

.01 

The schlieren systm :*as the standard f x i l i t y  equipment. Imagery was recorded 

a s  90 m negatives and PoiLroid positives. 

The test plsln called f o r  3 values of Pm a t  each c f  3 values of Pc. with 

Pc/P, = 400 fncluded for each value o f  P,. A procediire was developed to  maxi- 

mize run proddctivity while maintaining adequate control of P,. The sequence 

was : 

1. Establish Pc while flowing a i r  and note P, control positlot:. 

2. Stop flow and evacuate chamber to  desired Pa. 

3. S ta r t  flow w i t h  Pc control a t  previously-establ ished position. 

4. If Pc correct, take data. 

5. Continue flowing; when Pm rises to  next desired value, take data. 

6. Repeat Step 5 fo r  t h i r d  value of Pa. 

In taking dats, a Polaroid schlieren photograph was taken, then (about 5-10 

seconds l a t e r )  the 90 m schlieren negative and the pressure data were recorded 

simultaneously. Transducers were calibrated a t  the s t a r t  of each day. 

A-2 
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Appendix A 

RESULTS AND DATA 

The data acquired as a r e s u l t  o f  t h i s  c a l i b r a t i o n  permitted an a f f i r m a t i v e  

acceptance t e s t  but d i d  no t  determine the e f f e c t i v e  expansion r a t i o .  

It was d i f f i c u l t  t o  contro l  Pc dur ing t h i s  tes t .  The f a c i l i t y  had been 

modified immediately before t h i s  t e s t  t o  provide higher a i r f l o w s  f o r  the planned 

t e s t  o f  l a rge  nozzles, and some contro l  p rec is ion  had ev ident ly  been sacri f iced. 

However, an adequate spectrum o f  Pc/P, r a t i o s  were investigated. 

The recorded nozzle wa l l  pressures Oable A2) d i d  not  exac t ly  match pre- 

d i c ted  values. 

dicted. However, t he  tolerance band associated w i t h  the  averase measured value 

over la id  the tolerance band associated w i th  the predic ted value (Fig. A2) f o r  

P and Pn3. Several diagnostic invest igat ions were made seeking instrumentation 

o r  hardware dimensional discrepancies t o  account f o r  t h i s  s i t ua t i on .  No discre-  

pancies were discovered, and the cc i r re r t  instrumzntation operation was v e r i f i e d .  

It was concluded t h a t  these nozzles were accepiable, p r i m a r i l y  because o f  the  

overlap o f  tolerance bands i n  Fig. A2. 

I n  a l l  cases the measur-ed values o f  P,/Pn were lower than pre- 

n l  

The 90 mn schl ieren photographs were acc ident ly  destroyed. A1 though several 

Polaroid photographs were avai lable, the recorded Pc/P, values d i d  no t  corres- 

pond t o  these photos. Some e f f o r t  was made t o  der ive  Pc/P,. eppropriate t o  the  

Polaroids using dPJdt recorded on one run and the  estimated At between Polaro id  

and 9Omm negative. Sat is fac to ry  r e s u l t s  were not obtained, and i t  was concluded 

t h a t  the schl ieren photographs could not  be u t i l i z e d .  Thus, the  plume accepta- 

b i l i t y  could no t  be evaluated. As a consequence o f  the  lack  o f  plume evaluat ion 

combined w i th  the p a r t l y  ambiguous wal l  pressure resu l ts ,  i t  was concluded t h a t  

an e f f e c t i v e  expansion r a t i o  could not  be determined. 

value would be recommended . 
Instead the  geometric 

A-3 
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a. Overall  Setup 

P 
C 

Axia l  
Cross -sec t i on 

b. Nozzle D e t a i l  

F ig .  A-1 Test  Setup 

A-5 
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The time histor ies o f  the measured parameters are presented 1~ 

run number sequence. The complete sets of recorded data are t n c l W  

without editing. b t e s  indtcite fnstances where hta m 'not k- 
conled. The d r i f t  In tRe force data (describ& i n  Section 6.1 of the 

* m  

mfn text )  was corrected Qn these plots. 

For ease o f  access, certain Ollustrations presented i n  the main 

text are repeated here. As a guide to the data, Table 1 (Page 81) 

presents a capsule of ths'FA-21 test .showing design test  conditions< 

Table 10 [Pages 82, 83) i s  the tes t  run log. Figures 4 (Page 85) and 

5 (Pages 66, 67) Betall the fnstrumentation locations. 

Nomenclature used on the tlme hfstories i s  def'lned i n  Table 81 

(Page 84) .  



REMTECH INCORPORATED RTR O;6-4 
Appendix B 

TABLE 1 

CAPSULE OF FA-21 (HRW-38) TEST 

a. Summary (Showing A l t i tudes  i n  Feet) 
(No. of runs I n  parentheses)' 

6 
38 

7 
2; 
8 

10 - 
23 21 5 41 90 . 

b. D e t a l l s  (Showing Run Nos.) 
Design P, = 1000 psia 

X/D=12  X/D=20 1 

6 112,000 f e e t  pressure a l t l t u d e  
o 100,000 f e e t  pressure a l t i t u d e  Sequence, except: 
A 50,000 f e e t  pressure a l t i t u d e  

Runs were performed i n  Run No. 

1.  6/3 occurred a f t e r  11/2. 
2. 14/2,  14/3 occurred a f t e r  27/2. 
3. 43/2, 43/3 occurred a f t e r  45!2. 

B1 
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REMARKS 
CHRONOLOGY 

- 
S Z  
i:o , 

1 
2 
3 
k 

- 

5 
6 
7 
8 
9 

10 
11 
12 
13 
1'1 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
?F- 
30 
3 1  
32 
33 
34 
35 
36 
!7 
38 
!9 
i 0  
r l  
b2 
k3 
;L; 

15 
15 
:7 
L3 
;5 
, 5  - 

- 
RUN 
NO. 

1 / 1  
1/; 
1/: 
2/1 

21: 
3/J 
3/: 
4/J 
41; 
5/1 
5/: 
6/J 
6/: 
7 /J 
71: 
8/1 
8/2 
9/1 

lO /J  
lo/: 
.1/3 
- 1 / 2  
6/: 

.2/1 

.2/i 

.3/1 

.3/2 

.3/3 
4/1 
5/1 
5/2 
6/1  
6/2 
7/1 
7/2 
.8/1 
8/2 
8/3 
9/1 
9/2 
0/1 
0/2 
1/1 
1 / 2  
2 /1 
2 /2 
3/1 
3/2 
4/1 
4/2 

- 

-- 

- 

DATE TIME 

2/17 1015 
2/2b 1545 
2/23 1400 
2/24 1040 

1 1500 
2/25 0900 

2/26 1035 
3/02 1035 
3/03 1130 
1 1520 

3/C4 1125 
3/05 0840 

f 1305 
3/10 1605 
3/11 0950 

1645 
3/12 1535 
3/15 1135 

3/16 0920 
3/17 1600 
3/18 0710 

0925 
1140 
1420 I 
1425 

3/24 0715 

1125 
1355 

3/25 0710 
0920 

f 

3/26 1015 
1 1510 

3/29 0845 
1110 
1310 
11150 
1335 
1750 

- 
NOM. 

5 OK 

I 

!L 

'I, 
AI - 

i 
'i 
'i 
1 li 

1 

i 

i 

i 

It 

1 C  
1 

1c 

1: 
1 
F 

1 2 

'i LO 

'I 15 

t 
4 

1 
1 

1 

LO 

L5 

LO 

L 1 
'S 
L5 

t - 

ROCKET 1 
.A 
NO i 

I_- 

1 
2 

4 
* 

C 

E 
7 
E 
c 

1 c  
11 
11 
13 
1 4  
1 5  
16 
17  
1 8  
19  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12  
1 3  
14 

19 
20 

20A= 
19A= 

19A= 
18A= 

19A= 
19A=F" 
1 8 A = C  
1 8 A = D  
18A=E 
18A=F 
20A=D 
20A=E 
18A=G 
18A=H 
19A=G 
20A=E 
20A=G 
19A=H 
19A=I 
1 : ? A = I  
20A=H 
2 OA= I 
19A=J 
19A=B 
19A=C 
20A=J 
19 =A 
19 =B 
18A=J 
18 =A 
19 =c 
19 =D 
18 =B 

18 = D  
19 =E 
13 =F 
18 =E 
18 =F 
19 =G 
19 =H 
18 =G 
18 =H 
19 =I 

i a  =c 

TABLE 10  

RUN LOG 

ACTUAL 

- 
86C 
772 
745 

905 
955 
942 
904 
935 

LO43 
992 
98E 
949 
761 
745 

998 

726 
749 
890 
902 
928 
761 
710 
860 
901 
894 
714 
943 
850 
949 

-002 
350 
855 
932 

.001 
973 
875 
890 
947 
983 
895 
89/! 
936 
983 
957 
954 
,005 
.024 

988 

940 

- 

m 
pco 
RmHi 

8.6( 
8.61 
8.7( 
8.7( 

- 

8.6t 
8.7( 
8.7( 
8.6! 

1 
97f[ 
B.7( 
B.6I 

I 

31c 
t 
I- 

3.7c 
36.5 
38.5 

~ 7 a  

1.8 
1.7 

1.70 

I 
I 
- I 

1.65 
1.70 

1.65 
1.70 
j7.9 

B2 

P4, 11. G . ; P,,, PI, overscale. 
E1 P,.+rJ3 no t  on (Kistlers). 1 

5 
i 

Q33 de te r io ra t ed .  
No fire. 
No fire. 
El K.G. (Kistler). 
l$, N.G. (Kist1e.r). 

PI, P9,Q32 destroyed; Q 
PI damaged. scale. 

4 

I 
I 

P2 destroyed. 
PI bent ;  improved T / C - i n s t l .  
Pel N. G. (Kistler). . 
Added force gage. 

PI N.G. I 
I 

P, destroyed; P2, P3 5,  damaged. 

Q1 plugged; added camera. 

I e 2  plugged. 

PI plugged. I 

Pi N. G. 

I 

Force !I. G. ----- 
28,Qis  N =  G *  
?late p l a t i n g  d5 te r io ra t ing .  
Q12y Q, N * G *  

b, I n c o r r e c t  s e n s i t i v i t y  
?c1 N. G. (Kistler)  

52 N.G.(plugged) ( S t a t h a d .  
?c2 d i r t y .  

218 N . G .  
lle N.G. Plo plugged. 
'to p lumed ;  no RTV on Pc2 xdcr. 

erodec'; P F J ~  t a p  loose. 
eroded; PIl over scale. 



REMTECH INCORPORATED 

32/2 

w; 
34/1 

t 

4/09 

4 r 2  

TABLE 10 

(Concluc?ed) 

W -  
45/1 

:W; 
43/3 

ETR 016-4 
Appendix B 

4120 

4\21 

- 
SZC 
;:0. 
s 1  
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
E 6  
67 
68 
G9 
70 
71 
72 
73 
74 
7 5  
76 
77 
78 
79 
90 

32 
3- 
34 
35 
36 
37 
33 
39 
33 

- 

e l  

- 

CHP,ONOLOGY I I tiiOM. 

1020 
1150 
151;: , 
0935 
1155 
1410 
0715 
0930 
1145 
1420 
1025 
1425 
0715 
1005 
1425 
0900 
0850 
1055 
1350 
0710 
1010 
1225 
1520 
0723 
0920 
1120 
1430 
0850 
3940 
1230 
R S F  
1330 
0905 
1215 
1600 
0850 
115 5 
1450 

1 

r 

ROCKET 
S 

NO 2 

21 
22 
23 
24 
25 
26 
27 
28 
14 
30 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
29 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
1 
30 

- 

-- 

I_ 

- 

CASE 

20 =t! 
20 =B 
20 =c 
20 =D 
20 =E 
20 =F 
20 =G 
20 =H 
20 =I 
20 =J 
20 =K 
20 =L 
20 =M 
20 =N 
20 =o 
20 =P 
20 =Q 
20 =R 
19 =A 
19 =E 
18 =A 
18 =9 
19 =c 
18 =C 
19 rD 
19 =E 
18 =D 
18 =E 
19 =F 
19 =G 
18 =F 
18 =G 

la =B 
18 =H 
20 =T 
19 =I 
19 =J 
18 =I 
18 =J 

Q -- 

n-% 

- 

ACTUAL 
- 3 
psi '  
736 
772 
777 
779 
812 
729 
771 
774 
792 
760 
774 
810 

815 
765 
750 
796 
749 
844 
886 
002 
940 
846 
967 
950 
845 
987 
996 
935 
888 
880 
013 
793- 
948 
016 
812 
888 
908 
02 5 
Oil 

- 

-- 

- TIO! 
pea 
m!H; - 
8.7 
t 

I7i0 8.71 

0 j !  

8.7( 

1 5.0( 

5.1 
5.1 
5.0! 
5.1 
5.1 
5.0 
5.1 - 

.- - 

REMARKS 
m 
V 
I 

x 
X 

x 
X 

X 

X 

x Po N . G .  (Kistler). 

x AddedsnoothingtoQdata, 

x t , N . G .  (plugged) 
x P,*N.G. 
x;B; all channels off. 
xB; ign. plug h i t  w a x .  
x a N . G . ,  diskdidnot ro- 
X p l  tate 

x P ,  N . G .  

X 

X 

X 

X 
X 

X 
X 

X D  
; alignment j ig  in noz- 

zle 

alignment not  reri- 
fled. ; used r e d  w a x .  

Pi N . G .  

Appears too l o w  
X 

--- 
Full S/N = given S/N precede2 by "12", i.e., fo r  Run No. l/l, "1220A = A*?. 

2 Average %,per Eqn. 5 and TabJes 14-16. 
3 Configuration per Fig .  5 and Table 6. 

Ta5 did not reach steady s t a t e  cor.dition. 

@ Par t i c l e  sampling pun. 

ax = 
Pxx = 

Txx = 
Heat rate at pos i t i on  KX 
Pressure at pos i t ion  xx 

Temperature a t  position xx 

B3 

Positior, per. Fig. 5 and Table 6.  I 
:lotcs: 8 
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Symbol 

Fxx 

pc2 

'ni 

pn2 

'ns 

pxx 

'xxE 

'xxf 

pxxfi 

? 
2.5 

QXX 

QxxF 

QxxN 

2.5 
c! 

TXX 

TABLE B1 

NOMENCLATURE 

D e f i n i t i o n  

Rake Force xx inches East o f  Q 

Chamber Pressure neasured by K i  s t l e r  transducer 

Chamber Pressure measured by Statham transducer 

Nozzle Wall Pressure a t  Pos i t ion  No. 1 

Nczzle Wall Pressure a t  Pos i t ion  No. 2 

Eiozrle Wall Pressure a t  Pos i t ion  No. 3 

Rake Pressure xx inches west of Q 

Rake Pressure xx inches east o f  E 

Plate Pressure xx inches fron, Q on " f a r "  s ide  

Plate Pressure xx inches from g on "near" s ide 

Plate Pressure 2.5 inches south of 5 

Rake Heat Rate xx inches east o f  Q 

Plate Heat Rate xx inches from 

P;ate Heat Rate xx inches from Q on "near" s ide 

on "far" s ide 

Plate Heat Rate 2.5 inches nor th  o f  Q 

Rake temperature xx inches east of c 

See Fig. No. 

5c 

4 

4 

4 

5c 

5c 

5e 

5e 

5 f  

5c 

5e 

5e 

5c 

5c 

84 
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Rocket 

I I 

To Transducer  

Design Values (See Table 3 for measured values) 

Nozzle 
P r e s s u r e  

No. 

X 
( i n . )  

.888 

1.288 

1.688 

R A/ A* 
( i n . )  

.463 3.170 

.570 4.808 

.677 6.786 

Nozzle 

Seal 

Pickup 

Fig .  4 Rozzle I n s t r u r e n t a t i o n  

B5 



REMTECH INCORPORATED 

b. Rake Posit ions 

RTR 016-4 
Appendix B 

du n I 

X/D = 5 X/D = 20 . Alignment 
_- _ _ -  ~. 

c. Rake Probe Combinations 

East tles t 
Radial Position, inches -I2 '19 -8 '6 -4 -? f 6 w) 12 

Pos i t ion  No. 

Config. No. 

1 

6A 
68 

4 
9 

2A 
2B 
2c 
3 
5A 
58 

SS SI 47 43 39 35 I S 9 l.3 V 21 25 

20 P Q T Q T Q P T Q P Q P P P P P P P P P P P P  

16 Q Q  Q T Q  F P P P P P P P P P P P P P P  
I 

Q Q  Q T Q  F P P P P P P P P P P P P P  
I 

I 

9. 

12,20 Q T Q  F P P PPPPPPPPPPPPP 
12 Q Q Q T Q  F P P P P P P P P P P P P P P P  

PQ Q QPTQPQPPPPPPPPPPPP 
P q  Q QPT P PPPP PP PPPP 

P Q Q QFTQP PPPP PP PPP P 
p p p PPPP PPPP 

PQQTQQ F PPPPPPPPPPPPPP 

- P i t o t  Pressure 
Q - Heat Rate Gage 
T - Thermocouple 

Fig. 5 Plume Instrumentation 

B6 
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I \---Heat Rate- 
Gage 

e. Plate Positions 

X/D = 20 A I  ignment 

f .  Plate-Tap Combination (P = Pressure, Q = Veat Rate Gage) 
South . 

East 

20 
. P  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
P Q  P P Q f P Q P  P P Q P P Q P P Q P  

21 Q4.v typ. -3” typ. 

West 

North 

, Fig. 5 (Continupd) 

67 
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Not Recorded 

Time (sec.) 

- 
'Run No. 1/1 

Rake [h X/DaZO 

A1 t.=l 00,000 ' %tu = 2 



1.6 

1.4 

1.2 

1 .o 
Ppl a t e  

(psiti)(”* 

0.6 

0.4 

0.2 

( 

Heat 
Rate 

(d%; 

0 

REMTECH INCORPORATED . RTR 016-4 
Appendix B 

Not Recorded 

1 1 1 I 1 I 

0.1 0.2 0.3 0.4 

Time (sec.) 
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Not  Recorded 

1 I I I 1 I I 1 
.1 .2 . 3  .4 

Time (sec.) 

Run No. 1/2 

Rake @ X/D=20 

A1 t .=100,000' 
w=2 
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I Run No. 1/2  (Concluded) I 
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0 0.1 0.2 
Time (sec.) 

Run No. 1/3 

Rake @ X/D-20 

A1 t .=100,000' 
SAL = 2 

0.3 0.4 



REMTECH INCORPORATED RTR 016-4 
Appendix B 

3.0  

2.5 

'rakeeoo 

1 .s 

.5 

0 

2T[ 200 

Heat 
Rate 

16 

t -P- ft -sec 

12 

8 

4 

Time ( s c c . )  

- Lun NO. 113 (Concluded) 1 
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Rake @ X/D=20 

A 1  t.=lOO,000' 

RTR 016-4 
Appendix B 

1 OO( 

601 

pC 

( p s i a )  401 

60 

50 

40 

30 

20 

10 

0 
0 

c2 
P 

P 

0.1 0.2 

Time (sec.)  

- 1  

0.4 
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Tine (sc’c.) 

I Run No. 2/1 (Concll!ded)l 
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1200 

1000 

pc 

(psis 1 
800 

600 

400 

200 

0 

100 
pn 

80 
(psia) 

60 

;0 

20 

C 

RTR 016-4 
Appendix B 

P 

0.1 0.2 0.3 0.4 

Time (sec.)  

Run No. 2/2 

Rake @ X/D=20 

A1 t.=100,000' 
%At = 10 
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3.0 

2.5 

r a ke2 0 

I .O 

6.5 

0 
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1200 t- 

P 
1 000 

pc 

(Psi4 
800 

600 - 

$00,- 

200 

0 

Time (sec.) 

Run No. 3/1 

Rake (3 X/0=20 

A1 t.=100,000' 
%At = 15 I 
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0 
0 

Tine (sec.)  
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1200 

400 

200 

0 

RTR 016-4 
Appendix B 

p" 

(psia 

0.2 

Time (sec.)  

Run No. 3/2 

Rake (F X/3=20 

Alt.=100,000' 
% A t  = 15 
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3. 

100 

000 

900 
T (OR) 

800 

700 

I Run No. 3/2 (Concluded) I 

Time (sec.)  



1200 

200 

0 

20 

10 

0 
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I P 

\ 

p--p( 
J I I r I 0.3 I 0.4 1 'b.. 1 

0.1 0.2 

Time (sec. )  

Run No. 4/1 

Rake @ X/D=5 

A1 t. =100,000' 
%At = 10 
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ii Time (scc.  1 

kun No. 411 (Conctuded) 
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Time (sec.) 

Run No. 4/2 

Rake (b X/D=5 

A1 t.=100,000' 
% A l =  10 
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Time (sec . )  

I F o .  4/2 (Concluded) I 
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Time (sec.)  

Rake @ X/D=5 

A1 t.~100,000' 
%At = 15 
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'rake 

600 

500 
Heat  
Rate 

400 

-sec 
300 

- Po I 

200 

100 

0 

RTR 016-4 
Appendix 6 

- I nnn -- Qs 

I vu" T 
I I I 1 I f  I - 

0 0.1 0.2 0.3 0.4 J 400 

Time (sec.)  

1 Run No. 511 (Concluded) I 
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1200 - 

800 - 

600 - 

400 ' -  

200 - 

0 -  

6o I 60 r 

P 
50 - 

40 - i 
I 

P 
30 - .  i 

1 I 

0.3 0.4 0.1 0.2 

Run No. 5/2 

Rake 8 X/0=5 

A I  t.=100,000' 

Time (sec.) '  
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71- PO 

'rake 
.'' (psia) 

60( 

501 
Heat 
Rate 

' ft2 -sec 

401 

301 

20( 

1 O( 

( 

RTR 016-4 
Appendix B 

0.1 0.2 0.3 0.4 

Time (sec.) 

1000 

500 

0 

1 7 5 5 / 2  (Concluded) 
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1200 

1000 

pc 

( P S W  

800 

600 

400 

200 

0 

Time (sec. )  

Run N O .  6/1 

Rake 8 X/D=5 

A1 t.=50,000' 
%A! =15 
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_ .  

1. 'rake 
. ( p s i a )  

E: 00 

5 00 

' k a t  
!a te  4 0 ~  

EU ; -sec 1 
30C 

200 

190 

0 
0 0.1 0.2 0.3 G . 4  

Time (sec.) 

14,000 

12,000 

10,000 

8,330 

6,000 

4,000 

2,000 

0 

-2,000 

-4,000 
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1000 

1200 

so0 

6GO 

200 

0 

\ 

---\ 60 

7--- /-- nr 

\ 40 

n2 _----_ 
P 

/- - 
n3 

0.1 0.2 0.3 0.4 

Time (sec.) 

Run No. 6/2 

'iake (? X/D=5 

A1 t.=50,000' 
%At =15 



18 

14 

12 
'rake 

8 

6 

4 

2 

0 

800 

700 

600 
Heat 
Rate 

500 i Btu 
if tL-sec 

400 

300 

200 

100 

4 
REMTECH ;I I \\ 

\ 
\ 
I 

; 'u' 
I 

I / 
I 
I 

t 
e-- 

8 
I 

i 

I 
b 
I 
I 
I 
I 

RTR 016-4 
Appendix B 

0 
0 

AQ4 

0.1 0.2 0.3 0.4 
Time (sec.) Run No. 612 (Concluded) 



1200 

F, 1000 

(ps ia )  

600 

400 

200 

0 

REMTECH INCORPORATED RTR 016-4 
hppcndix B 

F ( lb. )  

12 

10 

8 

6 

4 

2 

0 

-2 

-4  

Run No. 6/3 

Rake @ ):/D=5 

A1 t.=50,30O' 
%At =15 
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16 

14 

12 

10 

8 

6 

4 

2 

0 

P4- Pr 

900 

T (OR) 

- 800 

7 00 
* ._ .... , 

' .?I .. ..,.. _: I.,..., 

Ts 
. .  ..., ' ...... , .. . .... 

- 600 

0.1 0.2 0.3 0.4 

Time ( ! ,oc . )  

r 

Run NQ. 6/3 L 
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1000 

pc 
800 

1 ( P s i 4  
I 600 

400 

200 

0 

2.0 
F ( l b . )  

1.6 

1.2 

0.8 

0.4 

0 

60, 

nl 
50 - P 

--- 

Time (sec.) 

Rake Q X/0=72 

A7 t.=100,000' 
%Ak = 2 
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'rake 
( P s i 4  

Heat 
Rate 

Btu ) 
=t2 -sec 

2.0 

1.6 

1.2 

0.8 

0.4 

0 

250 

200 

150 

100 

50 

0 

RTR 016-4 
Appendix 8 

,.....*,I. ., 
, 
i 

Q 
0.1 
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1000 
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( P s i 4  

800 

600 

400 

200 

0 

p" 

(psia 

61 

50 

REPJTECH INCORPORATED RTR 016-4 
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Time ( s e c . )  

Rake (h X/D=12 

5 
F ( l b . )  

4 

3 

1 

0 

t 

A1 t.=f00,000' 
- 
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rake 
osia) 

140 

120 
k a t  
Rate 
Btu )' O0 

f t ' - sec  
80 

60 

40 

20 

0 
0 0.1 0.2 0.3 0.4 

Time (sec.) 

1 Run No. 712 (Conc1uded; I  
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50 
p, 

3 .O 

2.5 
F (1.b. ) 

2.0 

1.5 

1 .o 

.5 

0 

D 

Time (sec. )  

Run No. 8/1 

Rake @ X/D=12 

A I  t .=100,000 
%At  = 15 



1. 

1 .  

1. 

0. ( p s i a )  
0; pc 

250 

100 

50 

0 

220G 

2000 

1800 

1600 T('R! 

1400 

1200 

1000 

800 

600 

0.1 0.2 0.3 0.4 

Time (sec.) 

Run No. 8/2 (Concluded) 
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0 0.1 0.2 0.3 

2.0 
F (1.b.) 

1.6 

1.2 

1.8 

1.4 

Run No. 9/1 

Rake @ X/D=12 

Alt.=lOO,OCO' 
%M = 10 



1.4  

1.2 

1 .o 

.8 
P 
rake 

(psia) *6 

.4 

.2 

0 

350, 

300 - 

250 - 

Heat 200’ 
Rate 

\ :  2-s2c ) 150- 
;’ Btu 
4 -  

100- 

0 0.1 0.2 0.3 0.4 

Time (sec.) 

L R u n  No. 8/2 (Concluded) 
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800 
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400 
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0 
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pn 

0 0.1 0.2 0.3 0.4 

Time (sec. )  

Run No. 9/1 

Rake @ X/D=12 

A1 t.=100,OQQ' 
%Ae = 10 
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24 

20 

16 

'rake 12 
c 

. . ) s i a )  
b 

4 

0 

- P2 

. 

ti 

- -  

Time (sec.) 
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F ( lb . )  

. .  

nr J P 
7- 

n2 
P 

, :L\ 
0 lri 0 0.; 0.2 ' 0-3 0.4 

~ 

n3 
P 

-. 

Time ( S C C . )  

Run No. 10/2 

Rake 0 X/D=5 

A I  t .=50,000'  
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T(OR) 

Run N0.10/1 (Concluded) 
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35 

Time (sec. )  

Run No. 1C/2 

Rake @ X/O=S 

A1 t.=50,000' 
%A4 =2 
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200 
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10 

5 

0 
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I A1 t.=50,000' 1 
%At =10 
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24C 

200 

. Heat 
Rate 160 

A 
f t2-sec 

120 
( 

80 

40 

( 

600 

400 

T ( O N  

200 

000 

eo0 

600 

400 
0.1 0.2 0.3 0.1: 

Time ( S P C . }  

1 Run No.ll/f. (Concluded) ’ I 
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pc 

( P W  
800 

600 

400 

200 

0 

20 

15 

10 

5 
c.- - ---_ 

0 

F 

- 
\ I 

0 0.1 0.2 

Time (SCC.) 

Rlrn No. 11/2 

Rake @ X/D=5 

At t . =50,000' 
%At =10 
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Run Vo.12/1 (Concluded) - 
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F (7.b.) 

6@ 
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Run No. 12/2 
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I Run No.12/2 (Concluded) ! 
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Run No. 1311 (Concluded) 
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