
_- 
N A S A C O N T R A C T O R  

R E P O R T  

N 

I 

pe: 
u 

a 
m 

-t C 

SITE ALTERATION EFFECTS FROM 
ROCKET EXHAUST IMPINGEMENT DURING 
A SIMULATED VIKING MARS LANDING 

Part I - Nozzle Development and Physical Site Alteration 

by G. L. Romine, T. D. Reisert, and J. Gliozzi ’ ,  

Prepared by r, 

MARTIN MARIETTA CORPORATION 
DENVER DIVISION 
Denver, Colo. 
jor Langiey Research Cenier 

lSATlONAL AERONAUTICS A N 0  SPACE ADMINISTRATION WASHINGTON,  0. C. JULY 1973 



I I 

~~ 

1. Report No. 
NASA CR-2252 

2. Government Accession No. 3. Recipient's Catalog No. 

National Aeronaut ics  and Space Administration 
Washington, DC 20546 

4. Title and Subtitle 
SITE ALTERATION EFFECTS FROM ROCKET EXHAUST 
IMPINGEMENT DURING A SIMULATED VIKING MARS LANDING - 
PART I. NOZZLE DEVELOPMENT AND PHYSICAL SITE ALTERA'.?ION 

7. Author(s1 
G .  L. Romine, T. D. Reiser t ,  and J. Gliozzi 

14. Sponsoring Agency code 

5. Report Date 
July 1973 

6. Performing organization Coda 

8. Performing Organization Report No. 

I 
15. Supplementary Notes 

16. Abstract 

A potential  interference problem for  the Viking '75 scientific investigation of the 
Mart ian sur face  result ing f r o m  re t rorocket  exhaust plume impingement of the sur face  was 
investigated experimental ly  and analytically, 
nozzle or iginal ly  planned fo r  the Viking Lander  re t rorockets  would produce a n  unacceptably 
l a rge  amount of physical  dis turbance to the landing site. 
subsequently undertaken to find and/or  develop a nozzle configuration which would significantly 
reduce the site alteration. A multiple nozzle configuration, consisting of 18 small bel l  nozzles ,  
was shown to produce a level  of dis turbance that was  considered by the Viking Lander  Science 
T e a m s  to  be acceptable on the bas i s  of resu l t s  f r o m  full-scale t e s t s  on s imulated Mart ian soils. 

It was discovered that  the conventional bel l  

An experimental  p r o g r a m  was 

, 
9. Performing Organization Name and Addrest 

M a r  t in  Ma r i e  tta Ae r o s pac e 
Denver Division, P. 0. Box 179 
Denver,  CO 80201 

12. Sponsoring Agency Name and Address 

10. Work Unit No. 

815-20-00-00-00 

11. Contract or Grant No. 

NAS1-9000 
13. Type of Report and Period Covered 

Contractor  Report  

17. Key Words (Suggested by Author(s) j 
M a r s  landing 
Rocket exhaust  impingement 
Landing s i te  a l te ra t ion  
Viking Lander  r e  tr oroc  ke ts 

18. Distribution Statement 

Unclassified - Unlimited 

19. Security Classif. (of this report) 20. Security Classif. (of this pgel 

Unclassified Unclassified 
21. NO. of pager 22. Rice' 

161 $3.00 



FORE WORD 

The investigations described herein were performed under NASA con- 
tract NAS1-9000 for the Viking Project with k. A. F. Carter, Viking 
Project Office, NASA-Langley Research Center, as coordinator. The LRC 
60-foot sphere experimental work included in this report was conducted 
by Mr. Leonard V. Clark of the Viking Project Office and has been in- 
cluded in this report for completeness of the critical events of this 
study . 

Acknowledgements are also made to the Aerojet General Corporation 
who supplied the engine used in the WSTF Phase IA testing, the Rocket 
Research Corporation who supplied the engine for the initial WSTF Phase 
I1 tests, and the TRW Corporation who supplied the "boilerplate" engine 
which could accomodate nozzle changes in the WSTF Phase I1 testing. Also 
to the Rocket Research Corporation for supplying the multi-two dimensional 
nozzle for testing impingement pressure performance and to the TRW Corpora- 
tion who supplied the annular nozzle for testing impingement pressure per- 
f ormance . 

iii 



SITE ALTERATION EFFECTS FROM ROCKET EXHAUST IMPINGEMENT 
DURING A SIMULATED VIKING MARS LANDING 

P a r t  I. Nozzle Development and Physical  S i t e  A l t e r a t i o n  

by G. L. Romine, T. D. Reisert  and J .  G l i o z z i  

SUMMARY 

A p o t e n t i a l  i n t e r f e r e n c e  problem f o r  the Viking '75 s c i e n t i f i c  inves-  
t i g a t i o n  of t h e  Martian s u r f a c e  r e s u l t i n g  from r e t r o r o c k e t  exhaust  plume 
impingement of t he  s u r f a c e  was i n v e s t i g a t e d  expe r imen ta l ly  and a n a l y t i c a l l y .  
It w a s  d i scove red  t h a t  t h e  conven t iona l  b e l l  nozz le  o r i g i n a l l y  planned f o r  
t he  Viking Lander r e t r o r o c k e t s  would produce a n  unacceptably l a r g e  amount of 
p h y s i c a l  d i s t u r b a n c e  t o  t h e  landing s i t e .  An experimental  program w a s  sub- 
s e q u e n t l y  undertaken t o  f i n d  and/or  develop a nozzle  c o n f i g u r a t i o n  which 
would s i g n i f i c a n t l y  reduce the  s i t e  a l t e r a t i o n .  A m u l t i p l e  nozzle  configura-  
t i o n ,  c o n s i s t i n g  of 18 small b e l l  nozz le s ,  was shown t o  produce a l e v e l  of 
d i s t u r b a n c e  t h a t  was considered t o  be acceptable  on the b a s i s  of r e s u l t s  
from f u l l - s c a l e  t e s t s  on s imula t ed  Martian s o i l s .  

~ 

, 

The s e l e c t e d  m u l t i p l e  nozz le  conf igu ra t ion  a l s o  pe rmi t t ed  a t h r u s t  c u t o f f  
a l t i t u d e  corresponding t o  footpad contact,much lower than  o r i g i a n l l y  planned, 
which r e s u l t e d  i n  reduced l ande r  weight and shock loads on l ande r  components. 
The p r e s e n t  paper  d e s c r i b e s  the problem and t h e  e f f o r t  which l e d  t o  r edes ign  
of t he  Viking Lander r e t r o r o c k e t  nozzle.  
t he  p h y s i c a l  d i s t u r b a n c e  r e s u l t s  of f u l l - s c a l e  t e s t s  t o  e s t a b l i s h  t h e  l e v e l  
of s i t e  a l t e r a t i o n  which w i l l  occur during the Viking Mars landing. 

I n  a d d i t i o n  the paper  p r e s e n t s  
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INTRODUCTION 

A primary mission o b j e c t i v e  of P ro jec t  Viking i s  t h e  sea rch  f o r  e x t r a -  
t e r r e s t i a l  l i f e  through a s c i e n t i f i c  i n v e s t i g a t i o n  of t h e  Martian s u r f a c e .  
The Viking Lander,shown i n  f i g u r e  1; inco rpora t e s  p ropu l s ive  t e rmina l  descent  
i n  o rde r  t o  s o f t - l a n d  t h e  s c i e n t i f i c  payload. The g e n e r a l  q u e s t i o n  of n a t i v e  
s u r f a c e  mod i f i ca t ion  by the  engine plumes had t o  be examined c l o s e l y  i n  o rde r  
t o  e s t a b l i s h  t h e  relevance of the r e t u r n e d  s c i e n t i f i c  d a t a .  It  was found 
t h a t  the descen t  engines  had t o  be modified t o  achieve t h i s  r e s u l t .  

A mult iphase t e s t  program has been conducted t o  i n v e s t i g a t e  t h e  amounts 
of physical ,chemical ,  and b i o l o g i c a l  a l t e r a t i o n  of s imula t ed  Mart ian surface;  
t h a t  would occur  a s  a r e s u l t  of t he  terminal  engine plumes and t o  i n v e s t i g a t e  
v e h i c l e  d e s i g n  changes t h a t  could be made to  minimize t h e  s i t e  a l t e r a t i o n s . ,  
The b a s e l i n e  des ign  of t h e  Viking landing sequence c a l l e d  f o r  t he  use of 
t h r e e  monopropellant engines  with conventional b e l l  nozz le s  having an a r e a  
r a t i o  of 20 t o  1. An impingement p re s su re  t e s t ,  des igna ted  Phase I A ,  of a 
f u l l - s c a l e  prototype t e rmina l  descen t  engine i n  a s imulated Martian environ- 
ment was conducted i n  t h e  NASA Manned Spacecraf t  Center White Sands Tes t  
F a c i l i t y  (WSTF) t o  determine t h e  r a d i a l  v a r i a t i o n  of s u r f a c e  impingement 
p r e s s u r e  a s  a func t ion  of engine a l t i t u d e  above the  s u r f a c e .  S o i l  e r o s i o n  
t e s t s  were t h e n  conducted i n  t h e  Langley Research Center  60-foot vacuum 
sphere using sub-scaleand f u l l - s c a l e  cold gas j e t s ,  modeled t o  match h o t  
j e t  p r e s s u r e s ,  t o  determine the  s e v e r i t y  of t h e  p h y s i c a l  a l t e r a t i o n  t h a t  
could be expected.  
Martian s o i l  by the exhaust plume of an engine wi th  a convent ional  nozzle  
descending toward the  s u r f a c e  would not  be accep tab le .  

These t e s t s  i n d i c a t e d  t h a t  p h y s i c a l  e r o s i o n  of s imulated 

Success c r i t e r i a  f o r  d e f i n i n g  t h e  allowable l i m i t s  of p h y s i c a l ,  chemical 
and b i o l o g i c a l  a l t e r a t i o n  were e s t a b l i s h e d .  
A l t e r a t i o n  Test Plan was then formulated t o  e v a l u a t e  cand ida te  enginelnozzle  
performance a g a i n s t  t hese  c r i t e r i a .  Concurrently,  s e v e r a l  a n a l y t i c a l  s t u d i e s  
of t h e  behavior of s o i l s  under t h e  in f luence  of plume impingement were con- 
ducted by t h e  Martin M a r i e t t a  Corporat ion and by i n v e s t i g a t o r s  a t  t he  Univer- 
s i t y  of Colorado. These s t u d i e s  attempted t o  d e s c r i b e  a n a l y t i c a l l y  v i scous  
e r o s i o n  and t h e  onse t  of bea r ing  c a p a c i t y  f a i l u r e .  

A comprehensive Phase 11 S i t e  

When i t  became appa ren t  t h a t  engines  with conven t iona l  b e l l  nozzles  
would n o t  meet t h e  e s t a b l i s h e d  phys ica l  c r i t e r i a , s u b - s c a l e  cold-gas nozzle  
t e s t s  were conducted a t  t he  Langley Research Center  (LRC) and a t  t h e  Mart in  
M a r i e t t a  Corporat ion (MMC) t o  develop nozzle designs which would reduce s u r -  
f a c e  impingement p r e s s u r e s .  The LRC t e s t s  were conducted i n  t h e  60-foot f 

sphere under s imulated Mart ian p re s su re  cond i t ions .  The MMC t e s t s  were con- 
ducted i n  t h e  Denver Div i s ion  Cold Flow Laboratory under e a r t h  ambient condi- 
t i o n s .  Based on the  r e s u l t s  obtained from t h e s e  s u b - s c a l e c o l d - g a s  t e s t s ,  
f u l l - s c a l e  engine nozzle  conf igu ra t ions  were designed and f a b r i c a t e d .  
nozzles  were t e s t e d  on a 
nozzle  changes. 

, 

These 
b o i l e r p l a t e  ’I engine which could accommodate 

‘i‘nese f i a t  p i a t e  inipiiigemsiit ~ T C S S ~ ~ T ~  t e s t a  t o g e t h e r  with 
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t h e  s o i l  impingement t e s t s  were conducted under s imulated Mart ian p r e s s u r e  
and C02 environments i n  a t e s t  chamber a t  t he  NASA Manned S p a c e c r a f t  Center 
White Sands T e s t  F a c i l i t y .  F l a t  p l a t e  impingement p r e s s u r e s  and temperatures  
of t he  engine exhaust  were eva lua ted  f o r  10 d i f f e r e n t  nozz le  c o n f i g u r a t i o n s  
a t  a lander  descen t  r a t e  of 1.52 m/sec. 
t i o n s ,  impingement e f f e c t s  of the engine exhaust  on s imula t ed  Mart ian s o i l s  
were evaluated t o  determine s o i l  c r a t e r i n g ,  s o i l  t r a n s p o r t  and d e p o s i t i o n ,  
temperature p r o f i l e s ,  and s o i l  chemical and b i o l o g i c a l  e f f e c t s .  From an  
e v a l u a t i o n  of t h e s e  t e s t  d a t a  a m u l t i p l e  nozz le  c o n f i g u r a t i o n ,  c o n s i s t i n g  
of 18 smal l  b e l l  nozz le s ,  w a s  s e l e c t e d  f o r  use on the  Viking Lander. 

For  s e l e c t e d  engine nozzle  conf igu ra -  

The p r e s e n t  paper d e s c r i b e s  i n  some d e t a i l  t he  n a t u r e  of t he  Mars landing 
s i t e  a l t e r a t i o n  problem discovered f o r  r e t r o r o c k e t s  having a conven t iona l  
b e l l  nozzle,  and the  subsequent e f f o r t  l ead ing  t o  the  r e d e s i g n  of t h e  Viking 
Lander r e t r o r o c k e t  nozzle .  I n  a d d i t i o n  the p h y s i c a l  d i s t u r b a n c e  r e s u l t s  of 
f u l l - s c a l e  t e s t s  t o  e s t a b l i s h  the  l e v e l  of s i t e  a l t e r a t i o n  which w i l l  occur 
du r ing  the Viking Mars landing are p resen ted .  The chemical and b i o l o g i c a l  
e f f e c t s  of t he  r o c k e t  exhaust  impingement a r e  d i scussed  i n  P a r t  I1 of t h i s  
r e p o r t .  

2 
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Diameter of e q u i v a l e n t  c i r c u l a r  diameter  (= 2 req) 

Unit  a r e a  on s u r f a c e  = r d r  d e  

Eros ion  depth (eq. 6 appendix A) 

Exposure time (eq. 3 appendix A) 

Computing time i n t e r v a l  
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T o t a l  eroded depth (eq. 9 appendix A) 
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Ambient p re s su re  

T o t a l  p r e s s u r e  behind normal shock 

3 



r Radius 

t Time 

T Temperature 
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' a  Descent angle  from v e r t i c a l  
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SOIL EROSION MECHANISMS 

Unlike t h e  l u n a r  landings where a vacuum permits  t h e  r e t r o r o c k e t  exhaust 
t o  spread over a wide a r e a ,  an atmosphere co l l ima tes  the  flow of an optimum 
designed nozzle  wi th in  an a rea  a s  sma l l  a s  the nozzle  e x i t .  With a f i n i t e  
Martian atmosphere and t h e  3 V i k i n g L a n d e r e n g i n e  nozzles  designed f o r  o p t i -  
mum t h r u s t  performance, t h e r e  e x i s t s  a p o t e n t i a l  f o r  s eve re  s o i l  d i s t u r b a n c e s  
du r ing  a Mars landing. The p h y s i c a l  d i s tu rbance  of a s o i l  caused by an ex- 
haus t  plume impinging on i t s  s u r f a c e  has been sepa ra t ed  i n t o  t h r e e  d i s t i n c t  
mechanisms by S c o t t  and KO i n  r e f e r e n c e  1. These inc lude  v i scous  e r o s i o n ,  

' d i f f u s e d  gas e r o s i o n ,  and bea r ing  c a p a c i t y  f a i l u r e .  

Viscous Erosion 

The term "viscous erosion" i s  app l i ed  t o  the  movement of p a r t i c l e s  by 
s u r f a c e  shea r  s t r e s s e s  of an impinging j e t ,  As t he  impinging gases  a r e  
d i r e c t e d  a long  the  s u r f a c e ,  v i scous  e f f e c t s  s e t  up  a boundary l a y e r  and 
t r ansmi t  a s h e a r  f o r c e  t o  the  s u r f a c e  which d i s t u r b s  t h e  s o i l  p a r t i c l e  and 
i n i t i a t e s  motion. The phenomena i s  no d i f f e r e n t  than t h a t  i n  the  f a m i l i a r  
d u s t  s torms,  d r i f t i n g  snow, and changing r i v e r  beds. The Apollo l u n a r  land-  
ings  c l e a r l y  show t h e  presence of v i scous  e ros ion  due t o  LM descen t  engine 
exhaust  impingement. P r i o r  t o  t h e  Apollo and Surveyor l u n a r  l and ings  a 
number of experimental  i n v e s t i g a t i o n s  were conducted f o r  t h i s  v i s i b i l i t y  
problem, r e f e r e n c e s  2 through 4 among others .  A n a l y t i c a l l y ,  Roberts  f i r s t  
formulated t h e  v i scous  e r o s i o n  f o r  t h e  lunar  landing s t u d i e s  i n  r e f e r e n c e s  
5 and 6 .  The e x t e n t  of viscous e r o s i o n  expected f o r  t he  Viking Mars land- 
ing  was computed i n  r e fe rence  7 t o  be between 1.5 cm and 7 . 6  c m .  This was 
based on a 2 0 : l  a r ea  r a t i o  b e l l  nozzle  with 667 newtons (150 pounds) 
t h r u s t  and an engine (cutoff h e i g h t  ranging from 4 . 6  t o  1 . 2  meters  above 
the  s u r f a c e .  
e r o s i o n  theo ry  which d i f f e r s  i n  t h e  i n t e r p r e t a t i o n  of momentum t r a n s f e r  t o  
p a r t i c l e s  and allows f o r  an a r b i t r a r y  s o i l  model composed of a wide d i s t r i -  
b u t i o n  of p a r t i c l e  s i z e s .  This  formulation i s  included i n  Appendix A .  

The p r e s e n t  s tudy used a mod i f i ca t ion  t o  Rober t s '  v i scous  

Di f fused  Gas Erosion 

Diffused gas e r o s i o n ,  as  shown a n a l y t i c a l l y  and expe r imen ta l ly  i n  r e f e r -  
ence 1, invo lves  the  flow of exhaust  gases i n t o  and through t h e  pores  of a 
g r a n u l a r  s o i l  and appears i n  two s t a g e s .  The f i r s t  s t a g e ,  found dur ing  
engine f i r i n g ,  i s  caused by t h e  gas flowing i n t o  t h e  s o i l  beneath the h igh  
p r e s s u r e  impingement r eg ion  and back out of t h e  s o i l  a t  a lower p r e s s u r e  
r eg ion .  Depending upon s o i l  p r o p e r t i e s ,  the r a t e  of gas ou t f low can be 
g r e a t  enough t o  overcome the  s o i l  weight and remove s o i l .  The second s t a g e  
of d i f f u s e d  gas e r o s i o n  occurs  a t  engine shut-down. When t h e  impingement 
p i e s s v r ~  a t  the s u r f a c e  i s  suddenly removed, gases  which have been fo rced  
i n t o  t h e  s o i l  a r e  allowed t o  escape (usual ly  a t  a h igh  r a t e ) .  
of gas outf low e r o s i o n  and the  shut-down e rup t ion  was performed by KO ( r e f e r -  
ence 8a) u s i n g  t h e  techniques o u t l i n e d  i n  r e f e r e n c e  1, the  nominal engine 
and l and ing  sequence f o r  Viking,  and a range of s o i l  parameters .  R e s u l t s  

An a n a l y s i s  
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i nd ica t ed  a t o r o i d a l  dep res s ion  4 cm deep f o r  gas outf low e ros ion ,  and a 
d i s h  shaped r eg ion  of uns t ab le  s o i l  10 c m  deep beneath t h e  engine f o r  t he  
shutdown e rup t ion .  The r e s u l t s  a r e  s e n s i t i v e  t o  the  descent  p r o f i l e ,  engine 
shutdown sequence, and s o i l  p r o p e r t i e s  ( d e n s i t y ,  p o r o s i t y ,  and pe rmeab i l i t y  
of t h e  medium t o  gas  flow).  

Bearing Capaci ty  F a i l u r e  

During the  descent  of an engine wi th  an impinging t u r b u l e n t  j e t ,  t he  load 
( t h r u s t )  on the  s u r f a c e  i s  concent ra ted  
The t h i r d  c r a t e r i n g  mechanism occurs  a s  t h e  r e s u l t i n g  s t r e s s e s  w i t h i n  t h e  
s o i l  exceed the  s o i l  s h e a r  s t r e n g t h  and thus the  s o i l  load bea r ing  c a p a c i t y .  
Upon f a i l u r e ,  a gene ra l  r eg ion  beneath the  gas load becomes f l u i d i z e d  and 
o f f e r s  l i t t l e  r e s i s t a n c e  t o  excavat ion  by t h e  gases .  The phenomenon i s  b a s i -  
c a l l y  s i m i l a r  t o  t h e  p r i n c i p a l  behind hydrau l i c  mining, Bearing c a p a c i t y  
f a i l u r e ,  a l s o  r e f e r r e d  t o  as  p re s su re  c r a t e r i n g ,  was observed by Alexander,  
Roberds,  and S c o t t  ( s ee  r e fe rence  9) f o r  s t a t i o n a r y  and descending h igh  pres-  
s u r e  j e t s  under e a r t h  ambient cond i t ions .  I n i t i a l l y ,  they observed v i scous  
e r o s i o n ,  followed suddenly by a massive e r u p t i o n  and geyser  of s o i l .  A s  
t he  s o i l  f a i l e d ,  a deep v e r t i c a l  wal led c r a t e r  was formed which redirected 
t h e  impingement gases  upwards accompanied by eroded soil. 

w i t h i n  a desc reas ing ly  smal l  a r ea .  

I n v e s t i g a t i o n s  a s  t o  the  s e v e r i t y  of p re s su re  c r a t e r i n g  expected f o r  t h e  
Viking mission wi th  the  b a s e l i n e  engine and descent  p r o f i l e  were conducted 
both exper imenta l ly  and a n a l y t i c a l l y .  The experimental  r e s u l t s  and conse- 
quent  nozzle development a r e  presented  i n  t h e  fol lowing s e c t i o n s .  Analy- 
t i c a l l y ,  KO inc luded  t h e  e f f e c t s  of pore p re s su res  wi th  a method developed 
i n  re ference  9 t o  compute t h e  onse t  of bea r ing  c a p a c i t y  f a i l u r e  and c r a t e r  
depths  for  t he  Viking descent .  For t h e  range of atmospheric p re s su res  and 
s o i l  models as s p e c i f i e d  i n  the Mars Engineer ing Model, r e f e rence  10, r e s u l t s  
i nd ica t ed  bea r ing  c a p a c i t y  f a i l u r e  could be expected a t  a l t i t u d e s  below 5 
meters  with c r a t e r  depths  as  g r e a t  a s  60 cm f o r  t h e  b a s e l i n e  b e l l  nozz le  
( re ference  7 and 8).  

I n  comparing t h e  r e l a t i v e  amounts of e ros ion  computed f o r  t h e  t h r e e  mec- 
hanisms during a Viking landing, bea r ing  c a p a c i t y  f a i l u r e  appeared t o  r e p r e s e n t  
by f a r  the g r e a t e s t  amount of s o i l  d i s tu rbance .  I t  has  t h e  most impact on the  
mission 's  s c i e n t i f i c  r e s u l t s ,  and a l s o  p r e s e n t s  a hazard t o  the  Lander. The 
experimental  program descr ibed  i n  t h e  p r e s e n t  r e p o r t  was formulated t o  inves-  
t i g a t e  the s e v e r i t y  of p re s su re  c r a t e r i n g ,  t o  guide i n  the  development of 
engine nozzle des igns  t o  l e s s e n  the  exhaust  g a s / s o i l  i n t e r a c t i o n ,  and t o  
c h a r a c t e r i z e  i n  d e t a i l  the  experimental  s i t e  a l t e r a t i o n  r e s u l t s  of a rede-  
s igned system. 
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TEST APPARATUS AND PROCEDURES 

White Sands T e s t  F a c i l i t y  - Phase I A  Tes ts  

The Phase I A  t e s t i n g  was conducted i n  the NASA White Sands T e s t  F a c i l i t y  
(WSTF), T e s t  Stand 302. 
9.75 meters i n  diameter and, f o r  t h e  Phase.IA t e s t i n g ,  10.9 meters high.  I n  
o rde r  t o  measure plume impingement p re s su res  du r ing  a s imulated descen t  of 
t he  Viking Lander wi th  a prototype monopropellant engine having a 2O:l b e l l  
nozz le ,  a moveable f l a t  p l a t e  was used with t h e  engine i n s t a l l e d  i n  a f i x e d  
p o s i t i o n  t o  e x i s t i n g  s t r u c t u r a l  members of the t e s t  chamber. Durir  .ngine 
o p e r a t i o n ,  t h e  f l a t  p l a t e  impingement su r face  was cycled beneath the engine 
t o  va ry  the  a x i a l  d i s t a n c e  between 10 and 26 nozzle  diameters  (1.58 t o  4.02 
meters)  a s  shown i n  f i g u r e  2. The .95 cm t h i c k  s t a i n l e s s  s t e e l  p l a t e  was .91  
meter i n  d i ame te r ,  and was instrumented as  shown i n  f i g u r e  2 with f i f t e e n  
p r e s s u r e  t r ansduce r s  l o c a t e d  beneath the  p l a t e .  The p l a t e  t r a v e l e d  a t  a r a t e  
of approximately . 2  mlsec along a guide r a i l  and was cha in  d r i v e n  by a hydrau- 
l i c  a c t u a t o r  connected t o  an e c c e n t r i c  l e v e r / s p r o c k e t  system. A po ten t iome te r ,  
d r i v e n  by the  top sp rocke t  through r educ t ion  g e a r i n g ,  was used t o  i n d i c a t e  
a x i a l  d i s t a n c e  from the  nozzle  e x i t  t o  t h e  f l a t  p l a t e .  

The 302 f a c i l i t y  i s  a c y l i n d r i c a l  vacuum chamber 

The p l a t e  motion was i n i t i a t e d  a f t e r  the vacuum chamber had been evacuated 
and b a c k f i l l e d  wi th  N 2 .  Engine s t a r t  command was given when t h e  f l a t  p l a t e  
was approximately 3 seconds from reach ing  the n e a r e s t  p o s i t i o n  t o  the  engine.  
The engine ope ra t ed  f o r  38.8 seconds during which time t h e  p l a t e  t r a v e l e d  
s l i g h t l y  more than  two c y c l e s .  With two a x i a l  surveys f o r  e a c h c y c l e ,  fou r  
and one-half  a x i a l  impingement p re s su re  surveys were ob ta ined .  During t h i s  
t ime,  t h e  ambient p re s su re  inc reased  from 3.2  mb t o  30.8  mb. The t h r u s t  
was n e a r l y  c o n s t a n t  a t  667 newtons (150 lbs)  w i th  an engine chamber p r e s s u r e  
which was 427 kN/m2 a t  the s t a r t  and s t e a d i l y  decreased t o  407 kN/m2 by the  
completion of t he  t es t  per iod.  F u r t h e r  d e t a i l s  of o p e r a t i o n a l  procedures ,  
c a l i b r a t i o n ,  accuracy,  and d a t a  r e d u c t i o n  techniques of t h e  Phase I A  t e s t i n g  
a r e  provided i n  r e f e r e n c e  11. 

NASA/Langley Research Center  Tes ts  

Experimental  t e s t s  conducted by L. V. C la rk  a t  NASA/LRC were performed 
i n  the 60-foot  diameter sphere.  Seve ra l  d i f f e r e n t  l ande r  r e t r o r o c k e t  nozzle  
and s u r f a c e  t a r g e t  c o n f i g u r a t i o n s  were t e s t e d  du r ing  t h e  course of t he  s tudy ;  
t h e  b a s i c  experimental  t e s t  s e t u p  i s  shown i n  t h e  schematic  of f i g u r e  3 .  The 
model Viking Lander o r  s i n g l e  f u l l - s c a l e  "cold-gas" nozzle  was c a n t i l e v e r e d  
from a c a r r i a g e  mounted on a r a i l .  The r a i l  extended from the  top  of t h e  vacuum 

chamber t o  the  f l o o r  of t he  chamber and could be t i l t e d  from the  v e r t i c a l .  
The model Viking Lander o r  s i n g l e  f u l l - s c a l e  nozzle  was moved along t h e  r a i l  
by an e l e c t r i c - m o t o r - d r i v e n  chain-and-brake system, and was o r i e n t e d  s o  t h a t  
t h e  exhaust  gases  would impinge upon the  t a r g e t  s u r f a c e  ( e i t h e r  a p re s su re -  
gage instrumented f l a t  p l a t e  o r  a p a r t i c u l a t e  " s o i l "  s u r f a c e ) .  



The t e s t s  were conducted i n  t h e  sphere  us ing  e i t h e r  h igh-pressure  hel ium 
o r  a i r  a t  ambient temperatures  t o  model t h e  "hot" exhaus t  gases  from t h e  Vik ing  
Lander te rmina l  descent  engines .  The sphe re  atmosphere was r e s i d u a l  a i r  a t  
t h e  des i r ed  l e v e l  of ambient p re s su re  r e p r e s e n t a t i v e  of t h a t  a n t i c i p a t e d  on 
Mars ( 4  to  20 m b ) .  

The t e s t  procedure s t a r t e d  w i t h  t h e  evacuat ion  of t h e  60-foot  sphere  
t o  t h e  des i r ed  l e v e l  o f  ambient p r e s s u r e .  The impingement p r e s s u r e  t e s t s  
were performed ve ry  r a p i d l y  by s e t t i n g  nozz le  p re s su re  and lowering the  t e s t  
nozz le  over t he  d e s i r e d  range of a l t i t u d e  above t h e  f l a t  p l a t e .  The e f f e c t  
of ambient p r e s s u r e  was eva lua ted  by p a r t i a l l y  r e p r e s s u r i z i n g  t h e  sphere .  
The s o i l  impingement t e s t s ,  however, could  only be  conducted one a t  a t ime 
because of t h e  d i s tu rbance  t o  t h e  s o i l .  A f t e r  each s o i l  t e s t ,  t h e  r e s u l t i n g  
d i s tu rbance  was measured, a f t e r  which t h e  s u r f a c e  was smoothed and o the rwise  
prepared  f o r  t h e  next  t e s t .  Microswitches loca t ed  a long  the  r a i l  and t r i p p e d  
by t h e  passage of t h e  c a r r i a g e  te rmina ted  nozz le  t h r u s t  a t  s e l e c t e d  a l t i t u d e s  
above the  s u r f a c e ,  and ac tua ted  a l a r g e  magnetic brake t o  s t o p  t h e  c a r r i a g e .  
The d a t a  from t h e  s tudy  were recorded  on an o s c i l l o g r a p h ,  i nc lud ing  t h e  s i g n a l s  
from the  microswitches.  

Mar t in  M a r i e t t a  Corpora t ion  Cold Flow Labora tory  T e s t s  

The exp lo ra to ry  t e s t s  o f  a l t e r n a t e  nozz le  concepts  conducted a t  t h e  MMC 
Cold Flow Labora tory  (CFL) were designed t o  run  a t  a tmospheric  p r e s s u r e ,  81.4 
W/m2 (11.8 p s i ) ,  u s ing  a h igh  p r e s s u r e  n i t r o g e n  gas  supply.  
ach ieve  a j e t  s t r u c t u r e  near  t h a t  f o r  a f u l l - s c a l e  engine i n  a Mars envi ron-  
ment, t h e  p re s su re  r a t i o  a t  t h e  nozz le  e x i t  was d u p l i c a t e d  f o r  t h e  2 0 : l  
expansion r a t i o  us ing  a chamber p r e s s u r e  of  23,400 kNlrn2 (3400 p s i ) .  A coni -  
c a l  nozz le  w i t h  an e x i t  ha l f - ang le  o f  15 degrees ,  and a 5.08 cm e x i t  d iameter  
(1/3-scale) was used.  An instrumented f l a t  p l a t e ,  .91  meters  i n  d iameter  
was used a s  a t a r g e t  s u r f a c e ,  and a h y d r a u l i c  a c t u a t o r  was used t o  d r i v e  t h e  
p l a t e  over a 2.44 m d i s t a n c e  f o r  t h e  a x i a l  survey.  The p l a t e  and d r i v e  mechan- 
i s m  was the same a s  used f o r  t he  WSTF Phase I A  t e s t ,  b u t  was i n v e r t e d  f o r  t h i s  
t e s t .  The nozz le  assembly was mounted a t  t h e  ground p lane  f o r  easy  access  and 
exhausted v e r t i c a l l y  upward. S i x t e e n  p r e s s u r e  p o r t s  were r e l o c a t e d  f o r  t h e  
1 /3-sca le  t e s t  f o r  t he  r a d i a l  d i s t r i b u t i o n s  a s  shown i n  f i g u r e  4 .  

I n  o r d e r  t o  

White Sands T e s t  F a c i l i t y  - Phase I1 Tes t s  

F o r  the WSTF Phase I1 site alteration tests a 6 .1  meter  s e c t i o n  was 
added t o  the c y l i n d r i c a l  p a r t  o f  t h e  t e s t  s t a n d  302 vacuum chamber t o  ex tend  
t h e  useable  h e i g h t  t o  14.3 meters  a s  shown i n  f i g u r e  5. This  a d d i t i o n a l  h e i g h t  
was r equ i r ed  i n  o rde r  t o  s imula t e  t h e  s i g n i f i c a n t  p a r t  of t h e  e x h a u s t / s o i l  
i n t e r a c t i o n  which would occur  du r ing  t h e  t e r m i n a l  descen t  phase of  t h e  Viking 
landing.  For these  t e s t s ,  t h e  use  of 3 f u l l - s c a l e  r o c k e t  engines  as  on t h e  
Viking Lander was n o t  p r a c t i c a l ;  t h e r e f o r e ,  a 1/3-segment o f  t h e  Viking Lander 



was s imulated wi th  one f u l l - s c a l e  engine a t t ached  and, as shown i n  f i g u r e  6 ,  
r e f l e c t i o n  p l anes  4.9 meters h igh  were used t o  s imula t e  t h e  j e t  i n t e r a c t i o n  
e f f e c t s  of t h e  o t h e r  two engines .  The 1/3-lander segment was a t t a c h e d  t o  a 
c a r r i a g e  designed t o  r i d e  smoothly on a v e r t i c a l  t r ack .  T rave l  of t h e  c a r -  
r i a g e ,  i nc lud ing  s t a r t i n g ,  t h e  cons t an t  v e l o c i t y  descen t ,  and s topp ing ,  was 
c o n t r o l l e d  by a h y d r a u l i c  motor and an electro-mechanical  brake through a 
c h a i n  and sp rocke t  d r i v e  mechanism. The shock absorber  shown i n  f i g u r e  6 
was loca ted  a t  t he  bottom of the t r a c k  as  a back-up a r r e s t  system. A 
potent iometer  a t t ached  t o  t h e  upper sp rocke t  of t he  c h a i n  d r i v e  assembly 
was used t o  r e c o r d  l ande r  p o s i t i o n  on the  t r ack  as  a f u n c t i o n  o f  t ime. From 
t h e s e  d a t a  the l ande r  descen t  v e l o c i t y  was computed f o r  each t e s t .  Su r faces  
used i n  t h e  Phase I1 t e s t i n g  included an instrumented f l a t  p l a t e ,  a p r e s s u r e  
and temperature r ake ,  and an instrumented s o i l  bed w i t h  two s o i l  models. 

P ropu l s ion  system - Two hydrazine fue l ed  c a t a l y t i c  r o c k e t  engines  were 
used f o r  t he  Phase I1 t e s t s .  I n i t i a l  exhaust gas sampling t e s t s  were con- 
ducted us ing  a f l i g h t  weight engine with a 20: l  a r e a  r a t i o  conven t iona l  b e l l  
nozzle  having a 15.24 cen t ime te r  e x i t  diameter.  The remainder of t h e  sampling 
t e s t s  and t h e  p r e s s u r e  and s o i l  t e s t s  ( s e e  table I) were conducted u s i n g  a 
" b o i l e r p l a t e "  engine.  This engine,  which can be seen i n  f i g u r e  6 ,  had a 
heavy wide-f lange j o i n t  between the  nozzle  and t h e  c a t a l y s t  bed t h a t  made i t  
p o s s i b l e  t o  change engine nozzle  conf igu ra t ions .  Both engines were capable  
of producing 2669 newtons (600 l b s )  of t h r u s t ,  b u t  were t h r o t t l e d  t o  667 
newtons (150 l b s )  during the Phase I1 t e s t i n g  t o  s i m u l a t e  the Viking Lander 
near  surface t h r u s t .  Engine performance was monitored by r eco rd ing  engine 
run  t ank  p r e s s u r e ,  engine i n j e c t o r  manifold p re s su re ,  engine chamber p re s -  
s u r e ,  and gas temperature  i n  the  engine below t h e  c a t a l y s t  bed. 

Nozzles - Ten d i f f e r e n t  nozzle  conf igu ra t ions  were t e s t e d  on t h e  b o i l e r -  
p l a t e  engine du r ing  the  Phase I1 t e s t s .  
t e s t e d  on a descending l ande r  t o  measure t h e  impingement p re s su re  d i s t r i b u -  
t i o n  on a f l a t  s t e e l  p l a t e .  

A l l  of t h e s e  c o n f i g u r a t i o n s  were 

The i n i t i a l  c o n f i g u r a t i o n  t e s t e d  ( see  f i g u r e s  6 and 7)  was a 2 0 : l  con- 
v e n t i o n a l  b e l l  nozz le  having a 15.24 cent imeter  e x i t  diameter .  
9 c o n f i g u r a t i o n s  t e s t e d  were designed t o  reduce t h e  maximum impingement 
p r e s s u r e s  from t h e  r o c k e t  exhaust .  
by MMC and t h e  o t h e r  two t e s t e d  were provided by o t h e r  c o n t r a c t o r s .  

The o t h e r  

Seven of t h e  c o n f i g u r a t i o n s  were designed 

. One nozz le  provided had an annular  e x i t  and i s  shown i n  f i g u r e  7, 
Another nozz le  a l s o  shown i n  f i g u r e  7 ,  was a m u l t i p l e  two-dimensional 
nozzle  c o n f i g u r a t i o n .  MMC designs a r e  shown i n  f i g u r e s  7 and 8. They 
inc lude  1) a seven-nozzle c o n f i g u r a t i o n ,  2) a 24-nozzle c o n f i g u r a t i o n ,  
3)  t he  24-nozzle c o n f i g u r a t i o n  modified t o  an l8-nozzle c o n f i g u r a t i o n  by 
plugging eve ry  o t h e r  nozzle  i n  t h e  o u t s i d e  r i n g ,  4) t h e  24-nozzle conf igu ra -  
t i o n  modified t o  an l8-nozzle c o n f i g u r a t i o n  by plugging the  6 n o z z l e s  i n  
t h e  i n n e r  r i n g ,  5 )  a f l u t e d  nozz le ,  6) t he  f l u t e d  nozzle  modif ied,  and 7) a 
f u l l - s c a l e  l8-nozzle c o n f i g u r a t i o n .  Sketches of MMC designed nozz ie s  
showing the  geometry and p e r t i n e n t  dimensions a r e  p re sen ted  i n  f i g u r e  9. 
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F l a t  p l a t e  impingement p r e s s u r e  measurements - A s t a i n l e s s  s t e e l  f l a t  
p l a t e  s imula t ing  t h e  landing  s u r f a c e  was loca ted  on top of  t h e  s o i l  bed under 
the  engine a s  shown i n  f i g u r e  10. Plume impingement p r e s s u r e s  and h e a t i n g  
r a t e s  were measured wi th  14 p r e s s u r e  t r ansduce r s  and 11 c a l o r i m e t e r s  l oca t ed  
a s  shown i n  f i g u r e  11. Absolute p r e s s u r e  t r ansduce r s  were packaged under t h e  
f l a t  p l a t e  and connected t o  the  o r i f i c e s  i n  t h e  p l a t e  by approximately 1.2 
meters  o f  .216 cen t ime te r  I D  s t a i n l e s s  s t e e l  t ub ing .  Each of  the p r e s s u r e  
t ransducers  was c a l i b r a t e d  i n  t h e  WSTF c a l i b r a t i o n  l a b o r a t o r y  p r i o r  t o  
i n s t a l l a t i o n .  A l l  were found t o  be accu ra t e  w i t h i n  + 1% of f u l l - s c a l e  and 
i n  most c a s e s  were an o rde r  of  magnitude b e t t e r .  P re s su res  and h e a t i n g  d a t a  
were reduced a t  t h e  WSTFData Center and recorded  on magnetic t ape .  F u r t h e r  
d e t a i l s  o f  i n s t rumen ta t ion ,  c a l i b r a t i o n ,  and d a t a  r e d u c t i o n  o f  t h e  Phase I1 
t e s t s  a r e  g i v e n  i n  r e f e r e n c e  12 .  

Engine plume rake  - A rake  t o  measure t h e  temperature  and p r e s s u r e  d i s -  
t r i b u t i o n  i n  t h e  engine plume as  a f u n c t i o n  of d i s t a n c e  from t h e  engine nozzle  
c e n t e r l i n e  w a s  used on t h e  f i n a l  t e s t .  A photograph of t h e  r a k e  i n s t a l l e d  
i n  t h e  t e s t  chamber i s  shown i n  f i g u r e  1 2 .  I n s t a l l a t i o n  was made s o  t h a t  t h e  
openings of t h e  p re s su re  tubes and t h e  thermocouples were l o c a t e d  . 6 1  meters  
above the  f l a t  p l a t e .  

S o i l  con ta ine r  - 

S o i l  bed: The s o i l  bed c o n t a i n e r  c o n s i s t e d  of a s t e e l  t ank  7.0 meters  
long and 2.3 meters  wide. Along a c e n t e r  s t r i p  .76 meters  wide,  t h e  bed was 
.91  meters deep. The top  .15 meter o f  t h e  c o n t a i n e r  s i d e  w a l l s  were v e r t i -  
c a l ,  then s loped  a t  a 45O angle  t o  a h o r i z o n t a l  .76  meter  wide bottom. A t  
one end o f  t h e  bed which formed t h e  base of t h e  engine r e f l e c t i o n  p l anes ,  
t h e  wal l s  were v e r t i c a l ,  forming an inc luded  angle  o f  120° w i t h  a f u l l  depth  
of .91 meter .  The oppos i t e  end o f  t h e  bed was formed by a 45' s l o p i n g  
sur face .  

The s o i l  bed c o n t a i n e r  was f i l l e d  wi th  luna r  nominal s o i l  .91  meter deep 
f o r  only s o i l  t e s t  1 2 A .  For t h e  o t h e r  t h r e e  t e s t s  wi th  l u n a r  nominal s o i l  
( t e s t s  12C, 12D, 12E)  a f a l s e  bottom was added t o  the  i n i t i a l  s o i l  bed con- 
t a i n e r  and f a b r i c a t e d  such t h a t  t he  s o i l  bed could  degas du r ing  pump-down 
of  t h e  chamber from t h e  t o p  and bottom s u r f a c e s .  A s t e e l  suppor t  g r a t i n g  
was i n s t a l l e d  upon which aluminum s c r e e n  wire  was p laced .  Unbleached musl in  
was s t r e t c h e d  ac ross  t h i s  s c r e e n  and h e l d  i n  p l ace  by aluminum p e r f o r a t e d  
p l a t e s  of 40% poros i ty .  The s o i l  bed was then  c o n s t r u c t e d  u t i l i z i n g  t h e  t e s t  
procedure o u t l i n e d  i n  r e f e r e n c e  12. 

A p lan  view of t he  s o i l  bed c o n t a i n e r  and ad jo in ing  s o i l  t r a y s  i s  shown 
i n  f i g u r e  13. F igu re  14 i s  a schematic  drawing of  t h e  f a l s e  bottom incor -  
porated i n  t h e  s o i l  bed and f i g u r e  15 shows the  i n s t a l l a t i o n  o f  t h i s  permeable 
f a l s e  bot tom. 

Because of the h igh  pe rmeab i l i t y  o f  t h e  v o l c a n i c  dune sand s o i l  model, 
t h e  f u l l  depth  ( . 9 1  meter) of t he  s o i l  bed under t h e  engine  was used on a l l  
dune sand s o i l  t e s t s .  Two meters  from t h e  end of  t h e  c o n t a i n e r ,  a bulkhead 
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made of t he  same m a t e r i a l s  as t h e  f a l s e  bottom was c o n s t r u c t e d  wi th  t h e  
remainder of t h e  s o i l  c o n t a i n e r  as i t  was f o r  t h e  l u n a r  nominal model s o i l  
t e s t s ,  i . e . ,  .305 meter deep. (See f i g u r e  14). 

S o i l  t r a y s :  Along one s i d e  of t h e  bed were two s o i l  t r a y s  which extended 
along r a d i a l  l i n e s  from the engine c e n t e r l i n e .  One t r a y  which a d j o i n s  t h e  
r e f l e c t i o n  plane extended 4.57 meters  beyond the s o i l  bed c o n t a i n e r  f o r  a 
t o t a l  d i s t a n c e  from the  engine c e n t e r  p o i n t  of 5.94 meters ,  The second t r a y  
extended 4.42 meters beyond t h e  s o i l  bed f o r  a ' t o t a l  d i s t a n c e  of 6.84 meters  
from the engine c e n t e r  p o i n t .  These t r a y s  contained t h e  s e a l a b l e  s o i l  c u o s  
f o r  measuring chemical contamination of t he  s o i l ,  open s o i l  cups f o r  measuring 
s o i l  e r o s i o n  and t r a n s p o r t ,  and unobstructed a reas '  f o r  a s s e s s i n g  t h e  e f f e c t  
of engine plume gases  on prepared s u r f a c e  morphological f e a t u r e s .  

A t h i r d  s o i l  t r a y  ad jo in ing  the  engine r e f l e c t i o n  planes on t h e  oppos i t e  
s i d e  from the  two s o i l  t r a y s  was used t o  assess  b i o l o g i c a l  deg rada t ion  as  a 
r e s u l t  of engine plume impingement. A l l  t h ree  s i d e  t r a y s  were 7.6 cenc ime t r r s  
deep. 

The d i s t r i b u t i o n  of t h r e e  a d j o i n i n g  s o i l  t r a y s  t o g e t h e r  w i th  t h e  main 

This geometry was used s o  t h a t  t h e  symmetry of p lume / so i l  i n t e r -  
s o i l  bed cover  most of t he  sampling a r e a  a v a i l a b l e  t o  the  Viking Sur face  
Sampler. 
a c t i o n  could be assessed throughout t he  sampling a r e a  t o  determine i f  c e r t a i n  
a reas  were more favorable  f o r  sampling. Figure 13, a p l a n  view of t h e  main 
s o i l  c o n t a i n e r  and s o i l  t r a y s ,  shows t h e  a rea  a v a i l a b l e  t o  t h e  Sur face  
Sampler . 

Open s o i l  cups: Open s o i l  cups were placed i n  t h e  s o i l  t r a y s  t o  make 
measureinents of s o i l  t r a n s p o r t  and d e p o s i t i o n  du r ing  seve re  s o i l  d i s t u r -  
bances. A f t e r  t he  f i r s t  engine f i r i n g  i n  s o i l ,  t e s t  12A, t h e  open s o i l  cups 
were d i scon t inued  because the s o i l  e r o s i o n  and t r a n s p o r t  was p r i m a r i l y  v i s -  
cous shea r  and the  c o l l e c t e d  m a t e r i a l  (ve ry  small  amount) was a s ses sed  t o  be 
i n s i g n i f i c a n t ,  p a r t i c u l a r l y  i n  view of t h e  p repa ra t ion  of t h e  s o i l  cups,  which 
was ve ry  time consuming. 

S e a l a b l e  s o i l  cups: Two types of remotely c o n t r o l l e d  s e a l a b l e  s o i l  cups 
were used i n  t h e  Phase I1 t e s t s .  One type was  f i l l e d  wi th  s o i l  p r i o r  to  
t e s t i n g  and s e a l e d  during the t e s t  e i t h e r  j u s t  be fo re  o r  j u s t  a f t e r  engine 
f i r i n g .  The o t h e r  type was an auger which dug a s o i l  sample from t h e  main 
soil bed a f t e r  engine f i r i n g  and was then  sealed i n  a f i t t e d  cap. The s e a l -  
a b l e  s o i l  cup des igns ,  o p e r a t i o n s ,  and r e s u l t s  a r e  p re sen ted  i n  P a r t  11 of 
t h i s  r e p o r t .  

- Louvered c o l l e c t i n g  b a f f l e  - A t  t h e  end of t he  s o i l  bed, which was 6.22 
meters from t h e  engine c e n t e r l i n e ,  a louvered b a f f l e  .62 meters wide extending 
1 .75  meters  above the  s o i l  bed s u r f a c e  was i n s t a l l e d  t o  c o l l e c t  s t 7 i l  being 
e j e c t e d  from the s o i l  bed c r a t e r  by t h e  engine plume. 
from 16 Vee-shaped t r a y s  l o c a t e d  t o  c o l l e c t  the s o i l  from 23 c e n t i m e t e r s  
above t h e  s o i l  bed i n  10 cen t ime te r  increments. 
assembly i s  p resen ted  i n  f i g u r e  16. 

The louvers  were made 

A photograph of t h e  b a f f l e  
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R e c i r c u l a t i o n  b a f f l e s  - I n  o rde r  t o  minimize s o i l  p a r t i c l e  c i r c u l a t i o n  
w i t h i n  t h e  302 t e s t  chamber dur ing  an engine f i r i n g  on a s o i l  t e s t ,  pane l s  of 
un t r ea t ed  f i b e r g l a s  f i l t e r  m a t e r i a l  were i n s t a l l e d  around t h e  i n s i d e  w a l l s  on 
a wi re  frame. These pane ls  were approximately 2 . 7  meters  h igh  and were 
i n s t a l l e d  approximately .6 meters  from t h e  i n s i d e  w a l l  o f  t h e  t e s t  chamber 
w i t h  the bottom a t  t h e  f l o o r  l e v e l .  These pane ls  c o l l e c t e d  a l a r g e  p a r t  of 
t h e  s o i l  eroded from the  bed a s  shown i n  f i g u r e  1 7 ;  however, t h e  f i n e  p a r t i -  
c les  t h a t  were n o t  c o l l e c t e d  by t h e  b a f f l e s  were suspended i n  t h e  t e s t  chamber 
atmosphere and i n t e r f e r r e d  wi th  motion p i c t u r e  photography dur ing  t h e  l a t e r  
p a r t  of t h e  engine f i r i n g .  

Addi t iona l  appara tus  - During s e l e c t e d  t e s t s  of  t h e  Phase I1 S i t e  
A l t e r a t i o n  Tes t  Program, a d d i t i o n a l  appara tus  was used f o r  f u r t h e r  de f in -  
i n g  the environment dur ing  t h e  s imula ted  Viking landing.  
base  p re s su res  were measured between nozz le s  of  t he  mul t ip le -nozz le  conf igura-  
t i o n s .  The engine exhaust  s o i l  i n t e r a c t i o n  e f f e c t s  on t h e  l ande r  bottom were 
measured w i t h  p re s su re  t r a n s d u c e r s ,  c a l o r i m e t e r s ,  and a sma l l  p r e s s u r e  rake .  
A simulated footpad was added and instrumented t o  measure p r e s s u r e s ,  h e a t i n g  
r a t e s ,  and t o t a l  temperatures  a s  i t  e n t e r e d  t h e  w a l l  j e t  f low dur ing  the  
v e h i c l e  descen t .  Lander a c o u s t i c  environments were measured near  t h e  t e r -  
mina l  descent  engine.  Three or thogonal  acce lerometers  were used t o  o b t a i n  
v i b r a t i o n  measurements on t h e  engine c a r r i a g e  mounting b racke t s .  A r a d a r  
system was mounted on t h e  l ande r  base  t o  e v a l u a t e  i t s  performance a s  
a f f e c t e d  by t h e  engine induced d u s t  motion f o r  bo th  t h e  luna r  nominal and 
dune sand s o i l  models. Dust c o l l e c t i n g  cups were p l aced  on t o p  o f  t h e  l ande r  
i n  an at tempt  t o  d i f f e r e n t i a t e  accumulat ion e f f e c t s  w i t h  and wi thout  a res i -  
d u a l  charge.  F i n a l l y ,  samples of  Viking Lander imagery camera window m a t e r i a l  
were exposed t o  the  d u s t  environment. F u r t h e r  i n fo rma t ion  and d e t a i l e d  
r e s u l t s  of  t h e s e  experiments may be found i n  r e f e r e n c e  12 .  

Engine nozz le  

S o i l  models - The two s o i l  types  employed i n  t h e  Phase I1 site altera- 
t i o n  t e s t s  a r e  based on the  s p e c i f i c a t i o n s  p re sen ted  i n  t h e  Mars Engineer ing  
Model ( r e f e r e n c e  10). Although f i v e  s u r f a c e  models a r e  presented  i n  t h i s  
document, on ly  two were s e l e c t e d  f o r  t e s t i n g .  These were a l u n a r  nominal 
model based on Apollo samples and a n a t u r a l  occu r r ing  v o l c a n i c  sand dune 
model. 

The r a t i o n a l e  f o r  s e l e c t i n g  t h e s e  two s o i l  models was based on a number 
of cons ide ra t ions .  The Apollo ana lyses  r e p r e s e n t s  t h e  on ly  r e a l  d a t a  from 
another  p l a n e t a r y  body and one i n  which the dominant s u r f a c e  morphology i s  
c h a r a c t e r i z e d  by impact c r a t e r s .  This  l u n a r  nominal model i s  wel l -graded 
and con ta ins  a p a r t i c l e  s i z e  d i s t r i b u t i o n  from sub-micron s i z e  p a r t i c l e s  t o  
a v e r y  coa r se  f r a c t i o n ,  Because of t h i s  f e a t u r e  the  model can  be prepared  
i n  v a r i o u s  ways t o  g ive  a wide range of s u r f a c e  mechanical  p r o p e r t i e s .  
The volcanic  sand dune model has  a narrower p a r t i c l e  s i z e  d i s t r i b u t i o n  band 
due t o  wind s o r t i n g  a c t i o n  and was s e l e c t e d  because a n a l y t i c a l  s t u d i e s  of 
t h e  engine plumelsurface i n t e r a c t i o n  i n d i c a t e d  t h a t  t h i s  h i g h l y  porous/per-  
meable m a t e r i a l  would r e p r e s e n t  a wors t  c a s e  c o n d i t i o n  i n  terms of s i t e  
e ros ion  by t h e l a n d e r .  This  was s u b s t a n t i a t e d  by t h e  t e s t  r e s u l t s .  
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Lunar nominal model: The l u n a r  nominal model s p e c i f i c a t i o n s  a r e  based 
on sc reen  a n a l y s i s  provided by t h e  Apollo l l m i s s i o n  r e s u l t s .  A cumulative 
d i s t r i b u t i o n  of p a r t i c l e s  by weight pe rcen t  i s  p re sen ted  i n  f i g u r e  18. The 
technique employed i n  the f a b r i c a t i o n  of t h e  l u n a r  nominal model was t o  take 
v o l c a n i c  rock aggregate  i n  the s i z e  range of 5 cen t ime te r s  t o  pan s i z e  from 
Table Mountain, Golden, Colorado, and g r i n d  it i n  an al lochthonous m i l l  
charged wi th  a few s t e e l - a l l o y  b a l l s .  The f ine  f r a c t i o n  of t h e  model was 
sepa ra t ed  i n  d i s c r e t e  s i z e  f r a c t i o n  by an a i r  c l a s s i f i e r .  The c o a r s e - s i z e  
p a r t i c l e s  were s e p a r a t e d  by screening.  The crushed rock product  was then 
blended i n  i n d i v i d u a l  55-gallon covered s t e e l  drums t o  achieve the  d e s i r e d  
p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  each drum. Although c o n t i n e n t a l  b a s a l t  and 
l a t i t e  were used i n  the  p r e p a r a t i o n  of t he  model, i t  i s  be l i eved  t h a t  adequate 
compositional s i m u l a t i o n  was achieved f o r  these t e s t s .  

Dune sand model: The second s o i l  model used i n  t h e  Phase I1 s i te  a l t e r a -  
t i o n  t e s t s  was a n a t u r a l  occu r r ing  dune sand of v o l c a n i c  o r i g i n .  The m a t e r i a l  
was c o l l e c t e d  n e a r  Sunset  C r a t e r ,  Arizona, i n  the Elden Ranger D i s t r i c t  of 
t he  Cononico N a t i o n a l  F o r e s t .  The o r i g i n  of t h e  sand dune m a t e r i a l  i s  pyro- 
c l a s t i c  d e b r i s  e j e c t e d  from Sunset C r a t e r  around 600 A.D. This maf i c ,  s co rac ious  
d e b r i s  has been s o r t e d  by wind a c t i o n  on t h e  h igh  p l a t e a u  of Arizona and p i l e d  
i n t o  a c t i v e  dunes o f  moderate h e i g h t .  The m a t e r i a l  was r e l a t i v e l y  we l l - so r t ed  
and coa r se  wi th  a mean p a r t i c l e  s i z e  of about 0.6 mm. A cumulative d i s t r i b u -  
t i o n  of s o i l  p a r t i c l e s  by weight pe rcen t  i s  given i n  f i g u r e  18. The mechani- 
c a l  p r o p e r t i e s  of t h e s i m u l a t e d  Mart ian s o i l s a r e  d i scussed  i n  r e f e r e n c e  1 2 ,  

w i th  t h r e e  a d d i t i o n a l  models i s  t r e a t e d  i n  r e fe rence  8b. 
, and a complete l a b o r a t o r y  a n a l y s i s  of t h e i r  mechanical p r o p e r t i e s  t o g e t h e r  

S o i l  bed i n s t r u m e n t a t i o n  - Ins t rumen ta t ion  of t he  s o i l  bed was s e l e c t e d  
t o  determine t h e  form of t h e  c r a t e r  made by the engine plume, temperature  
d i s t r i b u t i o n  o f  t he  s o i l ,  pore p re s su re  i n  the s o i l  du r ing  evacua t ion  o f  the 
t e s t  chamber and during a t e s t ,  s o i l  t r a n s p o r t a t i o n  and t h e  d i s t r i b u t i o n  of 
ammonia and o t h e r  chemical compounds i n  t h e  s o i l  bed. Two 16-mm motion 
p i c t u r e  cameras were used t o  photograph the  soil bed du r ing  t h e  s o i l  t e s t s .  
One was l o c a t e d  on t h e  f i r s t  l e v e l  p l a t f o r m  1.89 meters  above t h e  s o i l  bed 
and was used t o  o b t a i n  a c lose-up view of the s o i l  bed d i r e c t l y  under t h e  
engine.  The second camera was l o c a t e d  on a higher l e v e l  p l a t fo rm 5 meters 
above t h e  s o i l  bed t o  o b t a i n  a view of t he  s o i l  sampler a r e a  as  w e l l  as t he  
a r e a  under the  engine.  The shape of t h e  c r a t e r s  formed by t h e  engine plume 
was recorded by photographs taken before  and a f t e r  an engine f i r i n g .  Physical  
measurements were made of e r o s i o n  where s i g n i f i c a n t .  

S o i l  h e a t i n g  was measured by two techniques.  The f i r s t  method was by 
thermocouples placed i n  the  s o i l  t o  measure sub-surface h e a t i n g  from conduc- 
t i o n  and d i f f u s e d  gases .  The second technique employed t o  measure s u r f a c e  
h e a t i n g  u t i l i z e d  the  n a t u r a l  i n f r a r e d  thermal emission of t he  s o i l .  A scan- 
n ing  m i r r o r  d i r e c t e d  t h e  thermal emission from the  s o i l  t o  a d e t e c t o r  which 
produced a thermal  image of t he  t a r g e t  a r e a  on a v i d i c o n  sc reen .  
response and scanning r a t e  of t h e  mi r ro r  allowed 16 frames/second t o  be pro- 
duced on t h e  v i d i c o n  s c r e e n  which was recorded by a 16-mm movie camera. The 
s u r f a c e  temperature/ t ime h i s t o r y  of t h e  plume impingement a rea  was then  
recorded.  

The d e t e c t o r  
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Temperature d i s t r i b u t i o n  w i t h i n  t h e  s o i l  bed was measured wi th  59 bu r i ed  
thermocouples. Pore p re s su re  i n  t h e  s o i l  bed was measured by bury ing  p res -  
s u r e  t ransducers  i n  the  s o i l  bed on t h e  l i n e  of symmetry. The p r e s s u r e  d i a -  
phram w a s  p r o t e c t e d  from measuring t h e  s t a t i c  load of  t he  s o i l  by i n s e r t i n g  
a porous foam p l a s t i c  p lug  i n  the  t r ansduce r  opening. This  p lug  allowed pore 
p re s su re  changes t o  be measured wi thout  i n f l u e n c e  of  t h e  s t a t i c  s o i l  load.  
These t ransducers  were a l s o  used t o  monitor  t h e  d i f f e r e n t i a l  p r e s s u r e  between 
pore pressure  i n  t h e  s o i l  bed and the  t e s t  chamber p r e s s u r e  du r ing  t e s t  chamber 
evacuat ion.  

Test  p r e p a r a t i o n  and procedures  - Test  c o n d i t i o n s  f o r  t h e  31  t e s t s  con- 
duc ted  fo r  Phase 11 a t  t he  WSTF 302 vacuum chamber a r e  p re sen ted  i n  t a b l e  I. 
Tes t  numbers r e f e r  t o  t h e  type of t e s t  desc r ibed  i n  r e f e r e n c e  13 and n o t  t o  
t h e  order  i n  which they  were conducted. Other  t han  equipment checkout t e s t s ,  
t h e  program can be d iv ided  i n t o  4 types  of t e s t s  conducted under s imula ted  
Mar t ian  cond i t ions :  

1. S t a t i c  f i r i n g  of engine t o  c o l l e c t  exhaus t  gas  samples f o r  chemical 

2. Engine descending wi th  plume impinging on a f l a t  p l a t e  instrumented 

3. Engine descending wi th  plume impinging on s imula ted  Mar t ian  s o i l .  
4 .  Engine descending toward a temperature  and p r e s s u r e  rake .  

ana lyses  (covered i n  P a r i  I1 of  t h e  r e p o r t ) .  

w i th  p re s su re  o r i f i c e s  and c a l o r i m e t e r s .  

Pressure  p l a t e  t e s t s :  Ten t e s t s  t o  measure t h e  a x i a l  and r a d i a l  d i s -  
t r i b u t i o n  o f  impingement p re s su res  on a f l a t  p l z t e  f o r  10 engine nozz le  con- 
f i g u r a t i o n s  were conducted dur ing  Phase I1 t e s t i n g .  For  a l l  of  t h e s e  t e s t s  
t h e  fol lowing procedure was used. The p r o p e l l a n t  t ank  on t h e  l ande r  was f i l l e d  
w i t h  hydrazine we l l  i n  advance of t h e  t e s t ,  u s u a l l y  t h e  day be fo re .  When a l l  
systems were checked out  the  t e s t  chamber doors  were c losed  and t h e  t e s t  cham- 
be r  evacuated t o  2 1  newtons/meter2.  The t e s t  chamber was then  b a c k f i l l e d  wi th  
carbon dioxide gas  t o  approximately 1000 newtons/meter2 of  p re s su re .  The 
l ande r  p rope l l an t  system was p r e s s u r i z e d  t o  t h e  l e v e l  c o n s i s t e n t  w i th  t h e  
t h r u s t  des i r ed .  The l ande r  segment was r a i s e d  wi th  t h e  h y d r a u l i c  system t o  
t h e  top  p o s i t i o n  of t he  r a i l  assembly which was 12.2 meters  above t h e  f l a t  
p l a t e .  The engine was s t a r t e d  w i t h  about  667 newtons o f  t h r u s t  and approxi-  
mately 2.4 seconds l a t e r  t h e  l ande r  descended a t  a c o n s t a n t  r a t e  of  1.52 
meters  per second toward t h e  ins t rumented  f l a t  p l a t e  desc r ibed  i n  the  prev ious  
s e c t i o n  of t h i s  r e p o r t .  For  most of t h e  t e s t s  t h e  engine f i r i n g  swi tch  was 
c u t - o f f  j u s t  before  t h e  l ande r  assembly was s topped by the  e lec t ro-mechanica l  
brake or  shock absorber .  A t ime h i s t o r y  of  t he  p r e s s u r e  and temperature  w i t h i n  
t h e  vacuum chamber was recorded b e f o r e ,  du r ing  and a f t e r  each run .  

S o i l  t e s t s :  Two s imula ted  Mar t i an  s u r f a c e  models were used i n  the  Phase 
11 site a l t e r a t i o n  tests ; a luna r  nominal and a v o l c a n i c  dune sand model. 
Because of t h e  unique p h y s i c a l  p r o p e r t i e s  of  t hese  two models,  each  r e q u i r e d  
a d i f f e r e n t  p r e p a r a t i o n  technique .  As o u t l i n e d  i n  more d e t a i l  i n  r e f e r e n c e  
12 t h e  lunar  nominal s o i l  model was added t o  t h e  s o i l  bed i n  l a y e r s ,  smoothed, 
compacted, and was measured f o r  s o i l  d e n s i t y .  I n  c e r t a t n  t e s t s ,  t h e  lowest  
d e n s i t i e s  were achieved by s i f t i n g  i n  t h e  m a t e r i a l  and a l lowing  only  t h e  



compaction r e s u l t i n g  from the  ove r ly ing  m a t e r i a l .  A r easonab ly  homogeneous 
model of t h e  dune sand m a t e r i a l  was achieved by simply pouring i n  the m a t e r i a l  
from a f i x e d  h e i g h t  and r ak ing  smooth between a p p l i c a t i o n s .  The mechanical 
p r o p e r t i e s  of t h e  two s o i l  models employed i n  t h e  Phase I1 site alteration 
tests were expe r imen ta l ly  determined by a t r i a x i a l  shea r  t e s t  and were r e l a t e d  
t o  s o i l  d e n s i t y  i n  r e f e r e n c e  8b. Two graphs from t h i s  r e p o r t  showing cohesion 
and i n t e r n a l  angle  of f r i c t i o n  ve r sus  bulk dens i ty  a r e  shown i n  f i g u r e s  19 
and 20. Densi ty  measurements during s o i l  bed p r e p a r a t i o n ,  p r i o r  to t e s t i n g ,  
and a f t e r  each t e s t  were made with a densi ty-molsture  gauge o p e r a t i n g  on a 
gamma-ray back s c a t t e r  technique.  Cohesion was a l s o  measured wi th  a shea r  
vane and torque watch. 

A f t e r  ex tens ive  p r e p a r a t i o n  of t h e  s o i l  bed, t h e  chamber was c losed  and 
t h e  pump down was i n i t i a t e d  bu t  a t  approximately 1/3 the  system pumping r a t e .  
S o i l  pore p r e s s u r e s  were cont inuously monitored t o  avoid s o i l  bed e r u p t i o n s  
due t o  excess ive  p r e s s u r e  d i f f e r e n t i a l s  between t h e  t e s t  chamber and t h e  gases  
w i t h i n  t h e  s o i l  bed. 
a f t e r  engine f i r i n g  were r e g u l a t e d  s o  as  n o t  t o  d i s t u r b  the  s u r f a c e  f e a t u r e s  
on the  s o i l  bed. 

The C02 b a c k f i l l  before  t h e  t e s t  and the  N2 b a c k f i l l  

S e v e r a l  techniques were attempted t o  measure d i r e c t l y  t h e  amount of s o i l  
eroded as  a r e s u l t  of t he  engine f i r i n g s .  Two g e n e r a l  types were implemented; 
one which measured t h e  n e t  loss  during the t e s t  and one which measures abso- 
l u t e  removal of s o i l .  A s t a k e  network was placed i n  t h e  s o i l  bed be fo re  each 
f i r i n g .  The d e n s i t y  of t h e  s t a k e  network v a r i e d  from t e s t  t o  t e s t  as more 
experience was gained.  These s t a k e s  cons i s t ed  of rods .32 cen t ime te r  i n  
diameter  which were marked wi th  one-millimeter b lue  and r e d  co lo red  s t r i p e s a n d  
a second s e t  which were made of aluminum weld-rod .24 cen t ime te r  i n  diameter  
w i t h  a s i n g l e  s c r i b e  mark. 
be fo re  the  t e s t s .  A f t e r  t he  t e s t ,  t he  d i s t ance  from t h e  p r e - t e s t  mark t o  t h e  
new s o i l  s u r f a c e  was measured as  a p o s i t i v e  number i f  t h e  s o i l  was above t h e  
mark and a n e g a t i v e  number i f  below the mark. 
t h e  n e t  e r o s i o n  va lue  f o r  t h a t  p o i n t  i n  the bed. 
s t a k e  farm f o r  each s o i l  t e s t  i s  d i scussed  f u r t h e r  i n  r e f e r e n c e  12. 

Both were placed i n  t h e  s o i l  t o  a known depth 

This  measurement r ep resen ted  
The d i s t r i b u t i o n  of t h e  

I n  o r d e r  t o  a s s e s s  the  a c t u a l  e ros ion  during t h e  t e s t ,  a q u a n t i t y  of 
l u n a r  nominal s o i l  model was dyed wi th  two d i f f e r e n t  c o l o r s  using machinis t  
l ay -ou t  dye. 
c l e s  were l e s s  t han  one-mill imeter i n  diameter.  I n  most t e s t s  a s t r i p  .3  
meter wide and 2.44 meters  long was prepared by s c r a p i n g  t h e  s u r f a c e  with a 
blade p o s i t i o n e d  by two l e v e l  channels.  
red-colored s o i l  and r e sc raped  a f t e r  r e p o s i t i o n i n g  t h e  blade one-mill imeter 
h i g h e r  t han  t h e  i n i t i a l  s u r f a c e .  
co lo red  s o i l  over t h e  t e s t  bed. This  technique was r epea ted  f o r  a second 
c o l o r  which r e s u l t e d  i n  a s t r i p  two-millimeters t h i c k  from the  engine c e n t e r  
p o i n t  a long an engine r a d i a l  t o  the b a s e l i n e  l i m i t  of  t h e  Viking s o i l  sampler 
a r e a .  A f t e r  t he  engine f i r i n g  the  a c t u a l  amount of e r o s i o n  could be a s ses sed  
by d e f i n i n g  the  p o s t - t e s t  e x t e n t  of the colored s o i l  l a y e r s .  
proved t o  be 
m i l l i m e t e r  could be determined. 

The m a t e r i a l  was screened so  t h a t  t h e  l a r g e s t  remaining p a r t i -  

The prepared s u r f a c e  was dusted wi th  

The r e s u l t  was a one-mil l imeter  l a y e r  of 

This technique 
a v e r y  s e n s i t i v e  measure of e ros ion  and v a l u e s  of l e s s  t han  one- 
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After  each s o i l  t e s t ,  t he  engine c e n t e r  p o i n t  i n  the  s o i l  was def inkd .  
For  most ca ses  i n  luna r  nominal s o i l ,  t h i s  a r ea  was a sha l low,  scrubbed depres-  
s i o n  with poor c r a t e r  d e f i n i t i o n .  I n  t e s t s  u t i l i z i n g  t h e  v o l c a n i c  sand dune 
model, d i s t i n c t  c r a t e r  shapes were formed r e f l e c t i n g  t h e  engine nozz le  geometry. 
S take  measurements and l e v e l  r a i l s  p laced  ac ross  t h e  s o i l  bed were used t o  
d e f i n e  the e x t e n t  of  e r o s i o n ,  

Seve ra l  i n d i r e c t  t echniques  f o r  measuring s o i l  e r o s i o n  were inco rpora t ed  
i n  t h e  t e s t s  t o  v e r i f y  t h e  d i r e c t  measurement r e s u l t s .  During t h e  f i n a l  p re-  
p a r a t i o n  o f  t h e  s o i l  bed, t h e  s u r f a c e  was v a r i e d  by forming s e v e r a l  s u r f a c e  
f e a t u r e s .  These inc luded  r i d g e s  and t roughs p o s i t i o n e d  t r a n s v e r s e  and 
r a d i a l l y  t o  t h e  engine c e n t e r l i n e ,  p r e f o r m e d  c r a t e r s ,  cones and t r i a n g l e s  o f  
f l u f f e d  s o i l ,  and s u r f a c e  markings formed by p r e s s i n g  a g r i d  i n t o  t h e  s u r f a c e  
These f e a t u r e s  were measured and photographed be fo re  and a f t e r  t h e  t e s t s  t o  
a s s e s s  the degree of e r o s i o n  they  had experienced.  

A network of  rocks of  v a r i o u s  s i z e s  was p laced  on the  s o i l  bed p r i o r  t o  
each t e s t .  The displacement  of t h e s e  s e l e c t e d  equi-dimensional  rock  samples 
was a f a i r l y  s e n s i t i v e  measure of  the  d e f l e c t e d  plume g a s e s ,  s i n c e  t h e  f o r c e  
r equ i r ed  t o  i n i t i a t e  t h e i r  movement i s  approximately equa l  t h e  rock  weight .  

The a c t u a l  movement of  t h e  s o i l  was documented by high-speed photography 
and on v ideo  tapes .  Confinement o f  t h e  plume gas  t o  nea r - su r face  environment 
was demonstrated.  S t i l l  photography documented t h e  n e t  e r o s i o n a l  e f f e c t s  and 
recorded  t h e  deg rada t ion  of  s u r f a c e  morphological  f e a t u r e s  and markings. 

Engine plume rake  t e s t :  The procedure f o r  t h e  engine plume rake  t e s t  
( t e s t  29) was t h e  same as  t h a t  used f o r  t h e  p r e s s u r e  impingement t e s t s  des-  
c r i b e d  p rev ious ly ,  The l ande r  was allowed t o  descend wi th  engine o p e r a t i n g  
a t  a v e l o c i t y  of approximately 1.52 meters  p e r  second i n  a s imula ted  Mart ian 
atmosphere toward the  plume rake  desc r ibed  i n  t h e  i n s t r u m e n t a t i o n  s e c t i o n  
which was l oca t ed  . 6 1  meter  above t h e  f l a t  p l a t e .  T o t a l  t empera tures  and 
p r  e s su re  s were m e  a sured  . 



RESULTS AND DISCUSSION 

Base l ine  Nozzle Impingement P res su res  

Phase I A  r e s u l t s  of a f u l l - s c a l e  monopropellant engine exhaust  plume 
( e a r l y  pro to type  f o r  t he  Viking b a s e l i n e  engine wi th  a 20:l a rea  r a t i o  b e l l  
type  nozzle)  impinging on a moving f l a t  p l a t e  a re  shown i n  f i g u r e  2 1  f o r  four  
and one-half  passes  of t he  p l a t e  motion. During the  engine f i r i n g ,  t he  p l a t e  
motion was programmed t o  cyc le  between 20 5 10 nozz le  d iameters  (nominal 
Viking engine cutoff h e i g h t ) .  The p res su re  r e s u l t s  a r e  presented  as  impinge- 
ment p re s su res  above ambient normalized wi th  engine chamber p re s su re  (P /P  ), 

I C  ver sus  a x i a l  d i s t a n c e  i n  nozz le  d iameters  (x/de) .  
summarized i n  t a b l e  11, wi th  f u l l  d e t a i l s  of  r e s u l t s  i n  the  Phase I A  t e s t  
r e p o r t ,  r e f e rence  11. There was no pumping of t he  t e s t  chamber du r ing  
engine f i r i n g ;  t h e r e f o r e ,  t he  t e s t  chamber ambient p re s su re  inc reased  wi th  
each p l a t e  pass  and covered t h e  range of ambient p re s su res  expected on Mars 
( r e fe rence  10). The corresponding p res su re  r a t i o ,  exi t - to-ambient ,  i s  a l s o  
inc luded  as a f u n c t i o n  of a x i a l  d i s t a n c e .  The e x i t  p re s su re  was computed 
a s  3.46 x t imes the  engine chamber pressure  assuming a c o n s t a n t  r a t i o  
of  s p e c i f i c  h e a t s  of 1.315. 

Tes t  cond i t ions  a r e  

A s  i n d i c a t e d  by the  r e s u l t s ,  a maximum impingement p re s su re  r e l a t e d  t o  
engine chamber p re s su re  of 0.12 was found f o r  a p re s su re  r a t i o  nea r  0.5 
(PI = 7 p s i ) .  I n  g e n e r a l ,  i t  was determined t h a t  a h igh  impingement pres -  
s u r e  w i l l  be found f o r  p re s su re  r a t i o s  between 0.4  and 1.5. Above a p re s su re  
r a t i o  of approximately 2, t he  impingement pressure  w i l l  decrease .  S imi l a r  
p re s su re  r a t i o  e f f e c t s  were shown by Clark ( r e fe rence  14) f o r  a 2:l a rea  r a t i o  
helium j e t .  Also shown by t h e  r e s u l t s  i n  f i g u r e  2 1 ,  a through e ,  t h e  core  
l e n g t h  dec reases  f o r  p re s su re  r a t i o s  below one and inc reases  wi th  nozzle  under- 
expansion up t o  t h e  maximum t e s t e d  p res su re  r a t i o  of  3.  Downstream of  the  
core  s t r u c t u r e ,  the  observed mixing decay c h a r a c t e r i s t i c s  of t he  j e t s  a r e  
e s s e n t i a l l y  t h e  same f o r  t h e  t e s t  p re s su re  r a t i o s  between 0.4 and 1.4.  

The e f f e c t s  of p re s su re  r a t i o  on t h e  j e t  s t r u c t u r e  a r e  f u r t h e r  shown by 
t h e  r e s u l t s  r e p l o t t e d  a t  f i x e d  a x i a l  l oca t ions .  F igure  22 shows the  r a d i a l  
v a r i a t i o n  of impingement p re s su res  f o r  each pass when the  p l a t e  was 12 and 14 
e x i t  d iameters  away from t h e  e x i t .  The 12 exi t  diameter  d i s t a n c e  r e p r e s e n t s  
t h e  l o c a t i o n  of the  h i g h e s t  p re s su res  found, and the  14 e x i t  diameter  loca-  
t i o n  r e p r e s e n t s  the  minimum pres su re  reg ion  of t he  same shock c e l l  f o r  the  
f o u r t h  pass .  

A second f u l l - s c a l e  engine was run during the  Phase I1 t e s t i n g  ( see  r e f e r -  
ence 12) with  impingement p re s su res  measured during the  l a s t  80 nozz le  d iameters  
of t he  s imula ted  descent .  Resu l t s  of t h e  a x i a l  survey a r e  presented  i n  f i g u r e  
23 f o r  t he  c e n t e r l i n e  l o c a t i o n  whi le  t he  r a d i a l  v a r i a t i o n  f o r  5 a l t i t u d e s  i s  
YI.VIILL L I I  LLGulc L v .  lllr L r s u I t s  coii'pare favo iab ly  it~ magnitude t o  the P'nase 
I A  p r e s s u r e s ,  w i th  some d i f f e r e n c e s  i n  the  shock s t r u c t u r e s  and l o c a t i o n s  of  
h igh  p res su re  r eg ions .  These f l u i d  dynamic e f f e c t s  a r e  caused by d i f f e r e n c e s  
i n  ambient p re s su re  and gas s p e c i e s ,  opera t ing  c o n d i t i o n s ,  and nozzle  and 
engine d i f f e r e n c e s  of  t he  two t e s t s .  

c h , . ~ ~ -  4 -  C;-..-- 91. mL- 
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The impingement p re s su re  r e s u l t s  a s  shown i n  f i g u r e s  21  through 24 
e s t a b l i s h e s  t h e  b a s i s  f o r  s i m u l a t i o n  of t h e  co ld-gas  e r o s i o n  t e s t s ,  and 
e s t a b l i s h e s  the  p re s su re  l e v e l s  of  t he  b a s e l i n e  engine and nominal descen t  
cond i t ions  t o  be used i n  f u r t h e r  e r o s i o n  c a l c u l a t i o n s .  They a l s o  e s t a b l i s h  
a b a s i s  for  the  comparison of t h e  a l t e r n a t e  nozz le  impingement r e s u l t s .  

Cold-Gas Base l ine  Nozzle S o i l  Tests t o  Es t imate  
S i t e  A l t e r a t i o n  E f f e c t s  f o r  t h e  Viking Lander 

Sub-scale s o i l  t e s t s  - Severa l  sub-scale t e s t s  were conducted i n  t h e  NASA/ 
Langley 60-foot sphere t o  o b t a i n  a q u a l i t a t i v e  measure of  t h e  e x t e n t  of  j e t  
exhaus t - so i l  i n t e r a c t i o n  problems f o r  t h e  Viking Lander.  These t e s t s  were 
conducted wi th  a 1 /6 - sca l e  model of t h e  Lander,  which u t i l i z e d  t h r e e  "cold- 
gas" j e t s  t o  s imula te  t h e  t e rmina l  descent  engines .  The s c a l i n g  phi losophy 
of t h e  t e s t s  was t o  d u p l i c a t e  t h e  impingement p re s su re  t ime-h i s to ry  v a r i a -  
t i o n  wi th  a l t i t * J d e  as  measured du r ing  t h e  f u l l - s c a l e  engine t e s t s  a t  t h e  NASA/ 
White Sands Tes t  F a c i l i t y .  A comparison of t he  j e t  exhaus t  c e n t e r l i n e  
impingement p re s su re  v a r i a t i o n  w i t h  a l t i t u d e  a s  measured under  one of t h e  116- 
s c a l e  nozzles  (us ing  helium) wi th  t h e  f u l l - s c a l e  impingement p r e s s u r e  v a r i a -  
t i o n  wi th  a l t i t u d e  i s  shown i n  f i g u r e  25. For t h e  s o i l  t e s t s ,  t h e  descen t  
v e l o c i t y  of t he  model was chosen t o  be approximately 1 / 6  of  t h e  planned f u l l -  
s c a l e  v e l o c i t y  i n  o rde r  t o  d u p l i c a t e  ( a s  n e a r l y  a s  p r a c t i c a l )  t h e  f u l l - s c a l e  
exposure t ime.  For these  t e s t s  t h e  model descent  v e l o c i t y  was approximately 
0.58 m/sec which s c a l e s  t o  3.5 m/sec f u l l - s c a l e  v e l o c i t y  ( c u r r e n t  p l ans  c a l l  
f o r  t h i s  v e l o c i t y  t o  be w i t h i n  t h e  range 2.4 - + 1.0 m/sec f o r  t h e  a c t u a l  
Viking Lander a t  touchdown). 

Figure 2 6 p r e s e n t s  a sequence of t e s t  photographs which i l l u s t r a t e  t o  
s c a l e  the  approximate s u r f a c e  c r a t e r i n g  which would be exper ienced  by t h e  
Viking Lander dur ing  touchdown on a luna r  nominal s o i l  model, u s ing  t h e  
o r i g i n a l l y  planned nozz les .  The s u r f a c e  d i s tu rbance  begins  when t h e  Lander is  
a t  a cons iderable  a l t i t u d e  above t h e  s u r f a c e ,  a s  p rev ious ly  r e p o r t e d  i n  r e f e r -  
ence 14. The e ros ion  p a t t e r n  shown i n  t h e  photographs f o r  h igh  l ande r  a l t i t u d e s  
has  been termed v i scous  e r o s i o n  by previous  i n v e s t i g a t o r s  of  j e t - e r o s i o n  pro- 
blems. The e f f e c t  of  having t h r e e  r e t r o r o c k e t s  becomes q u i t e  ev iden t  a s  t h e  
model lander  descends t o  lower a l t i t u d e s .  The exhaus t  gases  s t a g n a t e  on t h e  
s u r f a c e  beneath each engine and subsequent ly  expand i n  a l l  d i r e c t i o n s  along 
the  su r face  t o  t h e  lower ambient p re s su re .  The exhaus t  gases  from each engine 
c o l l i d e  beneath the  lander  c r e a t i n g  a s t r o n g  u p d r a f t  which c a r r i e s  eroded 
m a t e r i a l s  upwards toward t h e  approaching s p a c e c r a f t .  A s  t h e  l ande r  g e t s  r e l a -  
t i v e l y  c lose  t o  the  s u r f a c e ,  t h e  c h a r a c t e r  o f t h e  s u r f a c e  i n t e r a c t i o n  phenomena 
changes from v i scous  e r o s i o n  t o  bea r ing  capac i ty  f a i l u r e  and/or  d i f f u s e d  gas  
e r o s i o n  a s  d i scussed  i n  a prev ious  s e c t i o n  of  t h i s  r e p o r t .  T e s t s  such as  
those  portrayed p i c t o r i a l l y  i n  f i g u r e  26 l e d  t o  t h e  i n i t i a l  concern t h a t  per -  
haps the  Viking Lander would r e q u i r e  some redes ign  i n  an e f f o r t  t o  reduce 
t h e  a l t e r a t i o n  of t he  Mars landing  s i t e  t o  an accep tab le  l e v e l  from both  an  
engineer ing  and sc i ence  s t andpo in t .  The lower v a l u e  of  Mar t ian  g r a v i t y  would 
make the  e ros ion  problem more seve re  than  t h a t  shown by t h e  exper imenta l  t e s t s .  



Figure  2 7  p r e s e n t s  a d d i t i o n a l  t e s t  photographs which i l l u s t r a t e  t h e  e f f e c t  
of r e t r o r o c k e t  cutoff a l t i t u d e  on the  magnitude of s i t e  a l t e r a t i o n .  A s  
expected s i t e  a l t e r a t i o n  inc reases  wi th  decreasing cutoff a l t i t u d e .  This  
i s  more c l e a r l y  ev iden t  by t h e  measured c r a t e r  p r o f i l e s  shown i n  f i g u r e  28 
f o r  t h e  two t e s t s  shown i n  t h e  previous f igu re .  

Fu l l - sca l e  s o i l  t e s t s  - Severa l  f u l l - s c a l e  cold-gas  nozz le  t e s t s  were 
' conducted i n  the  LRC 6O-foot sphere t o  confirm t h e  prev ious  r e s u l t s  obtained 

w i t h s u b - s c a l e n o z z l e s .  For these  t e s t s  a s.ingle 20 : l  a r e a  r a t i o  c o n i c a l  
nozz le  was used wi th  a i r .  It would have been extremely d i f f i c u l t  t o  use  
t h r e e  f u l l - s c a l e  nozz les  cons ide r ing  t h e  mass flow requirements  and how quickly  
ambient p re s su re  s imula t ion  would be l o s t .  The co,ld-gas nozz le  was opera ted  
a t  a chamber p re s su re  approximately the  same as t h e  p ro to type  r e t r o r o c k e t ,  
a l though a t  a lower va lue  of t h r u s t  because of t h e  d i f f e r e n c e  i n  gas p r o p e r t i e s .  
The degree of impingement p re s su re  s imula t ion  achieved i s  shown i n  f i g u r e  29. 
The s imula t ion  was no t  as good as  wi th  thesub- sca l e  nozz les  us ing  hel ium, 
p a r t i c u l a r l y  a t  t h e  h igher  nozzle  h e i g h t s .  Never the less ,  t h e  r e s u l t s  of s o i l  
impingement t e s t s  w i th  t h i s  degree of fu l l - s ca l e  s imula t ion  confirm the  e a r l i e r  
s u b - s c a l e t e s t s  a s  shown i n  t h e  t e s t  photographs of f i g u r e  30. The t e s t  photo- 
graphs i l l u s t r a t e  t h e  e f f e c t ' o f  descent  v e l o c i t y  on t h e  magnitude of s u r f a c e  
c r a t e r i n g  f o r  a 3 meter t h r u s t  cutoff a l t i t u d e  ( equ iva len t  t o  an a l t i t u d e  
of 20 nozz le -ex i t  d iameters ) .  The t e s t  a t  a descent  v e l o c i t y  of 2 .8  m/sec 
(18.4 de /sec)  can be compared wi th  one of t h e s u b - s c a l e  t e s t s  f o r  approximately 
t h e  same t e s t  cond i t ions  a s  shown i n  f igu re  31. A s  shown i n  the  f i g u r e  t h e  
c r a t e r  p r o f i l e s  do not  compare t o o  favorably  which may be d i r e c t l y  a t t r i b u -  
t a b l e  t o  the  poorer  s imula t ion  of t he  impingement p re s su re  h i s t o r y  wi th  the  
f u l l - s c a l e  cold-gas  nozzle  cons ider ing  the  t h r u s t  cutoff a l t i t u d e .  A t  a 
t h r u s t  cutoff a l t i t u d e  of 1.5 m (10 de) t he  c r a t e r i n g  i s  extremely severe  
as  shown i n  the  t e s t  photographs presented i n  f i g u r e  32 .  A t  t h i s  low va lue  
of 
a s  shown i n : f i g u r e  29. 

cutoff a l t i t u d e  the  proper  magnitude of impingement p re s su re  i s  s imulated 

A l t e r n a t e  Nozzle Designs t o  Reduce S i t e  A l t e r a t i o n  

A s  i n d i c a t e d  by the  prev ious  t e s t s  and a n a l y t i c a l  s t u d i e s ,  t he  Viking 
v e h i c l e  wi th  b a s e l i n e  engines  descending towards t h e  Mart ian su r face  would 
induce an unacceptable  l e v e l  of s i t e  a l t e r a t i o n  and environment around the  
l ande r  a t  touchdown. Various techniques Were cons idered  f o r  reducing s i t e  
a l t e r a t i o n  t o  a l e v e l  acceptab le  f o r  t he  Viking miss ion .  
imply a weight and/or  r e l i a b i l i t y  pena l ty  or  a new landing  technique.  One 
technique i s  t o  a l t e r  t h e  t h r u s t - a l t i t u d e  program by, f o r  example, i nc reas ing  
t h e  a l t i t u d e  ap which r e t r o r o c k e t  t h r u s t  i s  terminated.  However, t h i s  would 
mean h ighe r  impact loads on t h e  lander  components and a s t r o n g e r ,  heav ie r  
landing  l e g  design.  A second technique would be t o  t r a n s l a t e  t he  v e h i c l e  
l a t e r a l l y  e i t h e r  a f t e r  impact t o  avoid a l l  d i s turbances  (which means a 
compieteiy new ianding  tec 'nniquej o r  during descent wi th  a h igh  h o r i z o n t a i  
v e l o c i t y  i n  o rde r  t h a t  t he  touchdown s i t e  would exper ience  a minimum time 
of exposure t o  the  impinging gases .  
n o t  only inc rease  impact loads but  a l s o  increase  t h e  landing  s t a b i l i t y  

However, a l l  methods 

However, t h i s  l a t e r  technique would 
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problems. A t h i r d  technique would involve  c a n t i n g  t h e  r e t r o r o c k e t s  inward o r  
outward t o  l e s s e n  the  amount of  d i r e c t  exhaust  impingement. There i s  some 
l o s s  of  e f f e c t i v e  t h r u s t  a s s o c i a t e d  w i t h  can t ing  t h e  r e t r o t o c k e t s .  The f o u r t h  
technique a v a i l a b l e  i s  t o  minimize t h e  load c o n c e n t r a t i o n  on t h e  s o i l  by 
spreading ou t  t he  momentum f l u x  o f  t h e  exhaust  gases ,  i . e . ,  reducing  impinge- 
ment pressures .  From a l ande r  systems v iewpoin t ,  t h e  most d e s i r a b l e  method o f  
reducing  impingement p re s su res  i s  t o  r edes ign  t h e  engine nozz le  keeping t h e  
descen t  sequence, t h e  engine l o c a t i o n ,  and t h e  engine c a t a l y s t  bed and i n j e c -  
t i o n  design unchanged. 
determine t h e i r  impingement p r e s s u r e  r educ t ion  and t h e i r  weight ,  r e l i a b i l i t y ,  
c o s t ,  and schedule  t o  t h e  program. These concepts  i nc lude  reducing  t h e  s c a l e  
o f  f low by us ing  m u l t i p l e  nozz le s ,  i n c r e a s i n g  the  mixing r a t e  w i th  t h e  Mart ian 
atmosphere, decreas ing  nozz le  a r e a  r a t i o ,  and modifying t h e  e x i t  p l ane  momentum 
d i s t r i b u t i o n .  

Four b a s i c  nozzle  des ign  concepts  were i n v e s t i g a t e d  t o  

Mul t ip le  nozz les  - The f i r s t  and most obvious technique  of  reducing  j e t  
impingement p re s su res  i s  t o  dec rease  t h e  s c a l e  o f  t h e  j e t  f low by d i v i d i n g  
t h e  t h r u s t  among a number of s m a l l e r  nozz le s .  I f  t h e  j e t s  a r e  allowed t o  
mix wi th  t h e  atmosphere unimpeded by ad jacen t  j e t s ,  t he  flow w i l l  s c a l e  by 
t h e  e x i t  diameter .  Thus, t h e  l a r g e r  t h e  number of  nozz le s ,  t h e  s m a l l e r  t h e  
s c a l e  of t h e  flow and the  lower t h e  impingement p r e s s u r e s  f o r  a c o n s t a n t  cu t -  
o f f  he ight .  Nozzle spac ing  and d ive rgen t  c a n t  ang le s  a r e  des ign  v a r i a b l e s  
which w i l l  permit  t h e  entrainment  demands o f  each j e t  t o  be met i n  o r d e r  t o  
achieve  i n d i v i d u a l  f r e e  j e t  mixing. 

Increase  mixing r a t e  - The r e l a t i o n s h i p  between j e t  c e n t e r l i n e  impinge- 
ment pressure  decay and t h e  j e t  en t ra inment  was computed f o r  t h e  nominal Viking 
descen t  cond i t ions  by the  method i n  r e f e r e n c e  15 and i s  p re sen ted  i n  f i g u r e  3 3 .  
I n  o rde r  f o r  mixing t o  reduce t h e  maximum j e t  impingement p r e s s u r e  from t h e  
b a s e l i n e  engine by a f a c t o r  of 10,  f o r  i n s t a n c e ,  t h e  j e t  must e n t r a i n  and mix 
i n  t h e  ambient atmosphere such t h a t  t h e  mass f l u x  i n  the  j e t  i s  approximately 
7 times t h a t  a t  t h e  e x i t .  The d i s t a n c e  r e q u i r e d  t o  e n t r a i n  and mix t h i s  amount 
t hus  determined t h e  mixing r a t e ,  o r  e q u i v a l e n t l y ,  t h e  en t ra inment  mzss f l u x  
pe r  u n i t  a x i a l  d i s t a n c e .  As t h e  j e t  en t ra inment  may be r e l a t e d  t o  t h e  momentum 
f l u x  i n  the  mixing l a y e r ,  an  i n c r e a s e  i n  t h e  s h e a r  s u r f a c e  a rea  w i l l  i n c r e a s e  
t h e  shear  f o r c e  and thus t h e  en t ra inment .  I n c r e a s i n g  t h e  p e r i p h e r a l  s u r f a c e  
o f  t h e  exhaust plume may be achieved by e longa t ing  the nozz le  e x i t  i n t o  two o r  
more s l o t s  whi le  main ta in ing  t h e  same e x i t  a r ea .  

Exhaust flow c h a r a c t e r i s t i c s  of  s l o t t e d  n o z z l e s ,  f l u t e d  nozz les  and o t h e r  
non-c i r cu la r  nozz les  were expe r imen ta l ly  i n v e s t i g a t e d  f o r  a p p l i c a t i o n  t o  VTOL 
downwash suppress ion  i n  r e f e r e n c e s  1 6  and 1 7 .  R e s u l t s  i n d i c a t e d  s i g n i f i c a n t  
reduct ions  i n  dynamic p res su re  f o r  a l l  nozz le s  w i t h  t h e  most improvement from 
those  nozzles wi th  t h e  g r e a t e s t  pe r ime te r  r a t i o ,  n o n - c i r c u l a r  e x i t  pe r ime te r  
t o  c i r c u l a r  nozz le  c i rcumference.  The decay c h a r a c t e r i s t i c s  of  t h r e e  dimen- 
s i o n a l  nozzles ( s l o t t e d ,  e l l i p t i c ,  square  and t r i a n g u l a r )  were i n v e s t i g a t e d  
by Trentacos te  and S fo rza ,  r e f e r e n c e  18, who observed t h r e e  d i s t i n c t  r eg ions  
i n  t h e  a x i a l  v e l o c i t y  decay. The f i r s t  r e g i o n  i s  t h e  c o r e  wi th  p r o p e r t i e s  
unchanged from the  e x i t  v a l u e s ,  fol lowed by a mixing r e g i o n  where t h e  ve lo -  
c i t y  decay r a t e  f a l l s  between l / x  f o r  axisymmetric j e t s  and 1/ x - f o r  two d- 
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dimensional j e t s .  The t h i r d  r eg ion  i s  i n  the  f a r  f i e l d  of  t h e  j e t  where t h e  
flow becomes axisymmetric and decays as  i f  i t  o r ig ina t ed  from an equ iva len t  
c i r c u l a r  nozz le .  The e f f e c t  of per imeter  r a t i o  may be seen  i n  f i g u r e  34 where 
t h e  r e s u l t s  of r e fe rence  18 a re  r e p l o t t e d  as  per imeter  r a t i o  ve r sus  s c a l e  
f a c t o r  of t he  flow. The s c a l e  f a c t o r  i s  defined as  t h e  r a t i o  of  core  l eng ths  
of  the  c i r c u l a r  nozzle  t o  t h e  non-c i r cu la r  nozzle.  A s  seen  by t h e  f i g u r e ,  
i nc reas ing  the  per imeter  r a t i o  wi th  non-c i rcu lar  nozz les  i s  more e f f e c t i v e  i n  
the  near  f i e l d  than  mul t ip l e  axisymmetric c i r c u l a r  nozz le s .  

Another method o f  i n c r e a s i n g  t h e  mixing r a t e  i s  t o  add d i s tu rbances  and 
turbulence  t o  t h e  nozz le  flow and t o  des ign  i n  flow nonuni formi t ies .  A s  found 
i n  r e fe rence  16,  w a l l  roughness,  vo r t ex  genera tors ,  and turbulence  r i n g s  placed 
i n  the  low v e l o c i t y  flow upstream of the  th roa t  do n o t  s i g n i f i c a n t l y  a l t e r  t he  
f r e e  j e t  mixing c h a r a c t e r i s t i c s .  Obs t ruc t ions  p laced  a t  o r  near  t he  e x i t  i n  
t h e  h igh  v e l o c i t y  flow, however, could produce l a r g e  s c a l e  turbulence  and flow 
d i s tu rbances  which would a f f e c t  t he  mixing r a t e .  A number of o the r  techniques 
t o  enhance mixing were examined by He t r i ck ,  re fe rence  19 ,  i nc lud ing  boundary 
l a y e r  and i n v i s c i d  flow p e r t u r b a t i o n s ,  plug and expans ion /de f l ec t ion  nozz le s ,  
a c o u s t i c  d i s t u r b a n c e s ,  f l u i d i c  d i s tu rbances ,  swirl f low, inducing shocks and 
o t h e r  p e r t u r b a t i o n s ,  and manipulat ing eddy v i s c o s i t y  dependencies.  I n  g e n e r a l ,  
t hese  techniques were found no t  s e n s i t i v e  enough o r  t o o  l i t t l e  in format ion  
was a v a i l a b l e .  

Decreasing a r e a  r a t i o  - The t h i r d  a l t e r n a t e  nozz le  concept cons idered  
was t o  reduce the nozzle  a r e a  r a t i o .  An opt imal ly  designed nozz le  has t h e  
e x i t  p re s su re  matched w i t h  t h e  ambient pressure ;  however, i f  t he  a rea  r a t i o  
were l e s s  t han  optimum, t h e  gases  would continue expanding o u t s i d e  t h e  nozz le  
and spread t h e  momentum over an a rea  l a r g e r  than t h e  optimum e x i t  a rea .  An 
a d d i t i o n a l  f a c t o r  which might c o n t r i b u t e  t o  the lowering of impingement pres -  
s u r e s  i s  the  increased  mixing from v o r t i c i t y  introduced i n t o  the  f lowf ie ld  
from the  shock s t r u c t u r e  of  underexpanded j e t s ,  
expected f o r  a Mars lander  wi th  son ic  nozz les  descending i n t o  a 4 mb atmosphere. 
One d isadvantage  of u s ing  t h i s  concept i s  the  performance l o s s ,  n e a r l y  30% 
f o r  a son ic  nozz le .  Sepa ra t ing  the  expanding p a r t  of t h e  nozzle  a t  lower 
a l t i t u d e s  du r ing  the descent  was suggested,  but t h i s  would add weight and 
another  c r i t i c a l  sequence t o  t h e  landing.  

P res su re  r a t i o s  up t o  800 a r e  

Modifying e x i t  plane momentum f l u x  - The fou r th  concept  has  been termed 
a t h r u s t  p l a t e  and c o n s i s t s  of a few hundred sub-scale nozzles mounted on a 
p l a t e .  The momentum from t h e s e  j e t s  should r e d i s t r i b u t e  i t s e l f  between 
nozz le s  t o  g i v e  a core  impingement pressure  roughly equa l  t o  t h e  t h r u s t  d i v i -  
ded by p l a t e  a rea .  The primary mechanism, then, involves  smal l  j e t s  expanding 
and mixing w i t h  each o t h e r .  The p a r t i c u l a r  arrangements of t h e  smal l  nozz les  
could al low mixing wi th  the  afmosphere f o r  f u r t h e r  p re s su re  r educ t ion .  I n  
o r d e r  t o  achieve a f a c t o r  of 16 r educ t ion  i n  core p r e s s u r e ,  t he  p l a t e  diameter  
must be 4 t imes t h a t  of  t he  axisymmetric nozzle diameter .  Such inc reases  
i n  s i z e  exceed space l i m i t a t i o n s  i n  the  ae roshe l l  and complicate  a t tachment  
of t h e  nozz le  t o  the  engine c a t a l y s t  bed. 
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Establ ishment  of Impingement P res su re  C r i t e r i a  f o r  
t h e  A l t e r n a t e  Nozzles 

F u r t h e r ,  t hese  c r i t e r i a  must be met f o r  t he  range of ambient p r e s s u r e s  t h a t  

meet the c r i t e r i a ,  i t  i s  obvious bea r ing  c a p a c i t y  f a i l u r e  m u s t  be avoided. 
Diffused gas outflow e r o s i o n  and v i scous  e r o s i o n  a r e  eve r  p r e s e n t ,  b u t  t h e i r  

’ a r e  s p e c i f i e d  i n  t h e  Mars Engineer ing Model ( r e f e r e n c e  10). I n  o r d e r  t o  

I e f f e c t s  can be minimized by a r e d u c t i o n  i n  impingement p r e s s u r e .  

A l t e rna te  nozzles  based on t h e  preceeding concepts and combinations of 
concepts were eva lua ted  i n  terms of t h e i r  e f f e c t i v e n e s s  i n  reducing j e t  
impingement p re s su res  t o  a l e v e l  a s s o c i a t e d  with accep tab le  s i t e  a l t e r a t i o n .  
Chemical, b i o l o g i c a l  and p h y s i c a l  d i s tu rbance  l e v e l s  i n  l i n e  wi th  t h e  s c i e n t i -  
f i c  mission o b j e c t i v e s  were e s t a b l i s h e d  and o u t l i n e d  i n  r e f e r e n c e  20. The 
p h y s i c a l  d i s tu rbance  l e v e l s  were de f ined  as :  

Not more than 60% of t h e  s o i l  s a m p l e e r e a w i l l  experience more than  
2 mm e ros ion ,  

5 cm maximum allowable c r a t e r  depth,  I 
No more than 8 mm of eroded m a t e r i a l  r edepos i t ed  w i t h i n  the  sampler 
a rea ,  

For a t  l e a s t  60% of t h e  a rea  a c c e s s i b l e  t 3  che s u r f a c e  sampler,  no 
more than  20% of the  sample taken from the  top 4 cm of t h e  s u r f a c e  
s h a l l  have been hea ted  i n  excess of 4OoC.  

Information as  t o  t h e  impingement p r e s s u r e  l e v e l s  necessa ry  t o  meet the 
c r i t e r i a  was obtained from movies and s t i l l  photographs of t he  LRC s o i l  t e s t s  
and t h e  LRC p res su re  tes ts .  Reviewing motion p i c t u r e s  of t he  t e s t s ,  t he  a l t i -  
tude was noted f o r  which the  e r o s i o n  mechanisms f i r s t  d e v i a t e d  from v i scous  
e r o s i o n ,  The impingement p r e s s u r e  a t  t h i s  a l t i t u d e  was then ob ta ined  from t h e  
f l a t  p l a t e  p re s su re  t e s t s .  For a l l  t h e  descen t s  w i t h  and without  h o r i z o n t a l  
v e l o c i t y ,  t he  p r e s s u r e  l e v e l s  t hus  obtained range between 1.38 and 2.75 kN/m2 
(0.2 t o  0.4 p s i ) .  Also, accep tab le  e r o s i o n  r e s u l t s  were measured with the  
s o n i c  nozzle i n  which t h e  impingement p r e s s u r e  never exceeded 1.38 kN/m2 (0.2 
p s i ) .  Considering t h e  unknowns a s s o c i a t e d  with the ex tens ion  of r e s u l t s  from 
t h e  c o l d - j e t  l a b o r a t o r y  t e s t s  t o  t h e  f u l l - s c a l e  Mars environments,  an impinge- 
ment pressure c r i t e r i a  was e s t a b l i s h e d  a t  2 kN/m2 (0.3 p s i )  w i t h i n  the  nominal 
engine cutoff h e i g h t  of 3 ,+ 1.5 m (10 5 5 f t ) .  A f u r t h e r  o b j e c t i v e  was t o  
o b t a i n  t h i s  p r e s s u r e  l e v e l  a t  an even lower engine cutoff h e i g h t .  This p res -  
s u r e  c r i t e r i a  r e p r e s e n t s  a f a c t o r  of 23 r e d u c t i o n  i n  impingement p r e s s u r e s  from 
t h a t  measured wi th  the  b a s e l i n e  b e l l  nozzle .  
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F u l l  and Sub-scale Nozzle Tes ts  t o  Evalua te  A l t e r n a t e  
Nozzle Conf igura t ion  

Very l i t t l e  d a t a  e x i s t e d  concerning t h e  exhaust f l o w f i e l d  c h a r a c t e r i s t i c s  
of unconvent ional  nozz les  which n e c e s s i t a t e d  an exper imenta l  program t o  guide 
i n  t h e  nozz le  r edes ign .  Sub-scale and f u l l - s c a l e  cold-gas  t e s t s  were se tup  a t  
both LRC and MMC t o  i n v e s t i g a t e  the  e f f e c t i v e n e s s  and i n f l u e n c i a l  parameters  
f o r  each of  t h e s e  concepts .  The more promising of  t h e s e  concepts  were then  
used t o  d e s i g n  f u l l - s c a l e  nozz les  f o r  t h e  prototype engine impingement pres -  
su re  t e s t s  and u l t i m a t e l y ,  us ing  t h e  b e s t  candidate ,  t o  c h a r a c t e r i z e  the  i n t e r -  
a c t i o n  wi th  s i m u l a t e d  Mart ian su r faces .  

LRC cold-gas  a l t e r n a t e  nozz le  t e s t s  

Low a rea  r a t i o  nozzles  wi th  and wi thout  cant ing:  A v a r i e t y  of  a l t e r n a t e  
nozz le  c o n f i g u r a t i o n s  were examined i n  an e f f o r t  t o  f i n d  a nozz le  conf igura-  
t i o n  which would s a t i s f y  the  p rev ious ly  e s t ab l i shed  impingement p re s su re  
c r i t e r i o n .  The i n i t i a l  approach taken  a t  NASA/LRC was t o  e v a l u a t e  t h e  
p o s s i b l e  advantages of u s ing  l e s s  t han  opt imal ly  expanded nozz le s  ( l e s s  than 
20:l a rea  r a t i o  f o r  the r e q u i r e d  t h r u s t  and t h e  M a r s  ambient p re s su re  condi-  
t i o n s ) .  The lowes t  va lue  of  impingement pressure  should be obta ined  from a 
son ic  nozzle .  F i g u r e  35 p r e s e n t s  a sequence o f  t e s t  photographs i l l u s t r a t i n g  
the  s u r f a c e  d i s t u r b a n c e  of  l una r  nominal s o i l  which occurred  wi th  t h e  116- 
s c a l e  model l a n d e r  employing son ic  nozz les  using helium. A s  shown i n  the  
photographs cons ide rab ly  l e s s  e r o s i o n  occurs  than w i t h  o p t i m a l l y  expanded 
nozz les .  The s o n i c  nozzles  ope ra t e  i n  a g r e a t l y  underexpanded c o n d i t i o n  which 
causes  t h e  exhaus t  gases t o  expand ou t s ide  of the nozz le  t o  t h e  lower Mars 
ambient p r e s s u r e  thereby  l e s s e n i n g  the  r e s u l t i n g  impingement p re s su re  ( see  
r e f e r e n c e  1 4  f o r  f u r t h e r  d i scuss ion ) .  The amount o f  v i scous  e r o s i o n  appears  
s i m i l a r  t o  t h a t  ob ta ined  w i t h  the  op t ima l ly  expanded 20:l a r e a  r a t i o  nozzle;  
however, t h e  magnitude o f  impingement pressure  i s  obvious ly  below t h a t  va lue  
which causes  s e v e r e  bear ing  c a p a c i t y  f a i l u r e  and/or  d i f f u s e d  gas  e rup t ion .  

F igure  36 p r e s e n t s  f u l l - s c a l e  impingement p r e s s u r e  d a t a  which i l l u s t r a t e s  
t h e  e f f e c t  of a r e a  r a t i o .  I n  o rde r  t o  y i e l d  the  necessary  t h r u s t  from a low 
a r e a  r a t i o  n o z z l e ,  t he  nozz le  must be operated a t  a h i g h e r  p r e s s u r e  which is  
an obvious dis 'advantage of us ing  such nozz le s ,  e , g .  f o r  a g iven  va lue  of t h r u s t  
more p r o p e l l a n t  would be r equ i r ed .  Figure 3 7  p r e s e n t s  t e s t  photographs which 
i l l u s t r a t e  v e r y  c l e a r l y  t h e  e f f e c t  o f  nozz le  area r a t i o  on t h e  magnitude of 
s u r f a c e  d i s t u r b a n c e  i n  l u n a r  nominal s o i l .  These t e s t s  u t i l i z e d  a s i n g l e  f u l l -  
s c a l e  a i r  nozz le  and were conducted wi th in  the expected r ange  of  cond i t ions .  
The c r a t e r i n g  becomes seve re  f o r  an a rea  r a t i o  n o z z l e  of 3 : l  and above. 

The nex t  approach i n v e s t i g a t e d  was  t o  evaluate  the  combined e f f e c t  of 

F i g u r e  38 p r e s e n t s  t e s t  photographs which show t h e  s u r f a c e  d i s -  
A u w  a L r d  i a L 1 0  u u Y & L c o  afid ~ a i i t i s g  sf t h e  Z C Z Z ? ~ S  I W S ~  ~ T C ) K  t h e  ut------ c n s c o p y a f f  - - -  1-.. ---- --*.l ---.-.-I-" 
v e r t i c a l .  
tu rbances  which occurs  w i t h  a 7 : l  a r ea  r a t i o  nozzle can ted  150, and wi th  
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0 t he  b a s e l i n e  20 : l  a r e a  r a t i o  nozzle canted 20 . Each of t h e s e  nozzle  con- 
f i g u r a t i o n s  appeared t o  be an acceptable  compromise provided t h e  s u r f a c e  
s m ~ l e r  cotild sample between ad jacen t  c r a t e r s  r a t h e r  t han  near one of t h e  
c r a t e r s .  The e f f e c t  of a t h r u s t  l o s s  r e s u l t i n g  from nozzle  c a n t i n g  and the  
u s e  of l e s s  t han  op t ima l ly  expanded nozzles  was eva lua ted  f o r  t y p i c a l  Viking 
Lander descent  p r o f i l e s  w i th  a maximum of 35 kg p e n a l t y  with s o n i c  nozzles 
canted 300. Using t h e  b a s e l i n e  20:l a r e a  r a t i o  nozz le  can ted  20° r e s u l t s  i n  
a f u e l  weight p e n a l t y  of approximately 3.6 kg and t h e  7 : l  a r e a  r a t i o  nozzle 
c a n t e d  15' r e s u l t s  i n  a weight pena l ty  of approximately 7 . 7  kg. 

Bo-dimens iona l  nozz le s :  Also s t u d i e d  f o r  i t s  e f f e c t i v e n e s s  was a long 
two-dimensional nozzle.  F igu re  39 p r e s e n t s  the f u l l - s c a l e  impingement p re s -  
s u r e  d a t a  a s  measured wi th  the  20:l a rea  r a t i o ,  2-D nozzle  us ing  a i r .  The 
a x i a l  impingement p r e s s u r e s  measured with t h i s  nozzle  a r e  cons ide rab ly  l e s s  
than those measured wi th  t h e  b a s e l i n e  convent ional  nozz le  above an a l t i t u d e  
of about 2 meters.  This  p a r t i c u l a r  nozzle  was f u r t h e r  modified a s  shown 
i n  t h e  s k e t c h  accompanying f i g u r e  40 by s e c t i o n i n g  and a l t e r n a t e l y  c a n t i n g  
t h e  r e s u l t i n g  14 i n d i v i d u a l  2-D nozzles t o  an angle  of 15O. 
r e d u c t i o n  of impingement p r e s s u r e  r e s u l t e d  from t h i s  nozzle  m o d i f i c a t i o n  as  
shown by t h e  d a t a  of f i g u r e  40. The p res su res  shown were the maximum measured 
on t h e  s u r f a c e  and d i d  n o t  occur  d i r e c t l y  beneath t h e  nozzle  c o n f i g u r a t i o n  
because of t h e  nozzle c a n t  angles .  

A remarkable 

This p a r t i c u l a r  nozz le  was used f o r  the s o i l  t e s t s  shown i n  t h e  t e s t  photo- 
graphs of f i g u r e  41. This  f i g u r e  i l l u s t r a t e s  t he  s u r f a c e  e r o s i o n  which r e s u l t s  
on two s o i l  models, dune sand and lunar  nominal, with t h r u s t  cutoff a t  0.67 
meters  (near footpad touchdown). The wetght p e n a l t y  a s s o c i a t e d  w i t h  t h i s  
nozzle  c o n f i g u r a t i o n  was n o t  determined, a l though t e s t s  w i t h  t h i s  nozz le  i n d i -  
c a t e d  t h a t  sma l l  m u l t i p l e  nozz le s  with c a n t i n g  was an accep tab le  approach f o r  
a l l e v i a t i n g  s i t e  a l t e r a t i o n  as  a major problem during touchdown of the  Viking 
Lander on Mars . 

H o r i z o n t a l  v e l o c i t y :  Another a l t e r n a t e  approach which was i n v e s t i g a t e d  
expe r imen ta l ly  involved adding a high h o r i z o n t a l  v e l o c i t y  t o  t h e  l ande r  du r ing  
i t s  descent .  The r a t i o n a l  being t h a t  t he  s u r f a c e  sampler a r e a  would experience 
a minimum of  exposure time t o  the high impingement p r e s s u r e s  and perhaps avoid 
t h e  o n s e t  of bea r ing  c a p a c i t y  f a i l u r e .  
l a n d e r  were used t o  e v a l u a t e  t h e  s o i l  d i s t u r b a n c e  f o r  a descending l ande r  wi th  
h o r i z o n t a l  v e l o c i t y .  T e s t  cond i t ions  were comparable t o  those of t h e  v e r t i c a l  
d e s c e n t  t e s t  o f  f i g u r e  27. A s  revealed i n  t h e  t e s t  photographs of f i g u r e  42, 
t h e  magnitude of s u r f a c e  d i s tu rbance  when the  l ande r  has some h o r i z o n t a l  ve lo -  
c i t y  i s  g r e a t e r  t han  t h a t  which occurs f o r  a v e r t i c a l  descent .  Once the  
impingement p r e s s u r e  on t h e  s u r f a c e  reaches a l e v e l  s u f f i c i e n t  t o  cause a 
s e v e r e  d i s t u r b a n c e ,  t hen  t h e  e f f e c t  of l ande r  h o r i z o n t a l  v e l o c i t y  i s  t o  aggre- 
v a t e  t h e  problem by exposing more su r face  t o  high impingement p r e s s u r e  (e.g. 
l i k e  plowing t h e  ground wi th  t h e  impinging exhaust g a s e s ) .  
t h a t  reducing impingement p re s su res  t o  avoid s e r i o u s  d i s t u r b a n c e s  i s  more 
e f f e c t i v e  than  reducing t h e  exposure time. 

Three cold-gas j e t s  on a 1 /6 - sca l e  

The conclusion is' 
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MMC cold-gas  exp lo ra to ry  t e s t s  - A s  prev ious ly  s t a t e d ,  page 8 ,  another  
approach t o  modeling was t o  use h igh  p res su re  j e t s  exhaus t ing  t o  a tmospheric  
pressure .  

Low a rea  r a t i o  nozz les :  The a x i a l  v a r i a t i o n  of c e n t e r l i n e  impingement 
p re s su res  i s  g iven  i n  f i g u r e  43 f o r  t he  20 : l  c o n i c a l  nozz le  t e s t e d  i n  t h e  MMC 
Cold Flow Laboratory (CFL). The nozzle  operated a t  a p re s su re  r a t i o  of  .75 
which gave an exhaust  f low s t r u c t u r e  very  s i m i l a r  t o  those  found wi th  a r e a l  
engine i n  t h e  Phase I A  and Phase I1 t e s t s .  The n i t r o g e n  gas  suppl ied  f o r  
t hese  t e s t s  en te red  t h e  nozz le  chamber a t  ambient temperature  (7' - 10°C) 
and t h e r e f o r e  N2 condensat ion formed i n  the  j e t .  
was computed t o  be a maximum of 8%. The condensate was v e r y  u s e f u l  i n  t h a t  
i t  provided flow v i s u a l i z a t i o n  al lowing photographs t o  be t aken  of t he  flow. 
Recognizing d i f f e r e n c e s  from f u l l - s c a l e  r a t i o  of  s p e c i f i c  h e a t s ,  e x i t  Mach 
number, d e n s i t y  r a t i o s  a t  t h e  e x i t ,  and t h e  presence of  condensate ,  t h e  co ld-  
gas j e t  i s  not  an exac t  s imula t ion  of the  f u l l - s c a l e  exhaust .  However, i n  
view of t he  g o a l  of a f a c t o r  of 2 3  r educ t ion  i n  p re s su re ,  in format ion  a s  t o  
t r ends  of p re s su re  r educ t ions  and f e a s i b i l i t y  of  t h e  a l t e r n a t e  nozz le  con- 
c e p t s  can be gained i f  they a r e  run  under the same cond i t ions  and compared 
t o  20 : l  r e s u l t s  of f i g u r e  43 .  For these  reasons ,  a l l  t h e  fol lowing CFL p res -  
su re  r e s u l t s  a r e  normalized by the  maximum 2 0 : l  impingement p re s su re  of  2178 
W/m2 (316 p s i ) .  The a x i a l  d i s t a n c e s  a re  normalized by t h e  r e fe rence  20 : l  
e x i t  d iameter ,  5.08 cm. Tes t  r e s u l t s  of t h e  1 /3-sca le  20 : l  nozzle  and t h e  
fol lowing a l t e r n a t e  nozz les  t e s t e d  i n  the  CFL a r e  d e t a i l e d  f u r t h e r  i n  r e f e r -  
ence 21 .  

The amount of mass involved 

CFL impingement p re s su re  r e s u l t s  of decreased a rea  r a t i o s  a r e  presented  
n f i g u r e  44 where a l l  nozz les  were operated a t  t h e  same chamber p re s su re .  d , ons ide r ing  t h a t  lower a rea  r a t i o  nozz les  lose e f f i c i e n c y  and a corresponding 

inc rease  i n  chamber p re s su re  would be necessary t o  main ta in  the  t h r u s t - a l t i -  
tude landing  program, the t e s t  should have maintained t h r u s t  r a t h e r  than  
chamber p re s su re .  Higher chamber p re s su res ,  however, were beyond the  gas supply 
c a p a b i l i t y .  Photographs of t h e  flow, f i g u r e  4 4 ,  i n d i c a t e  t h e  g r e a t e r  t han  
optimum s c a l e  of expansion w i t h i n  the  f i r s t  shock c e l l .  Mixing and shock pro- 
f i l e s  p a s t  t h e  Mach d i s c  were no t  v i s i b l e .  A ske tch  of t h e  2 0 : l  nozz le  i s  
shown i n  f i g u r e  45 i n  which s e v e r a l  notches on the  nozz le  cone may be seen .  
These were added t o  a s su re  a known e x i t  diameter as t h e  nozzle  was cutoff t o  
a r e a  r a t i o s  of 10, 5 ,  3 ,  2, 1.5 and 1. I t  should be noted  t h a t  t he  a x i a l  s u r -  
veys shown a r e  from the  nozzle  c e n t e r l i n e  loca t ions .  Out of 1 6  r a d i a l  p res -  
s u r e  p o r t  l o c a t i o n s ,  t he  h i g h e s t  peaks were recorded a t  t h e  c e n t e r .  The 
normalizing r e f e r e n c e  d iameter  f o r  each case  i s  t h e  20 : l  va lue .  A s  seen  by 
t h e  r e s u l t s  summarized i n  f i g u r e  46 f o r  a x i a l  d i s t a n c e s  10 d iameters  o r  g r e a t e r ,  
t he  son ic  nozz le  i s  t h e  most e f f e c t i v e  i n  reducing impingement p re s su res .  Also,  
t he  p re s su re  r e d u c t i o n  i s  s e n s i t i v e  t o  a rea  r a t i o s  nea r  one and r a t h e r  i n s e n s i -  
t i v e  f o r  l a r g e r  a r e a  r a t i o s ,  
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Conventional nozzles  w i t h  vo r t ex / shock  gene ra to r s :  The e f f e c t i v e n e s s  of 
adding dis turbance$ t o  t h e  j e t  flow w a s  i n v e s t i g a t e d  f o r  s e v e r a l  body shapes 
p l a c e d  over t h e  e x i t  of t h e  2 0 : l  nozzle .  The CFL t e s t  r e s u l t s  a r e  summarized 
i n  figure 47 where a d rag  c o e f f i c i e n t  of 2 was used t o  compute t h r u s t  r educ t ion .  
The body shapes most e f f e c t i v e  i n  reducing p res su res  a t  a minimum t h r u s t  l o s s  
a r e  t h e  s i n g l e  wire and t h e  w i r e  r ing .  The heavy mesh s c r e e n  was c l o s e s t  t o  
meet ing t h e  p r e s s u r e  r e d u c t i o n  g o a l ,  b u t  i t  has  the  most blockage o r  t h r u s t  
p e n a l t y .  For the Viking mis s ion ,  t hese  mixing a i d s  would have t o  be used i n  
con junc t ion  w i t h  o t h e r  a l t e r n a t e  nozzles  t o  achieve t h e  d e s i r e d  p r e s s u r e  
r e d u c t i o n .  A l s o ,  a s  the t h r u s t  p e n a l t y  would be too g r e a t  f o r  any of t hese  
d e v i c e s  a t t ached  f o r  t h e  complete descent  burn,  they would have to be imple- 
mented a t  a lower a l t i t u d e  t o  be p r a c t i c a l .  

A x i a l  v a r i a t i o n s  i n  c e n t e r l i n e  p r e s s u r e s  (maximum found) a r e  shown i n  
f i g u r e s  4 8  through 52 f o r  s e v e r a l  of t h e  mixing a i d s .  As seen  i n  the photo- 
g r a p h s ,  s e v e r a l  i n t e r e s t i n g  p a t t e r n s  and seve re  d i s t u r b a n c e s  t o  t h e  flow were 
produced. An axisymmetric shock p a t t e r n  was s e t  up i n  t h e  flow w i t h  t h e  w i r e  
r i n g  which propagated downstream i n  a s i m i l a r  manner as  t h e  f r e e  j e t  shock 
s t r u c t u r e .  The flow s t r u c t u r e  s e t  up by t h e  heavy mesh s c r e e n  was l i k e  a 
h i g h l y  underexpanded j e t .  I n  t h i s  c a s e ,  t h e  s c r e e n  h e l d  a normal shock which 
covered the e x i t .  The gas  then expanded through the wi re  s c r e e n  as an under- 
expanded sonic  j e t  w i t h  i t s  Mach d i s c  b a r e l y  v i s i b l e .  

F l u t e d  nozzle:  A nozzle wi th  6 f l u t e s  was designed and b u i l t  which had a 
per imeter  ra t io  of f o u r ,  t he  same e x i t  a r e a  as  the  20:l and a s i n g l e  axisym- 
metric th roa t .  (Shown i n  f i g u r e  5 3 ) .  
began a t  the t h r o a t  s e c t i o n .  As i n d i c a t e d  by t h e  c e n t e r l i n e  p r e s s u r e  su rvey  
shown on f i g u r e  5 4 ,  t h e  r e s u l t s  show v e r y  good mixing c h a r a c t e r i s t i c s  compared t o  
t h e  c o n i c a l  20 : l .  Between 8 and 10 d i ame te r s  t he  p r e s s u r e  r i s e s  v e r y  r a p i d l y .  
This  may be due t o  an i n e f f i c i e n t  nozzle  d e s i g n ,  o r  t h e  flow a t  t h e  c e n t e r  of 
t h e  f l u t e  was n o t  a b l e  t o  e n t r a i n  s u f f i c i e n t  a i r  t o  mix. A w i r e  was p laced  
a c r o s s  the c e n t r a l  co re  t o  i n v e s t i g a t e  i t s  e f f e c t .  R e s u l t s  of t h i s  d i s t u r b a n c e  . 

a r e  a l s o  presented i n  f i g u r e  5 4  and a s  shown an improvement was made a t  t h e  
lower a l t i t u d e s .  Concluding from these tes ts ,  i t  was determined t h a t  f l u t e d  
n o z z l e s  d o  appreciably i n c r e a s e  t h e  mixing r a t e  and thus  reduce impingement 
p r e s s u r e s .  F u r t h e r ,  t h e  nozz le  contour should be a s  e f f i c i e n t  as  p o s s i b l e  
and t h e  nozzle e x i t  shape should d i s t r i b u t e  t h e  exhaust  f o r  the most e n t r a i n -  
ment w i t h  no flow a t  t h e  c e n t e r .  T r i a n g u l a r  segments l i k e  those  i n r e f e r e n c e  16 
appear t o  b e  t h e  most e f f i c i e n t  as long as the  number i s  low s o  a s  n o t  t o  
i n t e r f e r e  with neighboring entrainment  demands. 

The expansion to each of the flutes 

Mult iple  nozz le s :  Based on meeting t h e  p r e s s u r e  c r i t e r i a  a t  t h e  nominal 

Three c o n f i g u r a t i o n s  were b u i l t  w i th  
3.0 m engine cutoff h e i g h t ,  t he  number of nozz le s  f o r  t h e  m u l t i p l e  nozzle  
c o n f i g u r a t i o n  was e s t a b l i s h e d  a t  seven. 
0, 10 and 200 outward c a n t  on t h e  p e r i p h e r a l  nozz le s  s o  t h a t  t h e  blockage 
e f f e c t s  on  entrainment could be a s ses sed .  Shown i n  f i g u r e  55 , the i n d i v i -  
d u a l  n o z z l e s  were spaced 2 ex i t -d i ame te r s  a p a r t  f o r  a l l  c o n f i g u r a t i o n s .  
cold-flow impingement r e s u l t s  showing t h e  maximum p r e s s u r e s ,  found beneath 
t h e  c e n t e r  nozzle, are p resen ted  i n  f i g u r e  56. The accompanying photographs 
show t h e  core s t r u c t u r e  of t he  i n d i v i d u a l  j e t s  impinging on t h e  t a r g e t  p l a t e .  
F o r  p l a t e  l oca t ions  nea r  t he  n o z z l e ,  t h e  p e r i p h e r a l  j e t s  were observed t o  bend 
o u t  s l i g h t l y  before  impinging. 

The 

No photographs of t he  0' c a n t  f low were 

26 



a v a i l a b l e ,  b u t  t h e r e  was no observed d i f f e r e n c e  i n  c o r e  s t r u c t u r e  compared t o  
the  10 and 20° cases .  As t h e  r e s u l t s  i n d i c a t e ,  the j e t s  mix and decay as 
s i n g l e  f r e e  je ts  f o r  t h e  10 and 20’ c a n t  angles.  With no c a n t i n g  of t he  out- 
board nozz le s ,  t h e  space between j e t s  i s  reduced and t h e  c e n t r a l  j e t  i s  blocked 
from f r e e  entrainment  thus  a f f e c t i n g  t h e  pressure decay. I n  e s t a b l i s h i n g  
g u i d e l i n e s  f o r  f u l l - s c a l e  nozz le  des igns ,  i t  was concluded t h a t  nozzle  spac ing  
and c a n t  ang le s  a f f e c t  t h e  mixing decay region of t h e  i n d i v i d u a l  j e t s ,  wh i l e  
t he  primary des ign  v a r i a b l e  i s  the  number a f  nokzles themselves a s  t h e  nozzle  
scale determines the  l eng th  of t he  high p res su re  core .  

Thrus t  p l a t e :  The o b j e c t i v e  i n  designing an a l t e r n a t e  nozzle  based on 
the  t h r u s t  p l a t e  concept i s  t o  i n c r e a s e  the  p l a t e  d i ame te r  according t o  the  
d e s i r e d  l e v e l  of p r e s s u r e  r educ t ion .  The s i z e  r e q u i r e d  t o  meet t h e  Viking 
p r e s s u r e  c r i t e r i a ,  however, i s  too l a r g e  t o  f i t  i n  t he  a e r o s h e l l  and the  1/3- 
s c a l e  t h r u s t  p l a t e  des ign ,  shown i n  f i g u r e  5 7 ,  is  t h e  l a r g e s t  s i z e  f e a s i b l e .  
A number of o t h e r  techniques were consequently inco rpora t ed  i n t o  t h e  design. 
To induce mixing, t he  nozz le s  were s taggered i n  a r a y  p a t t e r n  w i t h  more flow 
concen t r a t ed  a t  the  edge t h a n  t h e  c e n t e r .  The o u t e r  nozz le s  were doubled i n  
diameter  and can ted  outward 150. A l l  nozzles  were made wi th  a r e a  r a t i o s  of 
10 t o  i n c r e a s e  t h e  underexpansion and decrease the p l a t e  t h i ckness .  The 
nozz le s  had c y l i n d r i c a l  t h r o a t s  and c o n i c a l  contours of 15O half-angle ,  

R e s u l t s  of the ax ia l  and r a d i a l  surveys showed t h e  maximum impingement 
p r e s s u r e  peaks of t he  exhaust  s t r u c t u r e  were l o c a t e d  on t h e  engine c e n t e r l i n e .  
As shown i n  f i g u r e  58 f o r  v e r s i o n  1, t h e  peak p r e s s u r e s  of the co re  were 
reduced by a f a c t o r  of approximately 2 compared t o  the conceptual  f a c t o r  of 4 .  
I n  a d d i t i o n  the  f a c t o r  of fou r  r e d u c t i o n  i n  maxcmum p r e s s u r e  was n o t  achieved 
u n t i l  17.6 e q u i v a l e n t  c i r c u l a r  nozzle  diameters downstream. The 2O:l r e f e r -  
ence nozzle  r e q u i r e s  on ly  32 
During the  t e s t ,  i t  was observed t h a t  the flow from t h e  o u t e r  can ted  nozz le s  
turned v e r t i c a l l y  o r  s l i g h t l y  inward. Unfortunately,  t he  photographs of t h i s  
t e s t  showed no flow s t r u c t u r e .  It was concluded t h a t  t h e  low p r e s s u r e  r e g i o n  
r e s p o n s i b l e  f o r  t he  change i n  flow d i r e c t i o n  occurred as t h e  entrainment  
demands of t h e  i n s i d e  j e t s  was blocked by the p e r i p h e r a l  j e t s .  F u r t h e r ,  it 
was concluded t h a t  as t h e  i n t e r n a l  j e t s  were o p e r a t i n g  on the  p r i n c i p a l  of a 
t h r u s t  p l a t e ,  t he  d i s t a n c e  r e q u i r e d  t o  r e d i s t r i b u t e  t h e  momentum f l u x  over t h e  
t h r u s t  p l a t e  a r e a  i s  too  long and the t h r u s t  p l a t e  concept was considered n o t  
p r a c t i c a l  f o r  ob ta in ing  the  Viking ob jec t ives .  

diameters  t o  g e t  t o  the same p r e s s u r e  l e v e l .  

Reconsider ing the  t h r u s t  p l a t e  only as a m u l t i p l e  nozzle  arrangement, an 
i n v e s t i g a t i o n  was undertaken t o  determine the amount and p a t t e r n  of ho le s  
which had t o  be plugged so  as t o  improve t h e  impingement performance. 
of one p a r t i c u l a r  r u n  a r e  included i n  f i g u r e  5 8 ,  termed v e r s i o n  2 ,  w i t h  those  
nozz le s  blocked as i n d i c a t e d  by the  shaded e x i t s  i n  f i g u r e  The r e s u l t s  
i n d i c a t e d  t h a t  by plugging up the nozzles  i n  the  c e n t e r ,  t h e  entrainment  
demands are l e s sened ,  and by plugging up nozzles around t h e  pe r iphe ry ,  t h e r e  
is less b l c c k ~ g e  f=r e n t r a i n e d  air tr! enter hetween rays;  Also important i s  
t h a t  while  t he  m u l t i p l e  j e t  f low p a t t e r n  i s  not  a f r e e  j e t  flow s c a l e d  by 
the  i n d i v i d u a l  nozz le s ,  i t  does have s i g n i f i c a n t l y  reduced p r e s s u r e s .  The 

‘ c o n c l u s i o n  drawn i s  the  same a s  with the seven-nozzle conf igu ra t ion .  The 

R e s u l t s  

57. 
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nozzle  numbers determine the e x t e n t  of t he  h igh  p res su re  r eg ion  and nozzle  
spacing and cant  angles  in f luence  entrainment  and the  lower p re s su re  mixing 
decay reg ions .  

Fu l l - sca l e  t e s t s  - Based on the  preceeding exp lo ra to ry  cold-gas  t e s t s  
a number of  f u l l - s c a l e  a l t e r n a t e  nozz le  conf igu ra t ions  were designed and 
b u i l t .  
f o r  the  p re s su re  p l a t e  and s o i l  t e s t s  a t  t he  WSTF. I n  a d d i t i o n ,  some of 
t h e s e  nozzles were used f o r  cold-gas  t e s t s  a t  t h e  LRC 60-foot sphere  t o  inves-  
t i g a t e  the  impingement p re s su re  as a f f e c t e d  by ambient p re s su re .  

The nozz les  were b o l t e d  on t h e  c a t a l y s t  bed of a p ro to type  engine 

7-nozzle conf igu ra t ion :  The f i r s t  a l t e r n a t e  nozz le  designed f o r  f u l l -  
s c a l e  t e s t i n g  was a 7-nozzle conf igu ra t ion  based on meeting the  impingement 
pressure  c r i t e r i a  a t  the  nominal 3.0 meter engine cu t -o f f  he igh t .  The nozz le  
spacing was approximately .2 e x i t  diameters  w i t h  a 10' outward c a n t  angle  
f o r  t he  6 ou te r  nozz les  ( see  f i g u r e  9 ) .  Tes t  11C, t a b l e  I ,  was conducted 
wi th  the seven-nozzle c o n f i g u r a t i o n  bu t  f u e l  handl ing  d i f f i c u l t i e s  were 
experienced and app l i cab le  d a t a  was obta ined  only  from 1 2 . 2  m t o  5.5 m. The 
d a t a  t rend ind ica t ed  t h a t  t he  flow p a t t e r n  was c l o s e  t o  t h a t  of seven i n d i -  
v i d u a l  f r e e  j e t s .  No r e r u n  of tes t  11C was made, however, because a -/-nozzle 
conf igu ra t ion  would no t  a l low lower engine cutoff h e i g h t s  which s t u d i e s  
showed to  be d e s i r a b l e  f o r  v e h i c l e  weight  sav ings  and r educ t ion  of g-loadings 
a t  touchdown. 

24-nozzle conf igu ra t ion :  The second f u l l - s c a l e  a l t e r n a t e  nozz le  was 
designed f o r  reduced p res su res  a t  engine cutoff h e i g h t s  below the  nominal 
20 + 10 nozz le  diameters .  It  c o n s i s t e d  of 24 nozz les  arranged i n  t h r e e  
concent r ic  r ings  w i t h  12 i n  the  o u t e r  and 6 i n  t h e  i n n e r  two r i n g s .  
i n  f igu re  9,  the  inne r  nozz les  were loca ted  i n  l i n e  wi th  t h e  spaces  between 
nozz les  of  t he  ou te r  r i ng .  The c a n t  ang le s ,  from t h e  i n s i d e  r i n g ,  t o  the  
o u t s i d e  r i n g ,  were 7 O ,  12' and 20'. The nozz le  spac ing  was minimized t o  
conserve engine weight w i th  t h e  i n t e n t  t h a t  t he  r e s u l t i n g  merged j e t  f low 
would s t i l l  r e a l i z e  a s i g n i f i c a n t  p re s su re  r educ t ion .  The e f f e c t i v e n e s s  of  
t h i s  design i s  seen  i n  t h e  impingement p re s su re  r e s u l t s  i n  f i g u r e s  59 and 60. 
As shown i n  t h e  c e n t e r l i n e  a x i a l  survey of  f i g u r e  59, t h e  p re s su re  normalized 
by engine chamber p re s su re  was approximately .0055 w i t h i n  20 equ iva len t  c i r -  
c u l a r  nozzle-exit-diameters which i s  a f a c t o r  of 22 r e d u c t i o n  i n  p re s su re  
compared t o  t h e  b a s e l i n e  nozzle .  The p res su re  r i s e s  r a p i d l y ,  however, s o  
t h a t  a t  13 equ iva len t  ex i t -d iameters  t h e r e  i s  only  a f a c t o r  of 11 reduc t ion .  
The r a d i a l  d i s t r i b u t i o n  a t  four  nozz le  a l t i t u d e s  i s  g iven  i n  f i g u r e  60 wi th  
t h e  pressure  r a t i o  of t h e  nozz le  e x i t  shown f o r  each a l t i t u d e .  As shown, t h e  
flow from the  24-nozzle c o n f i g u r a t i o n  has  merged i n  t h e  f a r  f i e l d  t o  an ax i -  
symmetric p a t t e r n  i n  a manner s i m i l a r  t o  t h a t  found i n  r e f e r e n c e  8 f o r  s l o t  
nozz les  . 

As shown 

24-nozzle conf igu ra t ion  mod i f i ca t ions :  Noting t h a t  t h e  exhaust  f low i s  
a merged j e t  flow and n o t  24 f r e e  j e t s ,  i t  was concluded t h a t  t h e  nozz les ,  
spaced to  conserve weight ,  were t o o  c l o s e  t o  a l low f o r  t h e  en t ra inment  
demands of ad jacent  j e t s .  Based on t h e  CFL s c a l e  t e s t s  and t h e  improvements 
made by s e l e c t i v e l y  reducing  t h e  number of nozz le  f lows,  two t e s t s  w i th  



nozzle modifications were then conducted. The first modification to the 24- 
nozzle configuration involved blocking every other nozzle on the outer ring 
at the throat (see figure 9). Impingement pressure results of test 11D with 
6 periphery nozzles removed indicated that the pressures were n o t  reduced 
from the 24-nozzle configuration. Either the additional area opened up for 
entrainment flow was not sufficient to meet the demands of the inner ring of 
nozzles, or the inside nozzles were spaced too closely. 

The second modification to the 24-nozzle configuration, therefore, was 
to remove the 6 nozzles at the center of the cluster. This had two effects, 
it reduced the amount of ambient entrainment flow which had to pass between 
the outer jets and also provided more mixing area for the jets of the second 
nozzle ring. Test results of the 24-nozzle with the 6 center nozzles blocked 
in the WSTF test 11E are shown in figures 61 and 62. Tests 11D and 11E were 
considered as *scale runs as 25% of the throat area was blocked and the 
fuel flowrate was adjusted to give the nominal engine chamber pressure. The 
normalizing equivalent circular diameter and radius in figures 61 and 62 are 
reduced accordingly. As indicated by the results a significant reduction in 
impingement pressures was found for the 18 nozzles compared to the 24-nozzle 
configuration indicating the inner 6 nozzles were in fact spaced too closely. 
Further, the results meet the design goal pressure criteria established for 
acceptable site alteration levels. The maximum impingement pressure found 
was 2.27 kN/m2 ( . 3 3  psi) or .0046 when normalized by engine chamber pressure. 
This represents a factor of 26 reduction in pressure within a 7.5 equivalent 
nozzle diameter altitude. 

The radial pressure survey of t e s t  11E is given in figure 62 in which it 
is seen that the flow is merged at altitudes greater than 30 nozzle diameters, 
but deviates at closer altitudes. Inspection of the pressure records at 7.5 
diameters height indicated definite high pressure peaks traceable to the 
individual nozzles. It should be noted that radial pressure distributions 
were available only along one ray in the WSTF testing. Angular pressure 
variations-about the engine centerline were not surveyed. 
aligned so as to place the maximum impingement pressures over the single pres- 
sure port line. A l l  multiple nozzle configurations were aligned with a 
nozzle of the innermost operative ring centered over this line. 

The nozzles were 

Annular and multi-two-dimensional nozzles: Two additional alternate 
nozzle configurations were designed, built, and provided for testing. bv 
other contractors. 
nozzles located about the engine centerline with alternate 5O and 20' cant 
angles (figure 7). Test 11G was conducted with the multiple two-dimensional 
nozzle configuration with one of the 5' cant nozzles aligned over the pressure 
port line. The maximum impingement pressures were found on the centerline, 
and these results are given in figure 63 as a function of altitude. The 
results indicate this configuration met the pressure criteria at the 20 
equivalent diameter altitude, and had a maximum pressure of 5.1 kN/m2 (.74 
psij at the .68 m rest cutoff a i t i t i i d e  (.%??5 re lated tc ckamhor pressure) ,  

One configuration consisted of 16 two-dimensional 
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The nex t  pressure  t e s t ,  11H, u t i l i z e d t h e  annular  nozz le  which i s  shown i n  f i g u r e  
7. The major d iameter  o f  t h e  annular  nozz le  was maximized t o  f i t  w i t h i n  t h e  
a e r o s h e l l  s i z e  c o n s t r a i n t s .  The maximum pres su res  found were loca ted  a t  2 
equ iva len t  r a d i i  from t h e  engine c e n t e r l i n e .  These r e s u l t s  a r e  a l s o  shown i n  
f i g u r e  63, where i t  can  be seen  t h a t  normalized p res su res  as  h igh  a s  .0165 
were found a t  t he  lowest  a l t i t u d e  o f  4.6 e q u i v a l e n t  d iameters .  A s  t e s t e d ,  
bo th  conf igu ra t ions  produced accep tab le  Fmpingement p re s su re  performance a t  
t h e  nominal 20 d iameter  , cu tof f  a l t i t u d e ,  b u t  t hey  do n o t  a l low lower engine  
cutoff a l t i t u d e s .  Fu r the r  development of  t h e s e  conf igu ra t ions  was n o t  
pursued i n  view of t h e  improved p r e s s u r e  performance obta ined  w i t h  t h e  18- 
nozz l e  conf igu ra t ion .  

F lu ted  nozzle:  The f u l l - s c a l e  f l u t e d  nozz le  c o n f i g u r a t i o n  used i n  test 
111 and shown i n  f i g u r e s  7 and 9 was designed wi th  e i g h t  f l u t e s ,  a pe r ime te r  
r a t i o  o f  4.9,  and an e x i t  p r o f i l e  which concen t r a t e s  flow n e a r  t h e  o u t e r  edge 
wi th  none a t  t h e  c e n t e r .  
s l o t t e d  t h r o a t s  separat in 'g  t h e  flow before  e n t e r i n g  t h e  i n d i v i d u a l  nozz les .  
The flow i n  t h e  nozz les  i s  n e a r l y  two-dimensional. The e f f e c t i v e n e s s  of t h e  
f l u t e d  nozzle  c o n f i g u r a t i o n  i s  i n d i c a t e d  by the  a x i a l  v a r i a t i o n  i n  impingement 
p re s su res  a t  the  c e n t e r l i n e  i n  f i g u r e  64. The r e s u l t s  show a s i g n i f i c a n t  
r e d u c t i o n  ir. p re s su re  compared t o  t h e  b a s e l i n e  and meet t he  p r e s s u r e  c r i t e r i a  
a t  an a l t i t u d e  o f  13 equ iva len t  d iameters  w i t h  a maximum of  ,013 r e l a t d d  t o  
chamber pressure  a t  t h e  t e s t  cutoff a l t i t u d e  o f  4.7 nozz le  d iameters  (5.56 
kN/m2 o r  .809 p s i  maximum). The r a d i a l  p r e s s u r e  survey shown i n  f i g u r e  65 
i n d i c a t e s  t h a t  t h e  flow has  merged t o  some degree  b u t  has  s t i l l  r e t a i n e d  t h e  
e f f e c t  o f  the outward c a n t  angle  of each nozz le .  The r e s u l t s  were t aken  with 
one o f  t he  nozz les  a l igned  over  t h e  r a d i a l  p r e s s u r e  p o r t  l i n e .  A p a r t i c u -  
l a r l y  d e s i r a b l e  c h a r a c t e r i s t i c  o f  t h e  f l u t e d  nozz le  i s  t h a t  t h e  impingement 
p re s su re  remains low f o r  most of  t h e  descen t  be fo re  t h e  r a p i d  p r e s s u r e  i n c r e a s e  
du r ing  t h e  l a s t  few nozz le  d iameters  of  t h e  descent .  The time t h a t  t h e  s o i l  
i s  exposed t o  a h i g h  p r e s s u r e  r e g i o n  and h i g h  s u r f a c e  shea r  i s  the reby  much 
less  w i t h  t h i s  c o n f i g u r a t i o n  than  wi th  any p rev ious ly  t e s t e d .  The r a p i d  r i s e  
i n  pressure  from 7.5 d iameters  on down i s  c h a r a c t e r i s t i c  of  t h a t  observed 
i n  t h e  MMC cold-flow t e s t s  i n  which the flow i n  t h e  c e n t e r  of  a s c a l e d  f l u t e d  
nozz le  was seen  t o  c o a l e s c e  t o  a h igh  p r e s s u r e  co re .  These r e s u l t s  and the  
e f f e c t s  found by b locking  t h e  inne r  6 o f  t h e  24-nozzle c o n f i g u r a t i o n s  l ed  t o  
t h e  dec i s ion  t o  b lock  t h e  c e n t r a l  p o r t i o n  of  each f l u t e  wi th  a wedge t a p e r i n g  
t o  z e r o  a t  t h e  t h r o a t  ( s e e  f i g u r e  9g).  

Arranged over  t h e  combustion chamber a r e  e i g h t  

F lu ted  nozz le  modif ied:  The modif ied f l u t e d  nozz le  r e t a i n e d  t h e  same 
t h r o a t  a rea ,  bu t  t he  e x i t  a r e a  was reduced t o  g ive  a 16 .7 : l  a r e a  r n t i o  nozz le  
compared to t h e  prev ious  2 0 : l .  The flow angle  a t  t h e  i n n e r  l i p  a t  t h e  wedge 
i s  15O and t h e  o u t e r  l i p  20' wi th  an e f f e c t i v e  c a n t  angle  o f  approximately 
180. The modified f l u t e d  nozz le  was t e s t e d  i n  t e s t  l l J  w i t h  t h e  impingement 
p r e s s u r e  r e s u l t s  shown i n  f i g u r e s  66 and 67. The h i g h  p r e s s u r e  c e n t r a l  co re  
was e l imina ted  and t h e  p r e s s u r e s  were s i g n i f i c a n t l y  reduced d u r i n g  t h e  e n t i r e  
descen t .  The maximum p r e s s u r e  found i n  f a c t ,  was on ly  1.17 kN/m2. 
f u l l - s c a l e  cold-gas  t e s t s  i n d i c a t e  t h a t  a h i g h  p r e s s u r e  r e g i o n  e x i s t s  beyond 
t h e  8 r a d i i  l o c a t i o n  of  t he  outermost p r e s s u r e  p o r t  a s  t h e  r e s u l t  of  t h e  e f f e c -  
t i v e  c a n t  angle of each f l u t e .  

Subsequent 



The r a d i a l  p re s su re  p r o f i l e  shown i n  f i g u r e  66 shows the  h igh  p res su re  r eg ion  
of t h e  canted  nozz le  coming onto  t h e  outermost p re s su re  pickup a t  5 equ iva len t  
nozz le  d iameters  a l t i t u d e .  L i t t l e  change was noted between 15 and 80 equiva- 
l e n t  diameters  a l t i t u d e .  

18-nozzle conf igu ra t ion :  Based on t h e  favorable  r e s u l t s  achieved wi th  18 
of  24 nozz les  i n  t e s t  11E, a f u l l - s c a l e  18-nozzle v e r s i o n  ( f i g u r e s  7 and 9) 
was b u i l t  and a t t ached  t o  t h e  engine wi th  an inne r  nozz le  a l igned  over  t h e  
p re s su re  p o r t  l i n e .  The r e s u l t s  a s  shown in  f i g u r e s  68 and 69 f o r  t e s t  11K 
i n d i c a t e  ve ry  good agreement wi th  the  s c a l e  co r rec t ed  r e s u l t  of t e s t  11E. 
O v e r a l l ,  t h e  p re s su re  c r i t e r i a  l e v e l  of 2.07 kN/m2 ( . 3  p s i )  was found a t  an 
a l t i t u d e  o f  12.4 diameters  and a maximum of 2 . 2 1  kN/m2 c.321 p s i )  w i t h i n  t h e  
minimum 5 diameter  cutoff a l t i t u d e .  The r a d i a l  d i s t r i b u t i o n  shown i n  f i g u r e  
69 suppor t s  t h e  conclus ion  of t h e  e a r l i e r  r e s u l t s  i n  t e s t  11E. The flow has 
merged above 15 d iameters .  (The p res su re  t ransducer  l oca t ed  a t  3 equ iva len t  
r a d i i  appears  t o  have been c o n s i s t e n t l y  h igh  f o r  the  t e s t ) .  

F l a t  p l a t e  h e a t  f l u x  measurements f o r  the 18-nozzle c o n f i g u r a t i o n  i n d i -  
A s  ca ted  a maximum of  64.7 kw/m2 (5.7 BTU/ft2-sec) a t  t h e  s t a g n a t i o n  po in t .  

t he  h e a t i n g  from the  c o n f i g u r a t i o n  does no t  r ep resen t  a problem, f u l l  r e s u l t s  
w i l l  no t  be g iven  h e r e ,  bu t  w i l l  be found i n  r e fe rence  12. 

To a i d  i n  b e t t e r  de f in ing  t h e  18-nozzle c o n f i g u r a t i o n  exhaust  f low s t r u c -  
t u r e ,  a t e s t  was implemented t o  probe the  f r e e  j e t  before  impingement. 
Resu l t s  f o r  t he  p i t o t  p re s su re  rake  placed 4 equ iva len t  d iameters  above the  
t e s t  bed a r e  shown i n  the  c e n t e r l i n e  a x i a l  survey of f i g u r e  70 and t h e  r a d i a l  
d i s t r i b u t i o n  i n  f i g u r e  71.  Compared t o  t h e  f l a t  p l a t e  impingement p r e s s u r e s ,  
t he  p i t o t  p re s su res  a re  s l i g h t l y  lower a t  a l t i t u d e s  above 25 equ iva len t  d i a -  
meters .  The h i g h e s t  p i t o t  p re s su re  found was 11.78 kN/m2 (1.71 p s i )  a t  t h e  
minimum 1.1 diameter  a l t i t u d e  and was loca ted  1.5 r a d i i  o f f  c e n t e r l i n e .  The 
r a d i a l  d i s t r i b u t i o n  f o r  s e v e r a l  a l t i t u d e s  shown i n  f i g u r e  71 i l l u s t r a t e s  
t h e  presence of the  s i n g l e  j e t  t h a t  was al igned over the  rake .  The e n t r a i n -  
ment p re s su re  f i e l d  abou t , t he  edge of the j e t  s t r u c t u r e  was picked up between 
5 . 3  and 10 r a d i i  dur ing  t h e  l a s t  few diameters of t he  descent  a s  evidenced 
by t h e  p i t o t  p re s su res  reading  below ambient. 

Ambient p re s su re  e f f e c t s :  The preceeding i n v e s t i g a t i o n  r e s u l t e d  i n  two 
cand ida te s ,  t h e  18-nozzle c l u s t e r  and the  modified f l u t e d  nozz le ,  which 
met s i t e  a l t e r a t i o n  p res su re  c r i t e r i a  a t  the s p e c i f i c  ambient p re s su re  
l e v e l s  t e s t e d .  The Mart ian s u r f a c e  pressures  based on Mariner V I  and VI1 
d a t a ,  range between 4 and 20 mb. The e f f e c t  of ambient p re s su res  on t h e  
impingement p re s su re  was e s t a b l i s h e d  us ing  the f u l l - s c a l e  nozz les  and cold- 
gas ( a i r )  i n  t h e  LRC 60-foot sphere .  As t he  cold-gas p re s su re  r e s u l t s  a r e  not  
d i r e c t l y  comparable t o  the  hot-engine r e s u l t s ,  only the  comparative d i f f e r e n c e s  
of t he  nozz les  can be assessed .  Resu l t s  i n  f i g u r e  72 show t h e  maximum impinge- 
ment p r e s s u r e  (related to nozzle p re s su re )  a s  a func t ion  of p re s su re  r a t i o  
a t  t h e  nozz le  e x i t .  The maximum pres su res  are taken  from the  r a d i a l  and a x i a l  
surveys down t o  and inc lud ing  the  a x i a l  d i s t ance  noted.  A s  seen  by the  r e s u l t s  
f o r  nozz ie  h e i g h t  or' 3 . 6  equ iva len t  dianierei-s sfid g r z ~ t s r  a2ove t h e  flat p l ~ t ~ ,  
t h e  f l u t e d  nozz le  i s  q u i t e  s e n s i t i v e  t o  ambient p re s su re  and has  g r e a t e r  p re s su res  
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t han  f o r  t he  o t h e r  conf igu ra t ions  f o r  a l l  p r e s s u r e  r a t i o s  of  i n t e r e s t .  The 
modif ied f l u t e d  nozz le  had p res su res  s i g n i f i c a n t l y  lower than  the  1 8 - n o z ~ l e s  
f o r  pressure  r a t i o s  s l i g h t l y  below o n e , i n  agreement wi th  the  h o t - j e t  r e s u l t s .  
Above p res su re  r a t i o s  g r e a t e r  t han  1.5,  however, t h e  18-nozzle c o n f i g u r a t i o n  
i s  b e t t e r  and shows l e s s  s e n s i t i v i t y .  I t  should be a l s o  noted t h a t  w i t h  a 
r a d i a l  l i n e  of  p r e s s u r e  p o r t s  extended from t h e  Phase I1 - t e s t  l lJ ,  t h e  
h i g h e s t  p r e s s u r e s  of  t h e  modified f l u t e d  nozz le  could  be measured and t h e  
e f f e c t s  of the  h i g h  c a n t  angle  could be fol lowed dur ing  t h e  descen t .  This  
conf igu ra t ion  had f r e e  j e t  f low from each f l u t e ,  wh i l e  t h e  18-nozzle flow 
r e a d i l y  merges. The a x i a l  p re s su re  d i s t r i b u t i o n  f o r  t h e  18-nozzle conf ig -  
u r a t i o n  i s  shown i n  f i g u r e  73 where t h e  development o f  merged f low above 10 
diameters  can  be s e e n  f o r  t h e  cold-gas t e s t .  The e f f e c t  of ambient p re s -  
s u r e s  on t h i s  development can be seen  i n  the  r a d i a l  d i s t r i b u t i o n  f o r  5 pres -  
s u r e  r a t i o s  shown i n  f i g u r e  7 4  f o r  a x i a l  d i s t a n c e s  o f  4 ,  6 and 12 e q u i v a l e n t  
e x i t  diameters .  

Concluding from t h e  impingement p r e s s u r e  i n v e s t i g a t i o n s ,  t h e  modif ied 
f l u t e d  nozzle  and t h e  18-nozzle c o n f i g u r a t i o n  a r e  both  accep tab le  a l t e r n a t e s  
w i t h  the  l&nozz le s  showing s l i g h t l y  lower p r e s s u r e s  over  t he  des ign  range 
of ambient p r e s s u r e  l e v e l s .  Both w i l l  a l low lowering t h e  engine cutoff 
h e i g h t ,  poss ib ly  down t o  footpad c o n t a c t .  The f i n a l  a c c e p t a b i l i t y  t e s t  i s ,  
of course,  t h e i r  performance wi th  s o i l  i n  the  Phase I1 - 12 t e s t  s e r i e s .  
Other  s i g n i f i c a n t  c o n s i d e r a t i o n s  concerning a nozz le  c o n f i g u r a t i o n  accep- 
t a b l e  f o r  t h e  Viking miss ion  inc lude  i t s  weight  and t h r u s t  performance. A 
f l i g h t  weight f l u t e d  nozzle  was e s t ima ted  t o  be h e a v i e r ,  and has  a l a r g e r  
t h r u s t  l o s s  due t o  c a n t  than  t h e  18-nozzle conf igu ra t ion .  The 18-nozzle 
conf igu ra t ion  was t h e r e f o r e  cons idered  a s  t h e  prime nozz le  cand ida te  f o r  
t h e  Viking miss ion ,  w i t h  the  modif ied f l u t e d  nozz le  r e t a i n e d  a s  a backup 
throughout t he  fo l lowing  s o i l  t e s t s .  
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C h a r a c t e r i z a t i o n  of S i t e  A l t e r a t i o n  with S e l e c t e d  Nozzles 

A t o t a l  o f  seven s o i l  t e s t s  u t i l i z i n g  three cand ida te  engine nozz le s  and 
two simulated Martian s o i l  models were conducted. A d e t a i l e d  d e s c r i p t i o n  of 
t h e  t e s t  r e s u l t s  f o r  t h e  s e l e c t e d  18-nozzle c o n f i g u r a t i o n  impinging on luna r  
nominal s o i l  and dune sand models i s  g iven  i n  the  fol lowing paragraphs.  A 
summary of t e s t  r e s u l t s  f o r  a l l  s o i l  t e s t s  follows t h a t  d i scuss ion .  

S o i l  e r o s i o n  i n  l u n a r  nominal s o i l  

P r e t e s t  s o i l  bed p repa ra t ion :  The main s o i l  bed was prepared w i t h  luna r  
nominal s o i l  a s  desc r ibed  i n  r e f e r e n c e  12 i n  which success ive  5 c m  l a y e r s  a r e  
l a i d  and s o i l  p r o p e r t i e s  c o n t r o l l e d  by compaction. The on ly  v a r i a t i o n s  were 
t h e  i n c o r p o r a t i o n  of two low d e n s i t y  s o i l  wedges which extended i n t o  the  main 
soil bed from the ad jacen t  s o i l  t r a y s ,  ( f i g u r e  75). The s o i l  wedges were 
t r u n c a t e d  i n  t h e  main s o i l  bed t o  provide s o i l  auger sampling s i t e s  which had 
t o  be of b a s e l i n e  compacted s o i l  i n  o r d e r  t o  r e l a t e  t h e s e  t e s t  r e s u l t s  t o  
p rev ious ly  conducted s o i l  chemistry t e s t s .  Densi ty  measurements of t h e  s o i l  
bed a r e  shown i n  f i g u r e  76. 

The s i d e  s o i l  t r a y  which is p a r a l l e l  t o  t h e  engine r e f l e c t i o n  plane was 
prepared w i t h  an average bu lk  d e n s i t y  of 1490 kg/m3. 
ranged from .021 t o  .025 meter newtons w i t h  an average va lue  o f  .023. This 
would t r a n s l a t e  i n t o  cohesion va lues  of 690 t o  826 w i t h  an average va lue  of 
760 N/m2. A s t r i p  of red-dyed s o i l  one mi l l ime te r  t h i c k  and about .1 meter 
wide was p l aced  over t h e  s o i l  of t h i s  t r a y  and was t e rmina ted  a t  t h e  edge of 
t h e  main s o i l  bed s o  a s  n o t  t o  in f luence  s o i l  auger sampler s i t e s .  

Shear vane torque v a l u e s  

The second s o i l  t r a y  was prepared wi th  an average bu lk  d e n s i t y  of 1380 
Kg/m3. 
newtons w i t h  an average va lue  of .020. S o i l  cohesion v a l u e s  of 428 t o  760 
wi th  an average va lue  of 660 N/m2 were determined. 
a co lo red  s t r i p  .1 meter wide and one mi l l ime te r  t h i c k  was placed over t h e  
s o i l  t r a y  and eytended about .6 meter i n t o  the  main s o i l  bed. The low d e n s i t y  
s o i l  wedge of t h i s  t r a y  extended from t h e  s i d e  t r a y  i n t o  t h e  main s o i l  bed 
forming an apex d i r e c t l y  under t h e  engine cen te r  p o i n t .  The low d e n s i t y  wedge 
was t r u n c a t e d  by an a r e a  about .3 meter square provided a s  a c o l l e c t i n g  s i t e  
f o r  t h e  s o i l  auger.  F igu re  77 shows t h e  d i s t r i b u t i o n  of t h e s e  s u r f a c e  t e s t  
elements i n  the  plume impingement a r e a ,  
t r a y s  and one mm co lo red  s o i l  s t r i p s .  

Shear vane torque va lues  f o r  t h i s  t r a y  ranged from .013 t o  .023 meter 

Like the  o t h e r  s o i l  t r a y ,  

Figure 78 i s  a view of t h e  s i d e  s o i l  

Two t r i a n g u l a r  mounds of f l u f f y  s o i l  were p l aced  on t h e  s u r f a c e  of t he  
main s o i l  bed a t  0.5 and 1.0 meters from the engine c e n t e r  p o i n t .  The mound 
a t  0.5 m p o s i t i o n  was o r i e n t e d  wi th  f t s  apex toward t h e  engine,  while  t h e  
mound a t  t h e  one meter p o s i t i o n  was o r i en ted  w i t h  i t s  b l u n t  s i d e  toward t h e  
engine.  
s o i l  t r a y  a t  5.0 meters  from che engine.  

A t h i r d  t r i a n g u l a r  f l u f f y  s o i l  mound was p o s i t i o n e d  on the  second 
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P o s t - t e s t  s o i l  bed s u r f a c e  d e s c r i p t i o n :  The a r e a  d i r e c t l y  below the  
engine cen te r  p o i n t  was s e v e r e l y  scrubbed, b u t  e x h i b i t e d  no d i s c r e t e  c r a t e r .  
The s o i l  model was uniformly removed u n t i l  a l a y e r  of coa r se  p a r t i c l e s  w a s  
exposed a t  the s u r f a c e  which appeared ve ry  much l i k e  a f ine -g ra ined  l a g  
g r a v e l .  Very l i t t l e  f l u f f y  overburden was d e t e c t e d  i n  t h i s  t e s t .  

The s o i l  wedges of low d e n s i t y ,  one of which extended t o  the  engine c e n t e r  
p o i n t ,  l ikewise showed no s i g n f i c a n t l y  d i f f e r e n t  response t o  the  engine plume 
gases  than the b a s e l i n e  compacted s o i l  w i th  the  p o s s i b l e  excep t ion  t h a t  t h e i r  
r e s u l t i n g  s u r f a c e s  were s l i g h t l y  rougher i n  t e x t u r e .  
r e l i e f  between t h e  low d e n s i t y  s o i l  wedges and t h e  b a s e l i n e  s o i l  was observed. 
F igu re  7 9  is a view of t h e  g e n e r a l  a r e a  below t h e  engine showing t h e  scrubbed 
n a t u r e  of t h i s  su r f ace .  This  f i g u r e  should be compared wi th  f i g u r e  77 of 
t h e  p r e - t e s t  c o n d i t i o n  of t h i s  s u r f a c e .  

No change i n  s u r f a c e  

The g e n e r a l  r e s u l t s  of t h e  s u r f a c e  morphology experiments were v e r y  
much the same as those f o r  o t h e r  t e s t s  which u t i l i z e d  luna r  nominal s o i l  a s  
t h e  t e s t  bed. F a c e t s  of f l u f f y  s o i l  wedges f a c i n g  t h e  engine were exten-  
s i v e l y  scrubbed; preformed c r a t e r s  nea r  t h e  engine were somewhat o b l i t e r a t e d  
by erosion and depos i t i on .  

Surface gas p re s su re  e s t i m a t e s  based on t h e  movement of rock samples 
i n d i c a t e  t h a t  t h e  plume gas p r e s s u r e  normal t o  t h e  s u r f a c e  a t  a d i s t a n c e  of 
.6 meter from the engine c e n t e r l i n e  was v e r y  c l o s e  t o  552 N/m . 2 

An e x c e l l e n t  t o o l  f o r  t he  p o s t - t e s t  a n a l y s i s  of p h y s i c a l  s i t e  a l t e r a t i o n  
on a l l  s o i l  t e s t s  was t h e  use of stereo-photography. This type of photo- 
graphy was implemented by b u i l d i n g  a t e s t  f i x t u r e  composed of a support  rod 
and two camera b racke t s .  
r e s u l t s  was equipped with a suppor t  b r a c k e t  which mated wi th  t h e  rod b r a c k e t s .  
The p o s i t i o n s  of t h e  camera o p t i c  a x i s  t o  s imula t e  a s  c l o s e l y  a s  p o s s i b l e  
those of t h e  Viking Lander imaging system were l o c a t e d  w i t h  t h e s e  b r a c k e t s .  

A Speed-Graphic camera used t o  document t h e  t es t  

Figure 80 shows an example of a pretest 12E s t e r e o - p a i r .  F igu re  81 
i s  t h e  same scene a f t e r  engine f i r i n g .  S t e reoscop ic  r e c o n s t r u c t i o n  can be 
accomplished by c u t t i n g  o u t  t hese  photographs and p rope r ly  p o s i t i o n i n g  them 
w i t h  the  a i d  of a pocket s t e r eoscope .  

S o i l  e r o s i o n  i n  v o l c a n i c  dune sand 

P r e t e s t  s o i l  bed p r e p a r a t i o n :  For t e s t  12F of the Phase I1 site altera- 
t i o n  program t h e  v o l c a n i c  dune sand s o i l  model was used as  the  s imulated Mar- 
tian su r face  model.Because of t h e  h igh  p o r o s i t y / p e r m e a b i l i t y  of t h i s  model, 
i t  was f e l t  t h a t  t h e  s o i l  c o n t a i n e r  should be modif ied i n  t h e  plume impinge- 
ment a rea  s o  t h a t  induced plume gases  i n  the  s o i l  pore spaces would no t  be 
r e s t r i c t e d  by w a l l - e f f e c t s  of t he  c o n t a i n e r .  

After  t h e  l u n a r  nominal s o i l  model employed i n  previous so i l  t es t s  was 
d ra ined  from the  s o i l  c o n t a i n e r ,  the f i r s t  two meter s e c t i o n s  of t he  s o i l  
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b e d ' s  f a l s e  f l o o r  was removed t o  provide a f u l l  . 9 1  meter dep th  of t h e  s o i l  
c o n t a i n e r .  A r e t a i n i n g  w a l l  u t i l i z i n g  t h e  same f a b r i c a t i o n  technique a s  
t h a t  employed on the  f a l s e  f l o o r  was b u i l t  between t h e  t r u e  f l o o r  of the con- 
t a i n e r  and the  . 3  meter l e v e l  f a l s e  f l o o r .  Figure 82 shows t h e  b a r e  s o i l  
c o n t a i n e r  p r i o r  t o  f i l l i n g .  

A f t e r  an i n i t i a l  smooth s u r f a c e  of t h e  vo lcan ic  dune sand model had 
been prepared,  the same types of s u r f a c e  f e a t u r e s  and markings t h a t  had been 
employed wi th  t h e  luna r  nominal model were c o n s t h c t e d .  
s t r i p  which had been s o  s u c c e s s f u l  on previous t e s t s  had t o  be modified f o r  
the  v o l c a n i c  dune sand model. The r eason  for  t h i s  m o d i f i c a t i o n  was t h a t  one 
m i l l i m e t e r  t h i c k  l a y e r s  of t h i s  model could not  be c o n s t r u c t e d  s i n c e  the  mean 
p a r t i c l e  s i z e  was ve ry  c l o s e  t o  t h i s  dimension. Consequently,  two aluminum 
channels-were placed on the  s o i l  bed t o  be used as  guides  f o r  a s c r a p i n g  
device which excavated a channel i n  t h e  bed 6 mm deep over an a r e a  2.44 x.3 
meters. This  channel was then  f i l l e d  i n  the fol lowing manner: 

Smooth, i n i t i a l  s u r f a c e  Colored s t r i p  c r o s s  s e c t i o n  

The d u a l  l a y e r  c o l o r  

_ _ _  ~ 

- Two mm Volcanic dune sand model 

Two mm Volcanic dune sand model 
On< mm Red-dyed luna r  nominal s o i l  

6 m m  - On& mm Green-dyed l u n a r  nominal s o i l  

. _I 

- t  
1 

Bottom of channel 

When t h e  channel  f i l l  was completed, i t  was randomly s e c t i o n e d  t o  v e r i f y  con- 
t i n u i t y  of t he  desc r ibed  l a y e r s .  

A n t i c i p a t i n g  more e r o s i o n  i n  t h i s  model than w i t h  t h e  l u n a r  nominal model, 
a more ex tens ive  s t a k e  farm was deployed. Add i t iona l ly , a  more dense a r r a y  of 
s u r f a c e  morphological f e a t u r e s  than was used on p rev ious  t e s t s  was cons t ruc t ed .  
These s u r f a c e  f e a t u r e s  can be s e e n  i n  f i g u r e  83and t h e i r  d i s t r i b u t i o n  i d e n t i -  
f i e d  on t h e  pretest map, f i g u r e  84(a). The d e n s i t y  of t h e  s o i l  was measured 
and r e s u l t s  a r e  shown i n  f i g u r e  85. 

P o s t - t e s t  s o i l  bed s u r f a c e  d e s c r i p t i o n :  S i t e  e r o s i o n  e f f e c t s  of t h e  
v o l c a n i c  dune sand model i n  the  plume impingement area were q u i t e  s p e c t a c u l a r  
when compared wi th  those developed i n  t h e  lunar nominal s o i l .  
c r a t e r  a r e a  measuring 1.15 meters  i n  diameter was formed by t h e  coalescence of 
e i g h t e e n  d i s c r e t e  depressions.  The deepest  dep res s ions  i n  the  middle of t he  
central  c r a t e r  were 3.8 cm deep a s  measured from t h e  i n i t i a l  s o i l  bed s u r f a c e .  
Corrunon r i d g e s  between a d j a c e n t  c r a t e r s  were b u i l t  up between h igh  p r e s s u r e  
plume s t a g n a t i o n  r eg ions  t o  a he igh t  of 3.8 cm above the  i n i t i a l  s u r f a c e  f o r  
a t o t a l  c r a t e r  topographic  r e l i e f  of 7.6 cm. Much of the nea r  s u r f a c e  thermo- 
couple in s t rumen ta t ion  was exposed and dislodged du r ing  t h e  t e s t .  F igu re  86 
i s  a view of the nea r  f i e l d  of t h e  c e n t r a l  c r a t e r  showing the  e i g h t e e n  depres-  
s ions and exposed in s t rumen ta t ion .  

A c e n t r a l  

The f i r s t  .6 meter  l e n g t h  of t h e  mul t i l aye red  co lo red  s o i l  s t r i p  was 
t o t a l l y  missing a f t e r  t h e  t e s t .  A t  .76 meter from the  engine c e n t e r l i n e ,  
t he  f i r s t  appearance of a continuous red s o i l  l a y e r  was found i n d i c a t i n g  
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5 mm of e ros ion  up t o  t h i s  p o i n t .  
measurements. A t  1.22 meters t he  f i r s t  appearance of a cont inuous green  l a y e r  
was found i n d i c a t i n g  2 mm of e ros ion .  F igure  87 shows t h e  p o s t - t e s t  s e c t i o n i n g  
of  t h e  t e s t  s t r i p .  

These r e s u l t s  were s u b s t a n t i a t e d  by s t a k e  

A continuous l i n e  of pre-formed c r a t e r s  cons t ruc t ed  i n  t h e  t e s t  bed 
extending from 0.25 t o  4.25 meters  was n e a r l y  completely o b l i t e r a t e d .  
a f a i n t  express ion  of t he  two c r a t e r s  a t  4.25 m was i d e n t i f i a b l e  a f t e r  t h e  
t e s t .  

Only 

Those su r face  f e a t u r e s  which had topographic r e l i e f  p r i o r  t o  t h e  t e s t  
s u f f e r e d  t h e  most e ros ion .  Unlike those  t e s t s  which u t i l i z e d  luna r  nominal 
model where gas scrubbing predominated, t hese  f e a t u r e s  appeared t o  be sand- 
b l a s t e d  by en t r a ined  p a r t i c l e s  of t he  vo lcan ic  dune sand model. Sur face  
f e a t u r e s  wi th  r e l i e f  were c l e a n l y  c u t  away near  t h e  engine and those  a t  some 
d i s t ances  were n e a t l y  f ace t ed .  Some rock samples a c t u a l l y  tumbled forward 
because t h e i r  bases  were undercut  by t h i s  a c t i o n .  

Only two rock  samples were d i sp laced  i n d i c a t i n g  a gas  dynamic p res su re  
of  372 N/m2. However, two o t h e r  rock samples i n  the  same grouping which 
should have been moved a t  t h i s  dynamic p res su re  d i d  not .  This i n d i c a t e s  
a ve ry  non-homogeneous d i s t r i b u t i o n  of gas p re s su res  a s  s u b s t a n t i a t e d  by the  
s t a k e  farms. I t  appears  t h a t  r a d i a l  l i n e s  from t h e  sma l l  d i s c r e t e  c r a t e r s  
a r e  regions of h igh  pressure .  Radia l  l i n e s  extended from the  ad jacen t  r i d g e s  
between c r a t e r s  were plume s t a g n a t i o n  reg ions  of low p res su re .  These a reas  
can be extended t o  t h e  c e n t e r  of t he  t e s t  bed on t h e  b a s i s  of  s t a k e  e r o s i o n  
da ta .  Figure 88 shows t h i s  e r o s i o n  and d i s p o s i t i o n  p a t t e r n  q u i t e  c l e a r l y  
a s  c r a t e r  formation uncovers t h e  prepared co lored  s o i l  s t r i p .  

S o i  1 he a t  i n g  

Thermocouple da t a :  Resu l t s  of t h e  l8-nozzle c o n f i g u r a t i o n  on both soil 
models from t e s t s  12E a n d F a r e  summarized i n  t a b l e  I11 with  the  maximum tem- 
p e r a t u r e  change of each thermocouple shown. Thermocouples loca t ed  on t h e  s u r -  
f ace  were covered by a t h i n  s o i l  l a y e r  and i n  most c a s e s  i n d i c a t e d  s u r f a c e  
gas  temperatures .  I n  g e n e r a l ,  t h e  r e s u l t s  a r e  c o n s i s t e n t  wi th  the  pore pres -  
s u r e  bu i ld  up i n d i c a t i n g  t h e  m a j o r i t y  of t h e  sub-sur face  h e a t i n g  comes from an 
energy f lux  a s soc ia t ed  wi th  gas  d i f f u s i o n  i n t o  the  porous medium r a t h e r  than  
conduction through t h e  g r a i n s .  Conduction e f f e c t s  were seen  on t h e  lowest  
thermocouples a t  a much l a t e r  time ( 3  t o  4 minutes)  and i n d i c a t e d  v e r y  smal l  
temperature r i s ' e s .  The thermocouples loca t ed  on t h e  s u r f a c e  and 305 and 456 
cm from engine c e n t e r l i n e  on t e s t  12F i n d i c a t e d  a drop i n  temperature  which 
i s  probably due t o  a coo l ing  e f f e c t  of t he  w a l l  j e t  over  an a rea  hea ted  by 
the  camera l i g h t s .  



Thermovision d a t a :  T e s t  12E was conducted w i t h  t h e  l u n a r  nominal s o i l  
model and because of s o i l  f i n e s  which became suspended du r ing  the  run and f o r  
approximately 3 minutes a f t e r  engine c u t - o f f ,  t h e  thermovision was n o t  a b l e  
t o  r ead  s o i l  bed temperatures  b u t  r a t h e r  the maximum temperature  of t h e  sus-  
pended p a r t i c l e s .  This  temperature  never  exceeded + 1 3 O C  over an ambient bed 
r e fe rence .  During t h e  t e s t  checkout i t  became apparent  t h a t  two h e a t i n g  
mechanisms would dominate i n  t h e  s o i l  heat ing.  The f i r s t ,  of cour se ,  i s  t h e  
energy added by t h e  engine exhaust  gases  impinging on t h e  s o i l .  The second 
mechanism, as  r evea led  by t h e  thermovision,  i s  h e a t i n g  by r a d i a t i o n  from the  
camera l i g h t s .  P r i o r  t o  t h e  t e s t ,  t h e  thermovision i n d i c a t e d  s u r f a c e  tempera- 
t u r e  peaks a s  much as +l9OC under t h e  l i g h t s  compared t o  t h e  non-l ighted a r e a s .  
I n  as much as  the  temperature r e s u l t s  of the suspended p a r t i c l e s  a r e  w i t h i n  
t h e  l i m i t s  of t he  movie l i g h t s  t h e  only conclusion about exhaust  impingement 
h e a t i n g  i s  t h a t  i t  is  equa l  o r  l e s s  than tha t  c o n t r i b u t e d  by t h e  l i g h t s .  

T e s t  12F used a f u l l - s c a l e  l8-nozzle conf igu ra t ion  on a dune sand s o i l  
model. The t ime h i s t o r i e s  of the change i n  s o i l  s u r f a c e  temperature a t  v a r i o u s  
l o c a t i o n s  w i t h  r e s p e c t  t o  t h e  engine c e n t e r l i n e  were reduced from t h e  16 mm 
motion p i c t u r e s .  Depending upon l o c a t i o n ,  t h e  s o i l  s u r f a c e  temperatures  r o s e  
between 6 and 12OC w i t h i n  1.5 seconds a f t e r  engine i g n i t i o n .  
was l o c a t e d  .84 meters from engine c e n t e r l i n e .  Between 1.5 seconds and 18 
seconds,  t he  s o i l  bed was obscured due t o  the blowing s o i l  f i n e s  used on the  
co lo red  s o i l  s t r i p .  The peak temperatures  occurred b e f o r e  18 seconds thus  
only t h e  temperature  decay c h a r a c t e r i s t i c s  a f t e r  18 seconds were obtained. Two 
obse rva t ions  can be made f o r  t h i s  t e s t ,  (1) from 18 seconds on , the  h ighe r  s o i l  
s u r f a c e  temperatures  were found between 2,4 and 2 . 7  meters  from engine c e n t e r -  
l i n e ,  and (2) t h e  r e t u r n  t o  pretest s o i l  temperatures occurred i n  about 60 
seconds. 

The maximum 12OC 

The most complete s o i l  temperature  data  w a s  ob ta ined  du r ing  t e s t  12G 
which was a l l  dune sand b u t  w i th  a f l u t e d  nozzle c o n f i g u r a t i o n .  It was noted 
t h a t  beneath t h e  engine on t h e  c e n t e r l i n e ,  t h e  temperature  a t  60 seconds was 
s t i l l  g r e a t e r  t han  ambient by more than 1.5OC.  d T observed was 
less than  15OC and occurred a f r a c t i o n  o f  a second be fo re  engine c u t - o f f .  
Negative AT% were found which a r e  both cool a r e a s  t h a t  have been uncovered 
and a l s o  c o o l e r  p a r t i c l e s  depos i t ed  on t h e  f lood  l i g h t  

The h i g h e s t  

hea t ed  r e g i o n s .  

A n a l y t i c a l  Comparison wi th  Experiment and Extension t o  Mars Conditions 

The fol lowing s e c t i o n  i s  a b r i e f  summarization of t he  a n a l y s i s  of s i t e  
a l t e r a t i o n  e r o s i o n  and comparison wi th  the experiment t h a t  was performed i n  
r e f e r e n c e  22. 
e r o s i o n  mechanism us ing  t h e  18-nozzle c o n f i g u r a t i o n  i s  v i scous  s h e a r ,  conse- 
q u e n t l y ,  i t  i s  t h e  only mechanism considered i n  t h e  a n a l y t i c a l  comparison. 
The fo rmula t ion  f o r  t hese  c a l c u l a t i o n s  i s  included i n  Appendix A .  A s  i n d i -  
c a t e d , i n  o r d e r  t o  compute v i scous  
s t r e s s  is necessary which impl i e s  t h a t  d e t a i l s  of t he  impingement flow must be 

The previous s o i l  e r o s i o n  r e s u l t s  i n d i c a t e d  t h a t  t h e  primary 

erosion the  d i s t r i b u t i o n  of s u r f a c e  shea r  
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known. No a n a l y t i c a l  t o o l s  a r e  a v a i l a b l e  t o  compute t h e  f r e e  j e t  and impinge- 
ment flow s t r u c t u r e s  of the unconvent ional  nozzle  e x h a u s t , s o  t h a t  t h e  j e t  flow 
f i e l d  was approximated by u s i n g  t h e  b a s e l i n e  15.2 c m  diameter  b e l l  nozzle  and 
chamber cond i t ions  wi th  an a x i a l  s h i f t  i n  t he  j e t  f low p r o p e r t i e s  t o  match c e n t e r -  
l i n e  impingement p re s su res  with t h e  maximum of the  t es t  1 1 K  18-nozzle p r e s s u r e  
d a t a .  Re fe r r ing  t o  t h e  r a d i a l  d l s t r i b u t i o n  of impingement p re s su res  f o r  the 18- 
nozz le  conf igu ra t ion  i n  f i g u r e  69 , i t  i s  seen t h a t  t h e  flow has merged and 
i s  r a d i a l l y  symmetric f o r  a l t i t u d e s  15 e q u i v a l e n t  nozz le  diameters  and g r e a t e r  
j u s t i f y i n g  the assumption of one p a r e n t  nozz le .  Below 15 diameters  t h e  a c t u a l  
f low i s  unsymmetric w i t h  h igh  p r e s s u r e  r eg ions  t r a c e a b l e  t o  t h e  i n d i v i d u a l  
nozz le s  thus t h e  p o s s i b l e  a n a l y t i c a l  and experimental  agreement w i l l  be some- 
what l imi t ed .  
Gray f o r  mixing of d i s s i m i l a r  g a s e s ,  r e f e r e n c e  1 5 .  Upon impinging on t h e  
Mars s u r f a c e ,  the exhaust  gases  a r e  turned and fol low the  s o i l  contour  i n  
what i s  u s u a l l y  termed the  w a l l  j e t .  
i s  based on t h e  r e s u l t s  of an a n a l y t i c a l  and experimental  s t u d y  of w a l l  j e t  
f low and heat t r ans fe r ,  p re sen ted  i n  r e f e r e n c e  23. The s u r f a c e  s h e a r  s t r e s s ,  
T w j ,  
f l u x  t o  shear  s t r e s s .  The s u r f a c e  h e a t i n g ,  a s  o u t l i n e d  by Donaldson, e t  a l ,  
r e f e r e n c e  22 c o n s i s t s  of t he  s t a g n a t i o n  r e g i o n  h e a t i n g  and the  w a l l  j e t  hea t ing .  
The laminar s t a g n a t i o n  r e g i o n  fo rmula t ion  of Lees was used wi th  t h e  v e l o c i t y  
g r a d i e n t  r e l a t e d  t o  f r e e  j e t  c e n t e r l i n e  p r o p e r t i e s .  
t i o n  t o  tu rbu len t  j e t  flow found i n  r e f e r e n c e  23 w a s  t hen  app l i ed .  The w a l l  
j e t  h e a t i n g  fo rmula t ion  i s  a l s o  taken from r e f e r e n c e  22 wi th  a curve f i t  t o  
t h e  experimental  c o r r e l a t i o n  of r a d i a l  d i s t r i b u t i o n  of Nusse l t  number, based 
on f r e e  j e t  p r o p e r t i e s ,  d iv ided  by Reynolds numbers t o  the  .8 power. F u r t h e r  
d e t a i l s  of the procedures used t o  a r r i v e  a t  a shea r  s t r e s s  d i s t r i b u t i o n  a r e  
given i n  r e fe rence  2 3 .  
f o r  t h e  18-nozzle j e t  impingement under t h e  t e s t  12E c o n d i t i o n s  i s  presented 
i n  f i g u r e  89 f o r  a number of v e h i c l e  a l t i t u d e s .  

The s i n g l e  j e t  flow was computed by t h e  method of Donaldson and 

The w a l l  j e t  flow used f o r  t h e  a n a l y s i s  

was computed by the c l a s s i c a l  Reynolds analogy r e l a t i n g  s u r f a c e  h e a t  

The experimental  c o r r e l a -  

The r a d i a l  v a r i a t i o n  of s u r f a c e  shea r  s t r e s s  computed 

The computational r e s u l t s  of v i scous  e r o s i o n  of t h e  luna r  nominal and 
dune sand s o i l  models w i th  t h e  number d i s t r i b u t i o n s  of t a b l e  I V ,  t h e  shea r  
s t r e s s  d i s t r i b u t i o n  of f i g u r e  89, and t h e  fo rmula t ion  of Appendix A i s  g iven  
i n  f i g u r e s  90 and 9 1 ,  r e s p e c t i v e l y .  The experimental  r e s u l t s  shown a r e  from 
t h e  previously discussed t e s t s  12E and 12F s t a k e  farm da ta .  The h igh  s c a t t e r  
of d a t a  a t  any r a d i a l  s t a t i o n  i s  due t o  t h e  f a c t  t h e r e  a r e  18 h igh  p r e s s u r e  
swaths over t h e  s o i l  du r ing  t h e  l a s t  meter of t h e  descen t  which g ives  a 3- 
dimensional  e r o s i o n  p a t t e r n .  Comparison of t h e  theo ry  based on an axisymmetric 
p a t t e r n  of merged flow i n d i c a t e d  reasonable  agreement cons ide r ing  t h e  assump- 
t i o n s  involved. Q u a l i t a t i v e l y ,  t h e  t r end  wi th  s o i l  models i s  p r e d i c t e d  w i t h  
t h e  dune sand c r a t e r  4 . 9  t i m e s  deeper t han  t h e  l u n a r  nominal s o i l  model. 
B e t t e r  agreement of theory and t e s t  would be dependent upon: 1) a more 
a c c u r a t e  d e s c r i p t i o n  of t he  j e t  and impingement f low,  2) a technique t o  
account f o r  p a r t i c l e s  r edepos i t ed  downstream, and 3) a technique t o  account 
f o r  p a r t i c l e s  p o s s i b l y  removed beneath the h igh  p r e s s u r e  impingement r e g i o n  
due t o  d i f f u s e d  gas causing a l o c a l  s u r f a c e  f a i l u r e .  The t h i r d  r e g i o n  of 
impingement d i f f e r s  from t h e  g e n e r a l  b e a r i n g  c a p a c i t y  f a i l u r e  analyzed i n  
r e f e r e n c e  8a  i n  t h a t  i t  is a l o c a l  bea r ing  c a p a c i t y  f a i l u r e  t h a t  propagates  
beneath the  impingement region.  I t  i s  expected t h a t  when ref inements  a l lowing 
s m a l l e r  time increments i n  the  coupled gas  d i f f u s i o n  and f i n i t e  element load 
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a n a l y s i s  program of r e f e r e n c e  8c a r e  made, i t  w i l l  provide t h e  necessa ry  time 
dependent l o c a l  s o i l  f a i l u r e  information.  

An e x t e n s i o n  of t h e  v i scous  s o i l  erosion c a l c u l a t i o n s  was made t o  t h e  
Viking Mars landing cond i t ions .  
is shown i n  f i g u r e  92 f o r  t he  nominal 2.44 m/sec descent  v e l o c i t y  and t h e  
luna r  nominal and dune sand s o i l  models. The l u n a r  nominal s o i l  model begins  
eroding sooner  bu t  a t  a lower r a t e  t han  the l a r g e r  s i z e d  p a r t i c l e s  i n  t h e  
dune sand s o i l  model. F igu re  93 p r e s e n t s  the c r ' a te r  shapes f o r  t h e  nominal 
and des ign  t o l e r a n c e  l i m i t s  i n  t h e  descen t  v e l o c i t y  f o r  both s o i l  models. 
The e f f e c t s  of soil d e n s i t y ,  and ambient pressure were computed t o  .. much 
l e s s  t han  o f  descent  v e l o c i t y .  These a r e  covered i n  more d e t a i l  L e f e r -  
ence 22.  

The v a r i a t i o n  of c r a t e r  depth w i t h  a l t i t u d e  

It should be noted t h a t  a l l  t h e  viscous e r o s i o n  c a l c u l a t i o n s  p re sen ted  
h e r e  were made wi th  the  cohesion s e t  t o  zero. KO, i n  r e f e r e n c e  8b, e x p e r i -  
men ta l ly  determined the  luna r  nominal s o i l  model cohesion t o  range from 82.6 
N/m2 t o  585 N/m2, depending upon s o i l  densi ty ,  and the  dune sand was found t o  
be c o h e s i o n l e s s .  These va lues  were determined from a t r i a x i a l  shea r  t e s t  on 
a bu lk  s o i l  sample, however, i t  i s  bel ieved t h a t  f o r  t h e  top l a y e r  of p a r t i -  
c l e s  w i th  a t u r b u l e n t  gas s t r eam flowing along t h e  s u r f a c e ,  t h e r e  a r e  no 
p a r t i c l e  bonds and t h e  s u r f a c e  l a y e r  i s  cohes ion le s s .  

Comparison of S o i l  Test  Resu l t s  w i th  Mission C r i t e r i a  

The d i s c u s s i o n  he re  summarizes how the Phase I1 t e s t s  met t h e  success  
c r i t e r i a  f o r  p h y s i c a l  d i s tu rbance  of t h e  s o i l  models with the engine nozzles 
t e s t e d .  I n  o rde r  t o  a s s e s s  how w e l l  the c r i t e r i a  were met, t h e  fol lowing 
methods were app l i ed  f o r  v e r i f i c a t i o n :  

e A contour  map of t he  s o i l  t r a n s p o r t a t i o n  and d e p o s i t i o n  was 
ob ta ined  through d i r e c t  measurement and a n a l y s i s .  

D i r e c t  measurement of t he  d i s tu rbance  of t h e  s o i l ,  and the 
c r a t e r  depth during t h e  WSTF Phase I1 t e s t  program i n  l u n a r  
nominal s o i l .  

0 Analysis  of c r a t e r  depth and s o i l  t r a n s p o r t a t i o n  cons ide r ing  
s o i l  models o t h e r  t han  luna r  nominal. 

1. F i g u r e  94 r e p r e s e n t s  a compilat ion of t he  -2 mm e r o s i o n  contour  f o r  
each t e s t  conducted i n  luna r  nominal s o i l .  F igu re  95 i s  a map of t h e  same 
-2  mm e r o s i o n  contour  f o r  t e s t s  conducted i n  v o l c a n i c  dune sand. The pe rcen t  
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a r e a  of the r e g i o n  a v a i l a b l e  t o  the  s u r f a c e  sampler encompassed by t h e s e  con- 
t o u r s  i s  summarized i n  t a b l e  V. A s  can r e a d i l y  be seen  from t h i s  t a b l e ,  a l l  
s o i l  t e s t s  met t h e  e r o s i o n  c r i t e r i a  and a d d i t i o n a l l y ,  no t e s t  depos i t ed  8 m 
of t r anspor t ed  s o i l  i n  t he  Sur face  Sampler area. 

The r e s u l t s  of t h e  f i r s t  t h r e e  t es t s  i n  l u n a r  nominal s o i l  (12A, C and 
D) u t i l i z i n g  an  engine with a 24-nozzle modified t o  l8-nozzle c o n f i g u r a t i o n  
a r e  ve ry  s i m i l a r .  One must remember t h a t  t h e  techniques f o r  measuring e r o s i o n  
a r e  n o t  p r e c i s e ,  v a l i d  perhaps t o  only 50.5 mm and we a r e  a t t empt ing  t o  d e f i n e  
a - 2  nun e r o s i o n  region.  
s i s t e n t  when one a l s o  cons ide r s  t he  v a r i a t i o n s  i n  t e s t  parameters c i t e d  i n  
tab le  I and t h e  d i f f i c u l t y  i n  uniformly p repa r ing  a b a s e l i n e  s o i l  t e s t  bed. 
The l a s t  t e s t  i n  l una r  nominal s o i l  u t i l i z e d  a f u l l - s c a l e  l8-nozzle  conf igu ra -  
t i o n  i n  which an a r e a  e q u i v a l e n t  t o  18.0% of t h e  Sur face  Sampler area was 
eroded more t han  2 mm. 

I n  view of t h i s  f a c t  t he  d a t a  may be considered con- 

As expected, t e s t  12F conducted i n  v o l c a n i c  dune sand model w i t h  t h e  same 
f u l l - s c a l e  18-nozzle c o n f i g u r a t i o n  r e s u l t e d  i n  a l a r g e r  -2 mm e r o s i o n  a r e a  
(43.3%) than t h a t  which developed i n  l u n a r  nominal s o i l  ( t e s t  12E, 18.0%). 
This was the  l a r g e s t  a r e a  of e r o s i o n  experienced du r ing  t h e  t e s t  program. The 
f l u t e d  nozzle ,  t e s t  12G, showed s i g n i f i c a n t l y  l e s s  e r o s i o n  (14,2%), however, 
es t imated weight ,  schedules  and c o s t s  d i d  n o t  a l low i t  t o  be s e l e c t e d  f o r  t h e  
f l i g h t  hardware. 

2. The response of t h e  lunar  nominal s o i l  model t o  engine plume gas 
impingementwas r a t h e r  i n s e n s i t i v e  i n  r e s p e c t  t o  i t s  mechanical p r o p e r t i e s  
f o r  an  i n i t i a l l y  f l a t ,  smooth su r face .  Because of t he  low pe rmeab i l i t y  of 
t h i s  s o i l  model, v e r y  l i t t l e  plume gaswas  induced i n t o  t h e  pore spaces  and 
consequently t h e  c h i e f  e r o s i o n  mechanismwas v i scous  shea r .  Other e r o s i o n  mec- 
hanisms which involve the bulk p h y s i c a l  p r o p e r t i e s  of t he  s o i l  ( i . e . ,  bea r ing  
c a p a c i t y  f a i l u r e  and shut-down e r u p t i o n )  were not  encountered over t he  range 
of s o i l  d e n s i t i e s  (1360 - 1810 Kg/rn3) and engine nozzle  c o n f i g u r a t i o n s  
employed i n  t h e  Phase 11, site alteration tes t s .  

3 .  For i n i t i a l l y  i r r e g u l a r  s u r f a c e s  composed of l u n a r  nominal soil, 
e.g. t r i a n g u l a r  mounds, cones,  r i d g e s ,  e t c . ;  low s o i l  d e n s i t y  f e a t u r e s  a r e  
eroded p r e f e r e n t i a l l y .  A s  m a t e r i a l w a s  s e l e c t i v e l y  removed from t h e  engine 
f a c i n g  s l o p e s ,  an armor of coa r se  p a r t i c l e s  developed which r e t a r d e d  f u r t h e r  
e r o s i o n  a t  l e a s t  f o r  t h e  d u r a t i o n  of engine f i r i n g s  employed i n  Phase I1 
t e s  t i n g  . 

4. For t h e  l u n a r  nominal s o i l  model, p a r t i c l e  t r a n s p o r t  e s s e n t i a l l y  
followed plume gas flow a c r o s s  the  s o i l  t e s t  bed. A c l e a r  demonstrat ion of 
t h i s  phenomena i s  shown i n  those s o i l  t e s t s ,  e.g. ,  12D, i n  which an i n c i p i e n t  
c r a t e r  i s  formed and plume gases  a r e  d e f l e c t e d  upward. On t h e s e  t es t s ,  t r a n s -  
p o r t e d  m a t e r i a l  i s  c o l l e c t e d  high above t h e  s o i l  bed (above 1.75 meters)  i n  
louvered s o i l  b a f f l e  c o l l e c t i o n  t r a y s  (see t a b l e  V I  ) i n  a h i g h e r  p r o p o r t i o n  
than on those t e s t s  i n  which l i t t l e  o r  no c r a t e r  formation was ev iden t .  

5 .  The response of t h e  v o l c a n i c  dune sand model t o  plume gas impinge- 
ment was s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h a t  of t h e  l u n a r  nominal s o i l  model. 
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Experimental ly  de r ived  d a t a  during the  Phase 11, site alteration tests i n d i -  
c a t e  t h a t  t h e  l a r g e r  s i z e  p a r t i c l e s  (mass average p a r t i c l e  s i z e  of 5 8 0 p )  of  
the  v o l c a n i c  dune sand model erode a t  a g r e a t e r  r a t e  t h a n  do t h e  f i n e  p a r t i c l e s  
of t he  l u n a r  nominal model (mass average p a r t i c l e  s i z e  of 59 p ) .  
t r end  has  been shown a n a l y t i c a l l y  i n  r e fe rence  22 i n  which an upper cutoff 
l i m i t  based on P a r t i c l e  weight i s  e s t a b l i s h e d  a t  about 650 P p a r t i c l e  diameter.  

This  g e n e r a l  

A d d i t i o n a l l y ,  i n  dune sand t h e  plume gas i s  t r a n s p o r t i n g  more l a r g e  
p a r t i c l e s  of h ighe r  mass than  wi th  the  l u n a r  nominal s o i l  model and s i n c e  t h e  
morphological f e a t u r e s  c o n s t r u c t e d  of vo lcan ic  dune sand are more e a s i l y  
eroded, a l l  pre-formed f e a t u r e s  e x h i b i t e d  more seve re  a l t e r a t i o n .  

Concluding from t h i s  d i s c u s s i o n ,  a l l  c r i t e r i a  were met f o r  t h e  s e l e c t e d  
l8-nozzle conf igu ra t ion .  F u r t h e r ,  t h e s e  c r i t e r i a  were met f o r  nozzle  e x i t  plane 
a l t i t u d e s  corresponding t o  footpad c o n t a c t  (.58 meters)  on t h e  Viking Lander 
compared t o  the  o r i g i n a l  3 meter engine cutoff a l t i t u d e .  Thus, the nozzle  which 
was redesigned €or reducing s i t e  a l t e r a t i o n  a l s o  allowed a v e h i c l e  r e d e s i g n  wi th  
s i g n i f i c a n t  program impact. Sensors on the  footpad now t e rmina te  t h r u s t ,  t he  
landing l e g  i s  designed f o r  l e s s  s eve re  loads ,  and the  components w i t h i n  t h e  
lander  may be designed t o  much lower impact shock loads.  Each of t h e s e  r ep re -  
s e n t  s u b s t a n t i a l  savings i n  weight ,  development t ime, a n d  c o s t .  A comparison 
p l o t  of t he  p r e s s u r e  r e d u c t i o n  achieved is presented i n  f i g u r e  96 which shows 
the  o r i g i n a l  b a s e l i n e  b e l l  nozzle  p r e s s u r e s  and t h e  new l8-nozzle configura-  
t i o n  impingement p re s su re  a s  a f u n c t i o n  of d i s t ance  from the nozzle  e x i t .  
The f l i gh t -we igh t  Viking t e rmina l  descen t  engine wi th  t h e  18-nozzles i s  shown 
i n  f i g u r e  97. 
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CONCLUDING REMARKS 

The Viking '75 mission f l i g h t  p r o f i l e  u t i l i z e s  a p ropu l s ive  t e r m i n a l  
descent  system i n  o rde r  t o  s o f t - l a n d  the  s c i e n t i f i c  payload on Mars. The 
landing s i t e  a l t e r a t i o n  caused by t h i s  system had t o  be c l o s e l y  examined 
t o  e s t a b l i s h  t h e  relevance of t h e  r e t u r n e d  s c i e n t i f i c  d a t a  and t o  minimize 
s i t e  m o d i f i c a t i o n  e f f e c t s  by i n f l u e n c i n g  v e h i c l e  design.  The f l a t  p l a t e  
impingement p r e s s u r e s  of a t y p i c a l  t e r m i n a l  descent engine were determined 
expe r imen ta l ly  a t  t h e  WSTF f a c i l i t y  during the Phase I A  site alteration 
tests. The e x t e n t  of landing s i t e  p h y s i c a l  d i s tu rbance  was then  establ!.shcu 
by conduct ing s o i l  impingement t e s t s  i n  t h e  LRC 60-foot sphere u s i n g  sub- 
s c a l e  and f u l l - s c a l e  cold-gas j e t s  modeled t o  match t h e  p r e s s u r e  time h i s -  
t o r y  on a s imula t ed  Martian s o i l  ( l u n a r  nominal model). R e s u l t s  of t h e s e  
t e s t s  i n d i c a t e d  t h e r e  would be massive s o i l  dis turbances and a l t e r a t i o n  of 
t h e  landing s i t e ,  S tud ie s  t o  determine means of l e s s e n i n g  t h i s  i n t e r a c t i o n  
w i t h  a minimum of mod i f i ca t ion  t o  t h e  l ande r  and engines i n d i c a t e d  that. t h e  
f l a t  p l a t e  impingement p r e s s u r e s  had t o  be lowered by a f a c t o r  of 23 through 
a nozzle  r edes ign .  Exploratory experimental  t e s t s  were then  conducted w i t h  
cold-gas t o  determine t h e  most promising nozzle concepts .  

Success c r i t e r i a  were e s t a b l i s h e d  and t e s t  o b j e c t i v e s  of t h e  Phase I1 
s i t e  a l t e r a t i o n  program were de f ined  t o  show experimental ly  how t h e  s c i e n t i -  
f i c  c r i t e r i a  could be s a t i s f i e d .  These included measurements of t h e  amounts 
of p h y s i c a l ,  chemical and b i o l o g i c a l  a l t e r a t i o n  and a s tudy  of t h e  p o s s i b l e  
nozzle  c o n f i g u r a t i o n s  and engine cutoff  he igh t s  which could reduce t h e  
a l t e r a t i o n  e f f e c t s .  Tes t s  of a f u l l - s c a l e  terminal  descen t  engine w i t h  a 
number of a l t e r n a t e  nozzles  a t t ached  were conducted i n  the NASA Manned 
S p a c e c r a f t  Center  White Sands Test  F a c i l i t y  under s imulated Mart ian atmos- 
pheres ,  pressures ,  and s o i l s .  

A f u l l - s c a l e  18-nozzle c o n f i g u r a t i o n  and a f u l l - s c a l e  f l u t e d  nozzle  
c o n f i g u r a t i o n  p r o d u c e d  the  g r e a t e s t  r educ t ion  i n  impingement p r e s s u r e s .  
T e s t s  conducted i n  two s imulated Mart ian s o i l  models met t h e  pre-determined 
p h y s i c a l  e r o s i o n  c r i t e r i a  i n  which not more than 60% of t h e  s o i l  sampler 
a r e a  would s u f f e r  more than  2 mm of e ros ion .  Add i t iona l ly ,  no t e s t  i n  t h e  
luna r  nominal s o i l  model r e s u l t e d  i n  a c r a t e r  depth g r e a t e r  t han  5 cm nor  
depos i t ed  8 mm o r  more of m a t e r i a l  i n  t h e  s o i l  sampling s i t e .  With t h e  
s e l e c t e d  l8-nozzle c o n f i g u r a t i o n ,  a l l  c r i t e r i a  were met f o r  engine cutoff  
a l t i t u d e s  as low a s  footpad c o n t a c t ,  t hus  saving s u b s t a n t i a l l y  i n  v e h i c l e  
weight ,  impact shock loads and cutoff  
h i g h e r  a l t i t u d e s  of engine cutoff.  

sensor  complexity a s s o c i a t e d  w i t h  t h e  

The c h i e f  e r o s i o n  mechanism f o r  t h e  nozzles and s o i l  models t e s t e d  was 
v i scous  shea r .  Consequently, t h e  p h y s i c a l  dis turbance r e s u l t s  were r a t h e r  
i n s e n s i t i v e  t o  t h e  bulk mechanical p r o p e r t i e s  of t h e  s o i l .  
e s p e c i a l l y  t r u e  f o r  t he  luna r  nominal s o i l  model t e s t e d  over a range of s o i l  
d e n s i t i e s .  rnase  ii t e s t  r e s u i t s  i n d i c a t e  that  r a t e  oi soil erusioii WEIS 

p a r t i c l e  s i z e  dependent w i th  t h e  l a r g e r  p a r t i c l e s  of t he  v o l c a n i c  dune sand 
model e rod ing  a t  a g r e a t e r  r a t e  t han  those of t h e  lunar  nominal model. 
I r r e g u l a r  s o i l  s u r f a c e s  r ep resen ted  by su r face  morphological f e a t u r e s  s u f f e r e d  
t h e  most e r o s i o n ,  e s p e c i a l l y  on s l o p e s  facing t h e  engine. 

This  was 

-. 
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APPENDIX A 

Viscous Eros ion  Formulation 

The fo rmula t ion  f o r  v i scous  e r o s i o n  was first developed f o r  t he  lunar  
landing by Roberts  (r .eferences 5 and 6 )  and used by Hutton f o r  Apollo and 
Mars landing s t u d i e s  ( r e fe rences  2 4 , 2 5 ) ,  The approach taken h e r e  i s  s i m i l a r  
t o  Roberts '  approach, b u t  d i f f e r s  s l i g h t l y  i n  t h e  i n t e r p r e t a t i o n  o f  momentum 
t r a n s f e r  t o  loosened p a r t i c l e s .  

The v i scous  e r o s i o n  is  formulated on a bulk mass b a s i s  r a t h e r  t han  a 
s i n g l e  p a r t i c l e  approach. I n  o r d e r  t o  avoid following i n d i v i d u a l  p a r t i c l e  
t r a j e c t o r i e s  and making assumptions about p a r t i c l e  blockage and c o l l i s i o n s ,  
t h e  assumption i s  made t h a t  when t h e  f o r c e s  are s u f f i c i e n t  t o  d i s l o d g e  a 
l a y e r  of p a r t i c l e s  equa l  t o  the mass average p a r t i c l e  diameter ,  t h e  l a y e r  
l i f t s  o f f  t h e  s u r f a c e  a s  a whole. Once the p a r t i c l e s  a r e  d i s lodged  from t h e  
s u r f a c e  and e n t e r  t h e  boundary l a y e r ,  aerodynamic f o r c e s  d i s c r i m i n a t e  according 
t o  p a r t i c l e  s i z e  and c a r r y  them away. 

For a f i r s t  approximation t o  t h e  problem, the  s u r f a c e  s h e a r  and s o i l  
s l o p e  a r e  uncoupled. E f f e c t s  of changing s o i l  s l o p e  a r e  included i n  t h e  s o i l  
f o r c e  ba l ance ,  b u t  t he  s u r f a c e  shea r  used i s  the f l a t  p l a t e  v a l u e ,  This 
assumption b reaks  down w i t h  s i g n i f i c a n t  s o i l  s l o p e , P >  30°, b u t  by t h i s  time 
p res su re  c r a t e r i n g  w i l l  have occurred t o  f u r t h e r  change t h e  flow p r o p e r t i e s  
i n t o  and out  of t he  c r a t e r .  

The f o r c e  ba l ance  i s  app l i ed  t o  an elemental  volume wi th  u n i t  s u r f a c e  
a r e a  dA = r d e  d r , a  t h i ckness  equa l  t o  the average p a r t i c l e  s i z e  diameter ,  
Dp, and a mass computed from t h e  bulk s o i l  dens i ty  Ts.  The v i scous  shear  
stress from t h e  w a l l  j e t  ~~j 
while  t h e  f o r c e  p e r  u n i t  s u r f a c e  a r e a  TR a c t s  t o  res i s t  s o i l  movement. 

a c t s  on the t o p  l a y e r  of s o i l  w i t h  s l o p e  8, 

W 
dA 

The r e s i s t a n c e  s t r e s s  (7~) inc ludes  t h e  s o i l  cohesion ( c ) , s t a t i c  
f r i c t i o n ,  (CfFnormal/dA), and the  weight of the s o i l .  
s o i l  p e r  u n i t  a r e a  i s  wriccen wich t h e  l o c a l  gi-avity as  
7jj may be w r i t t e n :  

The weight of t he  
mr- .o- --- gpSZp. ~ ~ t = l c : l u l t :  

TR = c I- tant$(gps D ~ >   COS^ I- (gpS DP> s i n 8  (1) 
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s o i l  
The s t a t i c  f r i c t i o n  c o e f f i c i e n t , C f , i s  expressed a s  the t angen t  of  t he  
i n t e r n a l  angle  of f r i c t i o n  4. 

The f o r c e  balance on the  bblk s o i l  sample is then: 

C& = Twj - TR 

I f  Twj<TR no s o i l  movement occurs  f o r  the s o i l  a c t s  l i k e  a s o l i d  and 
r e s i s t s  deformation. When t h e  s h e a r  s t r e s s  exceeds the c a p a b i l i t y  of t he  
s o i l  l a y e r  t o  r e s i s t , T w j  >TR, the  s p i l  f a i l s  and i s  eroded away, 
s t r e s s  i s  app l i ed  t o  the ground by t h e  v i scous  momentum f l u x  and t h e  
s o i l  i s  a b l e  t o  r e s i s t  only T ~ , a t  t h e  same depth d l ,  the  d i f f e r e n c e  i s  the  
amount of f o r c e  per  u n i t  a r e a  a c t i n g  on t h e  eroded p a r t i c l e s .  The impulse 
appl ied t o  t he  s o i l  mass i s :  

S ince  Twj 

dm 
dA 
- 

where Vmass  i s  the v e l o c i t y  t h a t  t h e  s o i l  mass achieves from v i scous  s h e a r  
fo rces  i n i t i a t i n g  motion. The exposure time r e q u i r e d  

During a computing i n t e r v a l d t  t he  depth of s o i l  
number of l a y e r s  times the  average p a r t i c l e  d i ame te r ,  

o r  f u r t h e r ,  from equa t ion  (3) I 

i s  then,  from ( 2 ) :  

removed i s  equal  t o  t h e  
DP, o r  

The remaining unknown i s  V,ass which i s  de f ined  as  the v e l o c i t y  t h a t  
p a r t i c l e s  l eave  the  s u r f a c e  a f t e r  being a c t e d  upon by the  s h e a r  f o r c e  only. 
Aerodynamic f o r c e s  a c t  once t h e  s o i l  l e a v e s  the  s u r f a c e ,  b u t  i t  i s  assumed 
t h e  i n i t i a l  movement i s  due only t o  shea r .  
t h a t  the t o t a l  momentum of the s o i l  bu lk ,  gas system i s  conserved. The 
viscous momentum f l u x  i s  the fo rce  pe r  u n i t  a r e a  which has i t s  normal 
a l igned wi th  the gas v e l o c i t y  g r a d i e n t ,  and the p a r t i c l e  momentum i s  
defined as  f o r c e  per u n i t  a r e a  which has  i t s  normal a l igned  w i t h  t h e  s o i l -  
gas v e l o c i t y  v e c t o r ,  t h e r e f o r e  equa t ing  f o r c e s  g ives :  

Thus, Vmass must be of such va lue  

Dp r d e  2 
'S mass ( ~ w  j - TR) r d6 d r  = 

or 

V mass =.= 
(5) 



where d r  i s  a u n i t  l eng th  i n  the  r a d i a l  d i r e c t i o n .  
the computing time i n t e r v a l  A t  i s  t h e r e f o r e :  

The eroded dep th  d l  over 

P s  d r  
1 

The v i s c o u s  e r o s i o n  thus  formulated con ta ins  the  proper  t r e n d  w i t h  p a r t i -  
c l e  s i z e  as found by e a r l y  s o i l  e r o s i o n  t e s t s  a t  LRC, reference 2 among 
o t h e r s ,  and by t h e  Viking s i t e  a l t e r a t i u n  tests a t  White Sands, reference 12 ;  
namely l a r g e r  p a r t i c l e s  erode a t  a g r e a t e r  r a t e  t han  sma l l e r  ones,  b u t  t h e  
sma l l e r  ones r e q u i r e  l e s s  shea r  s t r e s s  t o  i n i t i a t e  motion. This  t r e n d  i s  
i l l u s t r a t e d  
diameter s o i l  models and computed f o r  t h e  Viking landing case.  

i n  f i g u r e '  98 by the  maximum e ros ion  depth f o r  a range of uniform 

I n c o r p o r a t i o n  of S p e c i f i c  S o i l  Models 

The p rev ious  formulat ion d e s c r i b e s  e ros ion  of a s o i l  model made up of a 
s i n g l e  p a r t i c l e  s i z e ,  For s o i l  models c o n s i s t i n g  of many p a r t i c l e  s i z e s ,  t he  
computation of e r o s i o n  may be approximated i f  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  
known. I n  a manner f a m i l i a r  i n  two phase nozzle and exhaust  f low s t u d i e s ,  t h e  
technique adopted assumed t h a t  f o r  each s o i l  model a f u n c t i o n  @(rp) can  be 
found which r e p r e s e n t s  t h e  f r a c t i o n a l  number of p a r t i c l e s ,  p e r  u n i t  s i z e ,  of 
r a d i u s  rp which a r e  found t o  e x i s t  between rp - drm and rp + 3 . The num- 
b e r  of rp s i z e d  p a r t i c l e s  p e r  u n i t  volume i s  then, 

N (rp) = N t @ d r p  

where N t  i s  t h e  t o t a l  number of a l l  s i z e d  p a r t i c l e s  p e r  u n i t  volume, thus:  

o r  t h e  f u n c t i o n  9 i s  of form such t h a t :  l; d r p  1 

The weight of r s i z e d  p a r t i c l e s  p e r  u n i t  volume i s  then :  P 

The weight of a l l  s i z e d  p a r t i c l e s  p e r  u n i t  volume i s  t h e  s o i l  d e n s i t y  and i s  
expressed as :  

m 
ys = gps = 8PPX$ N t J # r p 3  d r p  

0 

The cumulative weight pe r  u n i t  volume of p a r t i c l e s  r and s m a l l e r  com- P 
pared t o  the  weight of a l l  s i z e d  p a r t i c l e s  per u n i t  volume is :  

d r  
3 

P 9 f p  
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The cumulative weight p e r c e n t ,  CWP, of p a r t i c l e s  r and l a r g e r  i s  then 
P 

J O  

The CWP i s  obtained by a s i e v e  a n a l y s i s ,  and f o r  t h e  l u n a r  nominal and 
dune sand s o i l  models, t h e  r e s u l t s  are shown i n  f i g u r e  18. 
follow the  s p e c i f i c a t i o n s  of the Mars Engineer ing Model, r e f e r e n c e  10. 

7 f o r  each p a r t i c l e  s i z e  can then  be found 

These s o i l  models 

N( rp )  
The f r a c t i o n a l  number 

by segmenting the  CWP curve andLd iv id ing  by the  p a r t i c l e  diameter  cubed, o r :  

N ( r p )  = # d r p  - - r?] (8) 
N t  

F r a c t i o n a l  number r e s u l t s  f o r  t h e  two s o i l  models a r e  g iven  i n  t a b l e  I V  
where i t  i s  seen  t h a t  by number, both s o i l  models a r e  composed c h i e f l y  of 
t he  s m a l l e s t  s i z e  p a r t i c l e s .  
models i s  t h e r e f o r e  t o  compute the e r o s i o n  depth f o r  each p a r t i c l e  s i z e  and 
using t h e  a p p r o p r i a t e  number weighing f u n c t i o n ,  equa t ion  8,  t o  sum the  
r e s u l t s  over t h e  p a r t i c l e  s i z e  range:  

The technique f o r  computing e r o s i o n  f o r  s o i l  

Dp = min 
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TABLE 11. - S W R Y  WSTf PHASE IA TEST CONDITIONS 

P l a t e  
Pa88 

Time, P l a t e  pos i t ion ,  
s e c  h / d e  

I n i t i a l  i F i n a l  1 I n i t i a l  I F i n a l  

1 I 3.35 I 10.75 I 10.46 I 26.5 

2 11.85 18.75 26.5 10.5 

4 I 28.55 I 35.55 I 26.4 1 ~ 10.46 408. 

406. 
~ ~~ ~ ~ 

5 36.95 38.85 10.46 15.2 

406. 23.2 28.0 

406. 28.8 30.2 

420. 411. 11.32 16.3 

411. 408. 17.4 22 .1  

C h a w  
T e s t  12E 

19.2 
13.8 
8.1 
6.1 

88.3 
5.4 
3.8 
1.2 

. .8  
1.1 

. 8  

.5 

. 7  

.2 

. 3  

.2 

. 7  

.7  
10.7 

P l a t e  v e l o c i t y  (uns teady)  Y 3.6 d e / s e c  

OK 
Test 12P 

T h r u s t  3 6 6 7 8  

6 .  = 20 

d e  - 15.24 cm 

T, - 285OK 

q,= 28 042) 

5 
5 

10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
20 
30 
30 
30 
30 

.7 

.7  

.7  

.4 

.4  

.5 

. 7  
- .2 

.2  

. 3  

.4 

.4 

. 3  

.4  

.1 

.1 

.1 

.1 

.2  

TABLE 111.- 

SOIL BED THERMOCOUPLE RESULTS 

Thermocouple l o c a t i o n  
Gage d i s t a n c e  I 

from engine  

5 
10 
15 
20 
30 
40 
50  
61  
76 
9 1  

122 
183 
244 
305 
456 
6 10 
-61  
-30 

15 
30 
45 
6 1  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
5 
5 
5 
5 

> 80.4 * 
> 80.2  
> 79.5 
> 80.9 

10.8 
66.3 

> 80.9 
18.9 

8.7 
7 . 8  
6.9 
1 . 3  
1.4 

-24.6 
-1.2 

.2 

.5 
22.5 

15.9 
.1 

2.2 

-- 

.I 

Thermocouple 

Gage d i s t a n c e  
from engine  

c e n t e r l i n e  , c m  

76 
9 1  

0 
76 
9 1  

122 
183 
244 
305 

15 
30 
45 
6 1  
16  
0 
0 

15 
30 
30 

6 1  
6 1  

0 

I C  -> 

c a t i o n  

Maximum tern r a t u r e  

e s t  121 
K 

1.1 
1.6  

. 3  

. 3  

. 7  
3 . 6  

. 7  

.2 

.2  

.1 

. 3  

.4  

.4 

. 3  

.7  

. 3  

.1 

. 3  

. 5  

. 3  

.4  

.4 

7 .~ 

* P o s t - t e s t  i n s p e c t i o n  i n d i c a t e d  a number of t h e  t o p  s u r f a c e  thermocouple8 
were exposed t o  t h e  gas flow. 
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ALLIMINUH SHEET ON TOP OF UNBLEACHED 
MUSLIN, ALUMINUH SCREEN AND A STEEL 
WELDED SUPPORT GRATING. 

SOIL BED CONTAINER FOR TEST 1U 

_ - - _ _ _ - _ - - - - -  

r k R F a T E D  FALSE BOTTOM FOR lZSTS U C ,  12D, & 12E. 

CF'ERFORATED FALSE BOTTOM FOR TESTS 12F, 12G, 6 12H. 

F i g u r e  14 .- S o i l  bed container  c o n f i g u r a t i o n s .  

F i g u r e  15.- I n s t a l l a t i o n  of permeable f a l s e  bot tom i n  s o i l  bed. 
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Figure' 21.- Axial variation of baseline nozzle impingement pressures, 
WSTF Phase IA. 
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Figure 23.- Axia l  v a r i a t i o n  o f  b a s e l i n e  n o z z l e  impingement pressures  measured 
on engine  c e n t e r l i n e ;  WSTF Phase I1 , t e s t  11. 
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4 I 
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h - 20de 
C-0 

hco = 10 de I 
Nozzles shown 
d r s v n  t o  s c a l e  

’ of f i g u r e  

I 1 I 1 I I I 
6 4 2 0 2 4 6 

R a d i a l  d i s t a n c e .  r l d ,  

F i g u r e  28.- C r a t e r  p r o f i l e s  i n  l u n a r  nominal s o i l  showing e f f e c t  of t h r u s t  
c u t o f f  a l t i t u d e  u s i n g  o n e - s i x t h  s c a l e  “cold-gas“  n o z z l e s ;  

V = 22.8 d e l s e c ,  
E = 20, ?’= 1.67, Pc= 730 kN/m2, P,= 6.6+7.9 mb, 

hi - 240 de. 

40 

N . ‘ E  

P 30 

€ = 20 

Y = 1.4 

Pc = 448 kN/m2 

Pm = 10.5+11.8 rnb 

I I I I 1 
4 a 12 1 6  20 24 28 32 

Nozzle a l t i t u d e  , hld ,  

F i g u r e  29.- Exhaust plume c e n t e r l i n e  impingement p r e s s u r e  v e r s u s  a l t i t u d e  
s i m u l a t i o n  using a f u l l - s c a l e  “cold-gas“ nozz le .  
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V = 2 .8  mlsec 

v = 1.2 m/sec 

Figure 30.- Test photographs i l l u s t r a t i n g  e'ffect o f  descent'  v e l o c i t y  on surface 
crater ing  i n  lunar nominal s o i l  with a f u l l - s c a l e  "cold-gas" nozz le ;  

' 2 0 ,  Y =  1 .4 ,  Pc FZ 450 kN/m2, Pm X 12 mb, h = 1 1 . h 3 . 0 5  m .  84 



Ful l - sca le  t e s t  (see f igure 30) 
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Y - 1.67 

€ - 20 

de = 2 . 5 4  cm 

Pc = 730 kNlm2 

P m =  6.6+9.2 mb 

h = 6.1+0.5m (240+20 de) 

4 I I I I I I I i 
4 2 1 0 1 2 3 

3 
4 

Radial distance, r ld,  

Figure 31.- Comparison of the crater prof i l e s  from f u l l - s c a l e  and sub-scale 
“cold-=ad’ nozzle t e s t s  on lunar nominal soil for s imilar t e s t  
condit ions.  
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C o m  r ( n  u s  m o  a u  

Viking  t e r m i n a l  d e s c e n t  engine  i n  
Mars environment computed by method i n  
r e f e r e n c e  15 

~i~ of - t  
E x i t  
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I , , , , , , , . 1 

0 1 2 3 4 5  6 7 8 9 10 -11 12 13 14 15 
m 
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m, 

Mass flux i n  j e t  compared t o  e x i t ,  

F i g u r e  33:Relation between j e t  en t ra inment  and impingement p r e s s u r e  reduct ion .  
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Two-dimensional 
; 0 /-nozzles ( r e f . 1 7  ) I 

2 4 6 8 10 
S c a l e  f a c t o r  

34.- J e t  f low s c a l e  f a c t o r  as a function o f  p e r i m e t e r  F i g u r e  
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Area r a t i o  = 1 nozzle ( P  = 555 kN/m2) 

2 
Area r a t i o  = 2 nozzle (P = 483 kN/m ) 

Figure 37.- Test photographs i l l u s t r a t i n g  e f f e c t  of nozzle area r a t i o  on 
surface cratering on lunar nominal s o i l  for  f u l l - s c a l e  "cold-gas" 
nozz les ;  Y =  1 . 4 ,  Pm z 12 mb, h = 11.8+1.5 m, V =  2.7 mfsec. 
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Area r a t i o  = 7 nozzle canted 15’ 

90 

Area ratio = 20 nozzle  canted 20” 
Figure 38.- Test photographs i l l u s t r a t i n g  e f f e c t  o f  nozzle canting for  a v e r t i c a l  

descent on surface crater ing  i n  lunar nominal s o i l  with a f u l l - s c a l e  
“cold-gas” nozzle; Y = 1 . 4 ,  Pc 445 kN/m2, P,= 11.5 mb, V 2 . 9  
mlsec. h = 11.8-1.5 m. 



40 

N . 
z 3 

LI C 

20 
C 

P 
4 
X 

10 
LI u ? 

0 

40 

N . 30 3 
0 )r 

u I. 
20 

u U 
W 
w c 

j 10 

E 

0 

', WS"F avg. 
Two- d imens iona  1 
single n o z z l e  

I I I 

1 2 3 4 5 6 8 
I 

7 

Nozzle a l t i t u d e ,  meters  

F i g u r e  39.- V a r i a t i o n  of j e t  a x i s  impingement pressure  w i t h  a l t i t u d e  f o r  a 
f u l l - s c a l e  2-D "cold-gas" n o z z l e ;  
P, = 6 . 8 4 7 . 9  mb. 

€ =  20, Y =  1.4, Pc = 460 kN/mZ,  

qv 

gt ,% s s  

El $: 1 

* 4, - 3.6 cm 
i\ Y 

v - '  
I 15' 

I '\ i\, I \\\ 2, 
/'\ 

/ \  15'4' 
\ / '\ 

I \  

I 
I 
I /-p \ I  '\ /' '\ 

\\ 
\ I  \ /  \ I  

' I  \ '  L '. WSTF avg. 
\\ I \ I  

X! Two -D i m e n s  io na I 
M u l t i p l e  h z z l e s  

I 
I I I I I 

1 2 3 4 5 6 7 8 
Nozzle a l t i t u d e ,  meters  

F i g u r e  40.- V a r i z t i o n  o f  maximum s u r f a c e  p r e s s u r e  with a l t i t u d e  of a f u l l -  
s c a l e  l i n e a r  a r r a y  of  14 2-D "cold-gas"  nozzles a l t e r n a t e l y  
c a n t e d  15O; 6 = 20, Y = 1.4. 

91 



Lunar nominal 

Dune sand 

Figure 41.- Test photographs i l l u s t r a t i n g  surface cra ter ing  i n  lunar nominal 
and dune sand s o i l  models with a f u l l - s c a l e  l inear  array of 14 2 -D 
"cold-gas" nozz les  a l ternate  canted 15O; € = 20,  Y = 1 .4 ,  P 92 X 475 
kN/m2,  P,z12 mb, V z 2 . 7  m/sec, h = 90+0.6, C _ _  . 
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Figure 43a; Axial variation of 20:l conical nozzle impingement pressures ; CFL cold-gas. 
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Figure 43b.- Photograph of nozzle flow, 

'e 
= 2 0  , - = .755 ' 

p, 
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Figure 44a,-Axial var iat ion of impingement pressures with decreased area r a t i o  nozzles; 
MMC cold-gas t e s t .  

Figure 44b.- Photograph of nozzle f law.  
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1.0 

.Nozzle  a r e a  r a t i o ,  € 

1 Figure  46,-Maximum impingement p re s su res  as in f luenced  by a rea  r a t i o .  
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'120: 1 max 
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Figure  45.- Nozzle t e s t e d  wi th  cold-gas a t  t h e  MMC CFL, = 20. 

/ Maximum pres su res  f o r x / d  2 eq 
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Thrust Reduction Pressure 
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Figure 47.- Nozzle mixing a i d s  and vor tex /shock  gene ra to r s  t e s t e d  
i n  t h e  MMC CFL, , 
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.4 
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0 Single Wire Across Exit Plane 

!!E&= .om 
*exit 

I I I I I 

10 20 30 40 50 
x/de 

Figure 48a.-Axial var ia t ion  of impingement pressures with s i n g l e  wire over 2 0 : l  e x i t ;  
CFL cold-gas. 

Figure 48b.- Photograph of nozzle flow . - .  
f o r  s i n g l e  wire across 20:l e x i t ,  
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Wire Screen 
A 

0 10 20 30 40 50 

x /de 

Figure 49a,-Axial v a r i a t i o n  of impingement p re s su res  wi th  wire  sc reen  over 20: 1 e x i t ;  . 
C n  cold-gas. 

F igure  49b.- Photograph of nozzle  flow f o r  w i re  sc reen  ac ross  20:l nozzle  e x i t .  
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Figure 50a.-Axial var iat ion of-impingement pressures with wire screen over 20:1 e x i t ;  
CFL cold-gas. 

Figure 50b.-Photograph of nozzle flow for wire screen across 2 0 : l  nozzle e x i t ,  L 101 
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Figure 5la.-Axial  v a r i a t i o n  of impingement p re s su res  wi th  wi re  r i n g  over 20: 1 e x i t ;  
CFL cold-gas. 

Combination of !'l and 82 
Figure 5lb.-Photograph of nozzle  flow f o r  w i re  r i n g s  over  20:1 nozzle  e x i t .  
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Figure  52a.-Axial v a r i a t i o n  of  impingement pressures  wi th  wi re  spoke over 20:l e x i t ;  
CFL cold-gas. 
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Vortex Generators @ 

Figrurc! 52b-Axial  v a r i a t i o n  of  impingement pressures  wi th  vanes over  20: 1 e x i t ;  
CFL cold-gas. 
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L T h r o a t  d i a .  
1.13 c m  

F igure  53.- S ix - f lu t e  nozzle c o n f i g u r a t i o n  t e s t e d  a t  t h e  MMC CFL. 
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Figure  54a.-. Axial  , v a r i a t i o n  of f l u t e d  nozzle  impingement p re s su res  ; MMC cold-gas tests. 

F igure  54b.-Photograph of s i x - f l u t e  nozzle f low impinging on p l a t e .  
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-Throat  d i a .  .43 c m  

2-85 

'1 I-- 19.7 cm d i a .  

Figure 55.- 7-Nozzle c l u s t e r ,  a r e a  r a t i o  20: 1 t e s t e d  a t  mc ,wi th  cold-gas, 
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Figure 56a.-Axial variation of 7 nozzle configuration impingement pressures; 
MMC cold-ga 

20" cant 10' cant 
Figure 56b.- Photograph of seven nozzle flow for 10' and 20' cant angles; 

MMC cold-gas tests. 107 



Throat  d i a  . Throat  d i a .  .079 c m  
16-places  

A l l  nozzles  open f o r  v e r s i o n  1. 
Shaded nozz les  plugged f o r  v e r s i o n  2 .  

F i g u r e  57.- Thrus t  p l a t e  nozz le  t e s t e d  a t  t h e  MMC CFL, 
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Version 1, d = 5.08 .cm 
eq 

--- Version 2, d = 4.31 cm 
eq 

----- --- I I 
I I I I I 

20 30 40 n 10 

Figure 5ga=-Axial variation of thrust plate impingement pressures; MMC cold gas tests. I 

Figure 58b.- Photograph of version 2 thrust plate nozzle flow; MMC cold-gas tests. 
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Figure 59. - Axial variation of 24-nozzle configuration impingement 
pressures; WSTF Phase 11, test 1 1 A .  
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Figure 6 1 ~ A x i a l  variation of 18 (24. - mod 2)-nozzle configuration impingement 

pressures; WSTF Phase 11, test 11E. 
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Figure 63.-Axial variation of multiple 2-dimensional nozzles and annular 
nozzle impingement pressures; WSTF Phase 11, tests 11G, 11H. 
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Figure 64,-Axial variation of fluted nozzle configuration impingement pressures; 

WSTF Phase 11, test 111. 
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Figure 66.-Axial variation of fluted (mod 1) nozzle configuration impingement 

pressures; WSTF Phase 11, test. llJ. 
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Figure 68,-Axial variation of 18-nozzle configuration impingement pressures; 
WSTF Phase 11, test 11K. 
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Figure 70.-Axial v a r i a t i o n  of 18-nozzle c o n f i g u r a t i o n  p i t o t  p r e s s u r e ;  
WSTF Phase 11, t e s t  29. 
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Legend a Locat ion  and s o i l  d e n s i t y  i n  ki lograms per  
cub ic  meter  

* Pos t  t e s t  measurements when d i - f f e r e n t  from 

' 

i n i t i a l  v a l u e s  

F igure  76.- S o i l  bed d e n s i t y  f o r  WSTF Phase 11, t e s t  12E. 
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Legend 

0 Locat ion  and s o i l  d e n s i t y  i n  ki lograms per 
cub ic  meter 

Figure  85.- S o i l  bed d e n s i t y  for WSTF Phase 11, t e s t  12F, 
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14 6 

Figure  87.- View of mul t i l aye r  co lo red  s o i l  s t r i p  i n  t e s t  
s ec t ion ing .  
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Figure 90.- Comparison of viscous erosion theory and t e s t  r e s u l t s  on lunar 
nominal s o i l  model !WSTF Phase I1 - t e s t  12E). 
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Figure 91.- Comparison of viscous erosion theory and t e s t  r e s u l t s  on dune 
sand s o i l  model (WSTF phase I1 - t e s t  12F). 
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Figure 92.-Variation of viscous erosion c r a t e r  depth with a l t i t u d e .  
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Figure 93.- E f fec t  of descent v e l o c i t y  on viscous erosion under Martian 
gravity.  
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Figure 94.- Contour map of -2  m erosion area for  t e s t s  12A, 12C, 12D, 12E, 
conducted i n  lunar nominal (hazen) model. 
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Figure 95.- Contour map of -2 mm eros ion  area f o r  t e s t s  12F, 12G, and 12H 
conducted i n  vo lcan ic  dune sand model. 
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Figure  97.- F l i g h t  weight terminal  descen t  engine wi th  18 nozz les ,  
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