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An e x p e r i m e n t a l  i n v e s t i g a t i o n  was performed under NASA C o n t r a c t  NAS3-21977 
t o  s t u d y  scale-model f u e l  h e a t i n g  sys tems  f o r  use  wi th  a v i a t i o n  hydrocarbon 
f u e l  a t  low t e m p e r a t u r e s ,  The p r i n c i p a l  o b j e c t i v e  was t o  e v a l u a t e  t h e  
e f f e c t i v e n e s s  o f  t h e  h e a t i n g  sys tems  i n  p r o v i d i n g  f l o w a b i l i t y  and 
p u m p a b i l i t y  o f  f u e l s  a t  ext reme low t e m p e r a t u r e s  when some f r e e z i n g  o f  t h e  
f u e l  would o t h e r w i s e  o c c u r ,  b y  performing tests i n  a  f a c i l i t y  t h a t  
s i m u l a t e d  t h e  h e a t  t r a n s f e r  and t e m p e r a t u r e  p r o f i l e s  a n t i c i p a t e d  i n  wing 
f u e l  t a n k s  d u r i n g  f l i g h t  o f  long-range commercial a i r c r a f t ,  

A t e s t  t a n k  s i m u l a t i n g  a  s e c t i o n  o f  a n  o u t e r  wing i n t e g r a l  f u e l  t a n k  
a p p r o x i m a t e l y  f u l l - s c a l e  i n  h e i g h t ,  had been d e s i g n e d ,  f a b r i c a t e d ,  and 
t e s t e d  d u r i n g  a  p reced ing  i n v e s t i g a t i o n  performed under NASA C o n t r a c t  
NAS3-20814 t o  s t u d y  t h e  behav io r  o f  f u e l s  a t  low t e m p e r a t u r e s  n e a r  t h e  
f r e e z i n g  p o i n t .  I n t e r n a l  t a n k  c o n s t r u c t i o n  i n c l u d e d  upper and lower  
s t r i n g e r s ,  scavenging e j e c t o r s ,  pump i n l e t  s u r g e  box,  and o t h e r  d e t a i l s  
c o r r e s p o n d i n g  t o  an a i r p l a n e  wing t a n k  c o n s t r u c t i o n ,  The tes t  t a n k  was 
c h i l l e d  th rough  h e a t  exchange p a n e l s  bonded t o  t h e  upper and lower 
h o r i  zon t a l  s u r  f a c e s ,  

A d d i t i o n a l  equipment was s u p p l i e d  t o  t h e  test  t a n k  t o  h e a t  MIL-L-23699 
l u b r i c a t i n g  o i l  e x t e r n a l l y  b y  a  c o n t r o l l a b l e  e l e c t r i c  h e a t e r ,  t h e n  t r a n s f e r  
t h e  h e a t  t o  f u e l  pumped from t h e  test  t a n k  t h r o u g h  an o i l - t o - f u e l  h e a t  
exchanger ,  and r e c i r c u l a t e  t h e  h e a t e d  f u e l  back t o  t h e  t e s t  t a n k .  

0 Four f u e l s  were used i n  t h i s  s t u d y ,  w i t h  f r e e z i n g  p o i n t s  r a n g i n g  from -46 
t o  -26'~. F u e l s  i n c l u d e d  a  commercial J e t  A and a  p a r a f f i n i c  d i s t i l l a t e  
used d u r i n g  t h e  p r e v i o u s  program. 

B a s e l i n e  co ld  f u e l  t e s t s  t o  i d e n t i f y  p a r t i a l  f r e e z i n g  o r  "holdupn 
c h a r a c t e r i s t i c s  were conducted by c h i l l i n g  t h e  t a n k  s k i n s  t o  a  n e a r l y  
c o n s t a n t  t e m p e r a t u r e .  A f t e r  t h e  f u e l  had reached a  d e s i r e d  t e m p e r a t u r e ,  it 
was withdrawn from t h e  t a n k  b y  g r a v i t y  f l o w  t o  t h e  b o o s t  pump. The 
accumula t ion  o f  s o l i d  p a r t i c l e s  r emain ing  a t  t h e  bottom o f  t h e  t a n k  a f t e r  
t h e  l i q u i d  was withdrawn, was d e f i n e d  a s  ho ldup ,  

Repeat t e s t s  i n d i c a t e d  t h a t  re-use  o f  f u e l  r e c o n s t i t u t e d  by  m e l t i n g  and 
b l e n d i n g  t h e  f r o z e n  holdup d i d  n o t  a f f e c t  test  r e s u l t s ,  

Heat ing and r e c i r c u l a t i n g  t h e  f u e l  had a  l a r g e ,  p r e d i c t a b l e  r e s u l t  on 
t e m p e r a t u r e  o f  t h e  b u l k  f u e l ,  and had a  r e l a t i v e l y  s m a l l  e f f e c t  on 
t e m p e r a t u r e  o f  t h e  f u e l  boundary l a y e r  nea r  t h e  bottom o f  t h e  t a n k .  I n  
t h i s  r e s p e c t ,  f u e l  h e a t i n g  had a  measurab le  b u t  s m a l l  i n f l u e n c e  i n  r e d u c i n g  
g r a v i t y  holdup.  Methods which i n c r e a s e d  p e n e t r a t i o n  o f  hea ted  f u e l  i n t o  
t h e  bottom boundary l a y e r  i n c r e a s e d  t h e  c a p a b i l i t y  f o r  r educ ing  ho ldup ,  
Cont inuous  r e c i r c u l a t i o n  d u r i n g  h e a t i n g ,  and low r e - e n t r y  o f  hea ted  f u e l  
i n t o  t h e  t e s t  t a n k  were demons t rab le  improvem,ents, Continuous high-power 
f u e l  h e a t i n g  i n  c o n j u n c t i o n  w i t h  a  s i m u l a t e d  ext reme h o t  day  f l i g h t  
c o n d i t i o n  d i d  n o t  r e s u l t  i n  e x c e s s i v e  f u e l  t e m p e r a t u r e ,  

C o r r e l a t i o n  o f  ho ldup  based on a  s p e c i f i c  boundary l a y e r  t e m p e r a t u r e  was 
g e n e r a l l y  a p p l i c a b l e  f o r  tests w i t h  hea ted  f u e l ,  a s  well a s  w i t h  non-heated 
f u e l  . 



T h i s  i n v e s t i g a t i o n  h a s  demonstra ted t h e  f e a s i b i l i t y  o f  t h e  f u e l  h e a t i n g  
c o n c e p t ,  h a s  d e f i n e d  a number o f  problems a s s o c i a t e d  wi th  d i s t r i b u t i o n  o f  
t h e  heated f u e l ,  and h a s  provided a t  l e a s t  p a r t i a l  s o l u t i o n s  t o  some o f  t h e  
problems. F u r t h e r  r e s e a r c h  and development should r e s u l t  i n  a d d i t i o n a l  
improvements. 



2.0 INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  a  s t u d y  performed by t h e  Lockheed- 
C a l i f o r n i a  Company under NASA C o n t r a c t  NAS3-21977, t i t l e d  "Exper imenta l  
E v a l u a t i o n  o f  Scale-Model Fuel  Heat ing Systemses. 

T h i s  e x p e r i m e n t a l  s t u d y  was des igned  t o  examine t h e  behav io r  and 
e f f e c t i v e n e s s  o f  scale-model f u e l  h e a t i n g  sys tems  i n  a  test  f a c i l i t y  
r e p r e s e n t a t i v e  o f  a  s e c t i o n  o f  a  commercial a i r c r a f t  wing f u e l  t a n k  
s u b j e c t e d  t o  a  low t e m p e r a t u r e  environment .  Pumpabi l i ty  o f  p r e s e n t  and 
h i g h e r - f r e e  z ing  p o i n t  f u e l s  were ev a 1  ua ted  under hea ted  and non-heated 
c o n d i t i o n s  a t  t a n k  t e m p e r a t u r e s  where some f r e e z i n g  o f  t h e  f u e l  would 
o t h e r w i s e  occur  . 
Limited and c o s t l y  c r u d e  o i l  s u p p l i e s  and s h i f t s  i n  competing p roduc t  
demands may make it advan tageous  t o  r e f i n e  jet f u e l s  wi th  b r o a d e r  b o i l i n g  
range  and c o m p o s i t i o n a l  t o l e r a n c e s .  These changes  v e r y  l i k e l y  may r a i s e  
t h e  f r e e z i n g  p o i n t  o f  t h e  j e t  f u e l  (Ref, 1  th rough  6). The ASTM-D 2386 
F r e e z i n g  P o i n t  o f  Avia t ion  F u e l s  t e s t  d e t e r m i n e s  a  t e m p e r a t u r e  a t  which 
s o l i d s  d i s a p p e a r ,  whi le  t h e  ASTM D-97 Pour P o i n t  o f  Petroleum O i l s  t e s t  
d e t e r m i n e s  a  t e m p e r a t u r e  a t  which t h e  f u e l  d o e s  n o t  f low when t h e  t e s t  
a p p a r a t u s  is  p o s i t i o n e d  h o r i z o n t a l l y  (Ref .  7 )  . In p r a c t i c e ,  t h e  d e s i r e d  
measurement i s  t h e  l o w e s t  t e m p e r a t u r e  a t  which t h e  f u e l  w i l l  f l o w  b y  
g r a v i t y ,  l e a v i n g  no s o l i d  r e s i d u e .  T h i s  t e m p e r a t u r e  is  between t h e  
t e m p e r a t u r e s  determined by t h e  two t e s t s .  F o r t u n a t e l y  f o r  a i r c r a f t  
o p e r a t i o n s ,  t h e  f r e e z e  p o i n t  test  a s s u r e s  some c o n s e r v a t i s m  r e l a t i v e  t o  t h e  
t e m p e r a t u r e  a t  which some o f  t h e  f u e l  becomes u n a v a i l a b l e  due to  
s o l i d i f i c a t i o n  , 

The p u m p a b i l i t y  and low t e m p e r a t u r e  behav io r  of jet f u e l s  have been s t u d i e d  
i n  t a n k  env i ronments  i n v o l v i n g  tests where f u e l  was c h i l l e d  s lowly  over  a  
p e r i o d  o f  many h o u r s  t o  m a i n t a i n  a  uniform t e m p e r a t u r e  w i t h i n  t h e  t a n k  
(Ref. 8, 9, 10) .  The f u e l  was t h e n  d i s c h a r g e d  from t h e  t a n k  t o  d e t e r m i n e  
t h e  f r a c t i o n  o f  ho ldup ,  o r  f r o z e n ,  unpurnpable f u e l .  Repeat t e s t s  a t  
s e v e r a l  t e m p e r a t u r e s  e s t a b l i s h e d  a  r e l a t i o n s h i p  o f  holdup a s  a  f u n c t i o n  o f  
t e m p e r a t u r e .  

The Lockheed-Cal i f o r n i a  Company, under NASA C o n t r a c t  NAS3-20814, conducted 
t e s t s  o f  t h e  low t e m p e r a t u r e  b e h a v i o r  o f  a v i a t i o n  t u r b i n e  f u e l s  under  
c o n d i t i o n s  more d i r e c t l y  a p p l i c a b l e  t o  commercial a i r p l a n e  wing t a n k  
environments .  Fuel  i n  a wing t a n k  model was s u b j e c t e d  t o  c h i l l i n g  by h e a t  
t r a n s f e r  des igned  t o  reproduce  t h e  t e m p e r a t u r e  g r a d i e n t s  encoun te red  i n  
f l i g h t .  R e s u l t s  o f  t h i s  s t u d y  provided c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  
cooldown c h a r a c t e r i s t i c s ,  p u m p a b i l i t y ,  and s o l i d  fo rmat ion  o f  a  v a r i e t y  o f  
s p e c i f i c a t i o n  and h i g h e r - f r e e z i n g  p o i n t  a v i a t i o n  f u e l s  (Ref. 11  and 12) .  

The Lockheed-Cal i fornia  s t u d i e s  conf i rm t h a t  f u e l  can be  c o m p l e t e l y  
d i s c h a r g e d  from t h e  t a n k  a t  t e m p e r a t u r e s  a t  o r  s l i g h t l y  below t h e  f r e e z i n g  
p o i n t .  I f  a  smal l  f r a c t i o n  o f  s o l i d  f u e l ,  o r  holdup,  can be  t o l e r a t e d ,  t h e  
u s e f u l  f low t e m p e r a t u r e  c a n  be f u r t h e r  d e c r e a s e d .  On t h e  o t h e r  hand,  t h e  
wing t a n k  t e m p e r a t u r e  g r a d i e n t s ,  r e s u l t i n g  from t h e  v e r y  c o l d  s k i n s  and low 
f u e l  t h e r m a l  c o n d u c t i v i t y ,  c a n  c a u s e  s m a l l  amounts o f  holdup under some 
c o n d i t i o n s  where t h e  b u l k  f u e l  t e m p e r a t u r e  is  above t h e  f r e e z i n g  p o i n t ,  



Complete f l o w a b i l i t y  o f  p r e s e n t  j e t  f u e l s  under ext reme c o l d  c o n d i t i o n s  and 
u s e  o f  p o t e n t i a l  h igher - f reez ing-po in t  f u e l s  would be  a s s u r e d  i f  t h e  wing 
t a n k  f u e l  were hea ted  i n  f l i g h t ,  Design and a n a l y t i c a l  work by  b e i n g  
(Ref ,  13) i d e n t i f i e d  f i v e  p o t e n t i a l  methods f o r  h e a t i n g  f u e l  i n  c u r r e n t  
a i r c r a f t  t y p e s ,  a s  w e l l  a s  a  l aminar  f l o w  wing concep t  whose s t r u c t u r e  
would f u r n i s h  the rmal  i n s u l a t i o n .  The s t u d i e s  i n d i c a t e d  t h a t  two methods ,  
h e a t i n g  wi th  e n g i n e  o i l  and h e a t i n g  e l e c t r i c a l l y  from a d d i t i o n a l  
engine-dr iven g e n e r a t o r s ,  were most p r a c t i c a l  and f e a s i b l e .  

The i n v e s t i g a t i o n  r e p o r t e d  h e r e i n  c o n t i n u e s  t h e  s t u d i e s  r e p o r t e d  i n  
Ref. 11. The wing t a n k  s i m u l a t o r  and c h i l l i n g  sys tem a p p a r a t u s  were 
r e t a i n e d ,  b u t  a  f u e l  h e a t i n g  system was i n c o r p o r a t e d  t o  r e p r e s e n t  
sca le -mode l  c o n c e p t s  o f  a n t i c i p a t e d  h e a t i n g  power a v a i l a b l e  from e n g i n e  o i l  
o r  from e l e c t r i c a l  h e a t i n g .  Knowledge ga ined  from t h i s  i n v e s t i g a t i o n  is  
i n t e n d e d  t o  b e  a p p l i c a b l e  t o  t h e  d e s i g n  o f  a i r b o r n e  f u e l  h e a t i n g  s y s t e m s ,  
shou ld  such  sys tems  b e  r e q u i r e d  i n  o r d e r  t o  use  h i g h e r  f r e e z i n g  p o i n t  f u e l s  
a t  ext reme low t e m p e r a t u r e s .  C r i t e r i a  developed d u r i n g  t h i s  s t u d y  should  
b e  a p p l i c a b l e  to  e x i s t i n g  j e t  f u e l s  and f o r  f u t u r e  f u e l s  such a s  migh t  be  
produced from raw m e t e r i a l s  o t h e r  t h a n  c r u d e  o i l ;  examples o f  such  
p o t e n t i a l  raw m a t e r i a l s  a r e  o i l  s h a l e ,  t a r  s a n d s ,  and c o a l .  

The g e n e r a l  scope  o f  t h i s  i n v e s t i g a t i o n  may be  summarized a s  fo1.low.s: 

o  Design t h e  f u e l  h e a t i n g  sys tems  and o t h e r  m o d i f i c a t i o n s  t o  t h e  
e x i s t i n g  scale-model f u e l  t a n k  and r e l a t e d  a p p a r a t u s .  

o  P rocure  J e t  A ,  i n t e r m e d i a t e  f r e e z e  p o i n t ,  and h i g h  f r e e z e  p o i n t  t e s t  
f u e l s ,  and c h a r a c t e r i z e  them i n  terms o f  e s t a b l i s h e d  tes t  methods.  

o  Determine t h e  f r e e z i n g  c h a r a c t e r i s t i c s  o r  "cold  f u e l  holdupw o f  
t h e s e  f u e l s  a s  b a s e l i n e  d a t a .  

o  Perform t e s t s  us ing  low-power f u e l  h e a t i n g  and high-power f u e l  
h e a t i n g  f o r  s i m u l a t e d  ext reme c o l d  d a y  and extreme h o t  day  f l i g h t s .  

o  Obta in  d e s c r i p t i o n s  and pho tograph ic  r e c o r d s  o f  i m p o r t a n t  phenomena. 

o  Compare holdup c h a r a c t e r i s t i c s  o f  h e a t e d  and non-heated f u e l s .  
Determine e f f e c t s  of  r a t e -o f -hea t  a d d i t i o n  and d e g r e e  o f  mixing o f  
r e c i r c u l a t e d  f u e l .  

o  Determine whether adverse '  effects can  r e s u l t  from o p e r a t i n g  t h e  
high-power h e a t i n g  sys tem under h o t  day  c o n d i t i o n s .  

o  Recommend f u t u r e  r e s e a r c h ,  s t a n d a r d s ,  o r  p r a c t i c a l  a p p l i c a t i o n s  
r e s u l t i n g  from t h i s  s t u d y .  

T h i s  r e p o r t  i n c l u d e s  a  d e s c r i p t i o n  o f  t h e  t e s t  a p p a r a t u s  and p r o c e d u r e s ,  
and s e l e c t e d  t e m p e r a t u r e  and pho tograph ic  d a t a .  The s i g n i f i c a n c e  and 
t r e n d s  o f  t h e  r e s u l t s  a r e  d i s c u s s e d .  



3.0 APPARATUS 

TEST CELL 

Experiments with t h e  test  tank  were performed a t  t h e  Rye Canyon Research 
Center o f  t h e  Lockheed-California Companyq s Engineering Labora tor ies ,  The 
t e s t  c e l l ,  l oca t ed  a t  t h e  e a s t  end of Building 209, measures approximately 
3.4 me te r s  ( I  I  f e e t )  by 4.6 me te r s  ( 1  5 f e e t ) .  A l a r g e  window permi ts  
obse rve r s  t o  view t h e  t e s t  c e l l  from t h e  main b u i l d i n g ,  

3 - 2  TANK CONSTR UCTIOM 

Configurat ion o f  t h e  t e s t  t ank ,  which was a l s o  used i n  t h e  previous s t u d i e s  
(Ref,  I I ) ,  was designed t o  s imula te  a  po r t i on  o f  an o u t e r  wing f u e l  tank o f  
a  modern commercial jet a i r c r a f t ,  I n t e r i o r  dimensions o f  t h e  tank  a r e  50.8 
c e n t i m e t e r s  (20 inches)  h igh ,  50.8 c e n t i m e t e r s  (20 inches)  wide, and 76.2 
cen t ime te r s  (30  inches )  long ,  

The tank  was f a b r i c a t e d  from 6061-T6 aluminum a l l o y  s h e e t ,  3.2 mm (0.12 
inch)  t h i c k  fo r  t h e  upper and lower s u r f a c e s ,  and 4.8 mm (0.19 inch)  t h i c k  
f o r  t h e  v e r t i c a l  wal l s .  The lower s u r f a c e  was s t i f f e n e d  by modified 
I - sec t ion  aluminum a l l o y  s t r i n g e r s ,  57 mm (2.40 inches)  high. The upper 
s u r f a c e  Z-section s t r i n g e r s  were 71 mm (2.80 inches )  high.  An open "surge 
boxw, 127 mm (5.0 inches)  h igh ,  i n  a  corner  between a  v e r t i c a l  wal l  and a  
s t r i n g e r ,  surrounded t h e  bottom f u e l  e x i t .  A sma l l ,  free-swinging 
qqflapperf l  check va lve  i n s t a l l e d  i n  one s i d e  o f  t h e  su rge  box permit ted f u e l  
t o  e n t e r  t h e  surge box from t h e  bay between t h e  s t r i n g e r  and the  v e r t i c a l  
wal l .  Figure 1  is a  plan view ske t ch  o f  t h e  tes t  t ank ,  showing t h e  bottom 
s t r i n g e r s ,  obse rva t ion  windows, and f u e l  plumbing. The longer  dimension, 
p a r a l l e l  t o  t h e  s t r i n g e r s ,  is spanwise with r e s p e c t  t o  t h e  a i r g l a n e  wing 
c o n s t r u c t i o n .  The tank  was mounted with t h i s  dimension a t  a  4  ang le  t o  
t h e  h o r i z o n t a l ,  with t h e  surge  box a t  t h e  low end, t o  s imula te  a i r p l a n e  
wing d i h e d r a l .  Figure 2  i s  a  c ross -sec t ion  of t h e  t e s t  tank.  

Assembly o f  t h e  tank  was accomplished p r i m a r i l y  by r i v e t i n g ,  b u t  one end o f  
t h e  tank  was removable. The tank  was sea led  with f u e l  t ank  s e a l a n t ,  and 
t h e  i n t e r i o r  was painted with a  urethane an t i -cor ros ion  coa t ing  a s  used on 
t h e  L-1011 a i r p l a n e ,  

Figure 3  i s  a  photograph o f  t h e  p a r t i a l l y  f i n i s h e d  test  t ank ,  showing t h e  
i n t e r n a l  cons t ruc t ion  and t h e  rods  used f o r  thermocouple suppor t .  The 
photograph shows t h e  c u t o u t s  f o r  t h e  r ec t angu la r  viewing window a t  t h e  
surge  box end,  and t h e  c i r c u l a r  s i d e  windows. Viewing windows had a  double  
pane c o n s t r u c t i o n ,  with t h e  space between t h e  panes evacuated t o  prevent  
mois ture  condensat ion and improve i n s u l a t i o n .  F igure  4  is a  c loseup  o f  t h e  
i n t e r i o r  o f  t h e  tank ,  viewed through a  window. 

3.3 FUEL SYSTEM 

Fuel ex i t ed  from t h e  tank  through a  48.3 mi l l ime te r  (1.90 inch )  diameter  
opening i n  t h e  bottom o f  t h e  tank  a t  t h e  corner  o f  t h e  surge  box 
(F igu re  1 ) .  Over t h i s  opening was an aluminum d i s c  per fora ted  with 
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6.4 millimeter (0.25 inch)  diameter  h o l e s ,  An aluminum t u b e ,  t ape r ing  from 
50.8 m i l l i m e t e r s  ( 2 - 0 0  inches )  o u t s i d e  diameter  a t  t h e  tank  t o  31.8 
m i l l i m e t e r s  (1.25 inches)  d iameter ,  connected t h e  b e s t  t ank  t o  a  smal l  
chamber housing an a i r c r a f t - t y p e  24 v o l t  d i r e c t  c u r r e n t  boost  pump (F igu re  
5 ) .  This  i s  a  c e n t r i f u g a l  pump used on e a r l y  jet f i g h t e r s  and was s e l e c t e d  
f o r  i t s  r e l a t i v e l y  small  power requirements  o f  approximately 360 w a t t s ,  
thereby  minimi zing hea t  r e j e c t i o n  t o  t h e  f u e l ,  (By comparison, one L-1011 
f u e l  boost  pump is almost 10 t imes  t h a t  power ,) The pump assembly 
incorpora ted  a  l a r g e  a r e a  8-mesh screen surrounding t h e  impel ler  i n l e t .  
The dome around t h e  pump motor i n h i b i t s  f u e l  c i r c u l a t i o n  and minimizes h e a t  
r e j e c t i o n  t o  t h e  f u e l .  The pump d ischarged  i n t o  a  l i n e  o f  12.7 millimeters 
(0.50 inch )  o u t s i d e  d iameter .  This l i n e  branched in  one d i r e c t i o n  t o  
supply  motive flow through a  c o n t r o l  va lve  t o  two small  e j e c t o r s ,  o r  j e t  
pumps, which could suck f u e l  from two o f  t h e  bays formed by t h e  bottom 
s t r i n g e r s .  These e j e c t o r s  discharged i n t o  t h e  surge  box. A branch and 
s h u t o f f  va lve  i n  t h e  o t h e r  d i r e c t i o n  would permit f u e l  to be pumped e i t h e r  
i n t o  o r  o u t  o f  t h e  tank.  A tee and va lve  i n  t h i s  branch con t ro l l ed  f u e l  
flow t o  t h e  hea t  exchanger,  Adjacent t o  t he  tank  t h e  l i n e  s i z e  was 
increased  t o  31.8 m i l l i m e t e r s  (1.25 inches)  o u t s i d e  d iameter .  A t e e  i n  
t h i s  l i n e  allowed f u e l  to r e c i r c u l a t e  i n t o  t h e  tank through a  per fora ted  
t ube  extending a c r o s s  t h e  t ank ,  and was a l s o  connected t o  a  s tandpipe  which 
served a s  a  d i p s t i c k  w e l l ,  o r  a s  a  manual f i l l e r ;  i t  was capped during 
t e s t i n g .  F i l l i n g  o f  t h e  tes t  tank  usua l ly  was accomplished by pumping f u e l  
through t h e  pe r fo ra t ed  r e c i r c u l a t i o n  r e t u r n  tube  i n  t h e  tank .  

The tank was vented through a  12.7 mi l l ime te r  (0.50 inch)  tube  p e n e t r a t i n g  
t h e  test t ank  v e r t i c a l  wal l  a s  h igh  a s  p o s s i b l e  near t h e  removable end 
panel.  A d e s i c c a n t  chamber prevented t h e  e n t r y  o f  atmospheric mois ture  
dur ing  chi l ldown,  

Nearly a l l  l i q u i d  f u e l  could be discharged by means o f  t h e  boos t  pump and 
e j e c t o r s .  Addi t iona l  d r a inage  o f  small  q u a n t i t i e s  o f  trapped f u e l ,  o r  
t o t a l  f l u s h i n g ,  could be accomplished by small  d r a i n s  i n s t a l l e d  i n  each bay , 

between t h e  bottom s t r i n g e r s .  

3 ,4  COOLING SYSTEM 

Since t h e  test  tank  s imulated a  po r t i on  o f  an a i r c r a f t  f u e l  t ank ,  t h e  upper 
and lower s u r f a c e s  represen ted  wing s k i n s  and were provided with cool ing  
pane ls  t o  s imula te  i n - f l i g h t  hea t  t r a n s f e r  t o  t h e  atmosphere. Each panel  
cons i s t ed  o f  a  f l a t  s t a i n l e s s  s t e e l  p l a t e  50.8 cen t ime te r s  ( 2 0  inches )  by 
76.2 c e n t i m e t e r s  (30 inches)  t o  which was spot-welded another  s t a i n l e s s  
s t e e l  p l a t e  which had been embossed t o  provide a  s e rpen t ine  passage fo r  t h e  
coo lan t  flow. The pane ls  were bonded t o  t h e  tank  s h e l l  with a  s p e c i a l  
thermally-conduct ive cement. 

The coo lan t  system cons i s t ed  of  a  r e s e r v o i r  of  methanol which was c h i l l e d  
by l i q u i d  carbon d iox ide .  I n  t u r n ,  t h e  methanol was c i r c u l a t e d  t o  t h e  h e a t  
exchange pane l s  by a  c e n t r i f u g a l  pump (F igu re  6 ) .  The flow o f  r e f r i g e r a t e d  
methanol was d iv ided  j u s t  o u t s i d e  t h e  test  tank  t o  supply t h e  upper and 
lower cool ing  pane ls  s imul taneous ly  through l i n e s  o f  equal  l eng th .  
Solenoid v a l v e s  and manual va lves  were i n s t a l l e d  t o  provide t h r o t t l i n g  o f  
t h e  coo lan t  f low and t o  a l t e r  t he  d i s t r i b u t i o n  a s  requi red  t o  achieve 
approximately equa l  t empera tures  on t h e  upper and lower s u r f a c e s .  
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In su l a t i on  was provided for  t h e  test t ank  t o  a s s u r e  t h a t  hea t  transfer* was 
confined t o  t h e  t o p  and bottom c h i l l i n g  su r f aces .  F i b e r g l a s s  b a t t i n g  was 
used t o  f i l l  small  vo ids ,  and over t h e  e n t i r e  t ank ,  b locks  o f  s o l i d  
urethane foam 76 m i l l i m e t e r s  ( 3 - 0  i nches )  t h i c k  were pos i t ioned  (F igu re  7 ) .  
A l l  e x t e r n a l  l i n e s ,  and t h e  boost  pump chamber, were i n s u l a t e d  by 
app rop r i a t e  combinations o f  f i b e r g l a s s  b a t t i n g ,  u re thane  foam and 
pre-formed foam rubber t ub ing  j acke t s .  During t e s t i n g ,  t h e  tank had an 
a d d i t i o n a l  covering o f  a l i g h t  b lanke t  of i n s u l a t i n g  paper bonded t o  
f l e x i b l e  aluminum f o i l  which acted a s  a vapor b a r r i e r  t o  i n h i b i t  
condensat ion o f  atmospheric mois ture .  

3.5 INSTRUMENTATION AND DATA ACQUISITION 

An a r r a y  o f  55 thermocouples was used t o  sense temperatures  i n s i d e  t h e  test  
t ank .  Thermocouples were f a b r i c a t e d  from copper-constantan wire , and 
a t tached  t o  f i v e  v e r t i c a l  rod suppor t s  i n s i d e  t h e  test  tank.  The beads o f  
t h e  thermocouples pro jec ted  approximately 13 m i l l i m e t e r s  (0 .5  inch)  from 
t h e  rods.  Wire bundles  from t h e  t ops  o f  t h e  rods  were gathered t o  pass  
through a common pene t r a t i on  near t he  t o p  o f  t h e  t e s t  t ank ,  a f t e r  which a 
s e a l a n t  was appl ied  a t  t h e  pene t r a t i on  t o  prevent  f u e l  leakage.  

Figure 8 i l l u s t r a t e s  t h e  arrangement o f  t h e s e  thermocouples i n s i d e  t h e  test  
tank.  A s  shown, t h e r e  were t h r e e  thermocouple r acks  with 12 thermocouples 
each ,  two with seven thermocouples each ,  and f i v e  a d d i t i o n a l  sk in  
thermocouples. The i d e n t i f i c a t i o n  and l o c a t i o n  o f  each thermocouple i s  
l i s t e d  i n  Table 1. Although on ly  minor r e l o c a t i o n s  o f  thermocouples from 
those  used f o r  t h e  previous work r epo r t ed  i n  Ref. 11  a r e  shown, t h e  a c t u a l  
thermocouples were r e b u i l t  and r e c a l i b r a t e d  f o r  t he se  t e s t s .  

Ca l ibra ted  v e n t u r i s  were used t o  measure f u e l  flow r a t e s  i n  t h e  hea t ing  
system and i n  t h e  tank  out f low l i n e .  The v e n t u r i  d i f f e r e n t i a l  p r e s su re  
p o r t s  were connected t o  d i f f e r e n t i a l  p r e s su re  gauges f o r  v i s u a l  r e f e r e n c e ,  
a s  wel l  a s  t o  d i f f e r e n t i a l  p r e s su re  t r ansduce r s  whose ou tput  was recorded 
on t h e  d a t a  a c q u i s i t i o n  system. O i l  f low r a t e  was measured with a t u r b i n e  
flowmeter t r a n s m i t t e r .  

An automatic  d a t a  record ing  system was a v a i l a b l e  t o  acqu i r e  temperature  and 
flow r a t e  d a t a ,  This  system was compatible with t h e  c e n t r a l  d a t a  system a t  
t h e  Rye Canyon Research Center ,  so  t h a t  t a b u l a t i o n s  o f  test  d a t a  could be 
produced by computer. An example o f  t h e  t abu la t ed  computer p r i n t o u t  o f  
t empera tures  i s  shown i n  Figure 9 ,  which reproduces a por t ion  o f  t h e  
l i s t i n g  f o r  Test  101. Channels 016, 032, and 048 were reserved a s  
r e f e r ences  t o  monitor equipment temperatures .  Hence, s t a r t i n g  with 
channel  16, channel numbers shown a s  CHOXX on t h e  p r i n t o u t  do no t  
correspond t o  thermocouple numbers, shown a s  CXX on t h e  p r i n t o u t .  

Test  d a t a  was a l s o  acquired by means o t h e r  than t h e  automatic  system. 
Coolant temperature  was monitored on a s t r i p  c h a r t  whose pens i nd i ca t ed  
temperatures  a t  t h e  r e s e r v o i r  and a t  t h e  i n l e t  t o  t h e  t e s t  tank cool ing  
pane ls .  Fuel d i s cha rge  q u a n t i t y  was measured by weighing f u e l  on a 
platform s c a l e  o f  227 kilograms (500 pounds) capac i ty .  (3n t h e  s c a l e  
p la t form,  a c lean  drum was pos i t ioned  t o  conta in  f u e l  pumped or  drained 
from t h e  tank .  Fuel boost  pump p re s su re  was observed v i s u a l l y  and recorded 
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FIGURE 8 - ARRANGEMENT OF THERMOCOUPLES 
IN FUEL TEST TANK 



TABLE 1 

THERMOCOUPLE LOCATIONS INSIDE TEST TANK 

Height Above Bottom Thermocouple Designat ions 
Cm . In .  Rack 1 Rack 2 Rack 3 Rack 4 Rack 5 

Thermocouples 51, 52, and 53 a r e  centered  on v e r t i c a l  panels .  

Thermocouples 54 and 55 a r e  l oca t ed  on t h e  upper sk in .  

Thermocouples 56 and 57, f u e l  i n t o  and out  of t h e  h e a t  exchanger. 

Thermocouples 58 and 59, o i l  i n t o  and out  of t h e  hea t  exchanger. 

Thermocouples 60 and 61, c i r c u l a t i n g  f u e l  i n ' a n d  out  of t e s t  tank.  

* Relocated from previous  t e s t  program. (Ref. 11)  
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manually a s  requi red .  Q u a l i t a t i v e  obse rva t ions  o f  t h e  n a t u r e  o f  t h e  s o l i d  
f u e l  bui ldup i n  t h e  tank  and o the r  remarks were recorded i n  a  permanent 
notebook f o r  each tes t ,  Photography provided b lack  and white p r i n t s  and 
c o l o r  s l i d e s .  

3.6 FUEL HEATING SYSTEM 

Fuel was heated by c i r c u l a t i o n  through t h e  t u b e s  o f  a  shell-and-tube hea t  
exchanger,  using MIL-L-23699 s y n t h e t i c  base ,  a v i a t i o n  t u r b i n e  engine 
l u b r i c a t i n g  o i l  a s  t h e  h e a t  t r a n s p o r t  f l u i d .  Figure 10 i s  a  schematic 
i l l u s t r a t i n g  t he  p r i n c i p a l  f e a t u r e s  o f  t h e  system. 

Fuel was pumped from t h e  tes t  tank  by t h e  boost  pump a t  a  c o n t r o l l e d  flow 
r a t e ,  through t h e  hea t  exchanger,  and was re turned  t o  t h e  test tank  through 
t h e  pe r fo ra t ed  r e c i r c u l a t i o n  d i s t r i b u t o r  tube  shown i n  Figures  1  through 3, 

The l u b r i c a t i n g  o i l  t r a n s p o r t  f l u i d  was pumped a t  a  con t ro l l ed  r a t e  through 
an e l e c t r i c  immersion hea t e r  assembly, through t h e  s h e l l  o f  t h e  h e a t  
exchanger,  and re turned  t o  t he  pump i n l e t .  A smal l  makeup tank  ( n o t  shown 
on t h e  schematic)  was teed  i n t o  t h e  system t o  accommodate v o l m e  changes 
due t o  temperature .  Heat input  t o  t h e  t r a n s p o r t  f l u i d  was c o n t r o l l e d  by 
varying t h e  vo l t age  appl ied  t o  t h e  hea t e r  u n t i l  a  wattage meter i nd i ca t ed  
t h e  d e s i r e d  nominal hea t ing  r a t e ;  maximum c a p a b i l i t y  o f  t h e  hea t e r  was 1500 
wat t s .  





4.0 TESTING PROCEDURES 

A gene ra l i zed  procedure f o r  conducting tests is  i temized below, followed by 
d e t a i l s  p e r t i n e n t  t o  t h e  t y p e s  o f  tests. 

o  Load f u e l  i n t o  t h e  t e s t  t ank  u n t i l  l i q u i d  appears  i n  t h e  vent  tube  
t o  i n s u r e  a  completely f i l l e d  tank  du r ing  chi l ldown.  

o  Check t h a t  t h e  coo lan t  i n  t h e  r e s e r v o i r  has  been c h i l l e d  t o  t h e  
temperature  requi red  t o  per form t h e  test .  

o  S t a r t  t h e  d a t a  a c q u i s i t i o n  system. 

o  S t a r t  t h e  coo lan t  c i r c u l a t i o n  system. 

o  Control  t h e  t e m p e r a t u ~ e  o f  t h e  lower and upper pane ls  o f  t h e  t e s t  
t ank  according t o  t h e  schedule  app rop r i a t e  fo r  t h e  n a t u r e  o f  t h e  
tes t .  

o  For t e s t s  r e q u i r i n g  h e a t i n g ,  i n i t i a t e  f u e l  hea t ing  a t  t he  time o r  
temperature  cond i t i on  s e l e c t e d  f o r  t h e  test ,  ( I n  most c a s e s  t h e  
hea t  t r a n s f e r  f l u i d  was heated p r i o r  to  i n i t i a t i n g  f u e l  flow through 
t h e  h e a t  exchanger . ) 

o Record d a t a  a t  nominal s i x  minute i n t e r v a l s  f o r  t he  f i r s t  
30 minutes ,  then a t  nominal 30 minute i n t e r v a l s  t h e r e a f t e r ,  wi th  
a d d i t i o n a l  s cans  a t  i n i t i a t i o n  o f  hea t ing  and pumpout. 

o  Continue t e s t  u n t i l  a  s p e c i f i e d  f u e l  temperature  i s  a t t a i n e d  fo r  
cold f u e l  holdup tests, o r  u n t i l  a  scheduled time period is 
completed. 

o  Pump o u t  t h e  f u e l  i n  t h e  tank  a t  n ine  t o  t e n  l i t e r s  per minute 
( 5 %  o f  tank  c a p a c i t y  per minute) .  A s  t h e  f u e l  l e v e l  r ecedes  t o  t h e  
t o p  o f  t h e  lower s t r i n g e r s ,  ene rg i ze  t h e  e j e c t o r s  t o  scavenge f u e l  
from t h e  bays between s t r i n g e r s .  Record test  d a t a  a t  i n i t i a t i o n  o f  
pumpout and a t  one o r  more p o i n t s  p r i o r  t o  becoming empty. 

o  Manually record obse rva t ions  o f  t ank  appearance,  photograph t h e  tank  
i n t e r i o r  when holdup i s  ev iden t .  

o  Determine t h e  weight percent  o f  holdup. 

4.1 COLD FUEL HOLDUP TESTS 

These t e s t s  were performed with no r e c i r c u l a t i o n  or  hea t ing  o f  f u e l  t o  
o b t a i n  a  range o f  low temperature  holdup measurements analogous t o  those  
repor ted  i n  Ref. 11, A t  t h e  app rop r i a t e  time o r  temperature  t h e  f u e l  was 
pumped out  and weighed. The q u a n t i t y  by weight which d id  no t  flow by  
g r a v i t y  t o  t h e  boost  pump c o n s t i t u t e d  t h e  g r a v i t y  holdup. These tests were 
used t o  c h a r a c t e r i z e  t h e  low temperature  behavior  o f  each f u e l  and a l s o ,  i n  
t h e  c a s e  of  t h e  J e t  A f u e l ,  t o  determine r e p r o d u c i b i l i t y  o f  r e s u l t s  from 
d u p l i c a t e  tests. 



4.2 LOW-POWER HEATING TESTS 

During t h e  chi l ldown tes t ,  f u e l  was r e c i r c u l a t e d  by t h e  boos t  pump through 
t h e  f u e l  hea t ing  system hea t  exchanger,  and re turned  t o  t h e  t e s t  t ank  
through t h e  per fora ted  d i s t r i b u t o r  tube.  Heating was regula ted  a t  a  
nominal r a t e  o f  300 wa t t s  t o  t h e  l u b r i c a t i n g  o i l  t r a n s p o r t  f l u i d  
( 2  watts/KG o f  tank  capac i ty )  . This simulated t h e  limited-power hea t ing  
a v a i l a b l e  from an engine l u b r i c a t i n g  o i l  hea t  exchanger used t o  hea t  t h e  
wing tank  (Re f ,  13) .  Heating was i n i t i a t e d  when t h e  thermocouple a t  
10.2 c e n t i m e t e r s  above t h g  bottom o f  t h e  t ank ,  r e p r e s e n t a t i v e  o f  bu lk  f u e l  
t empera ture ,  r e g i s t e r e d  8 C above t h e  f r e e z e  p i n t  o f  t h e  f u e l .  For some 
t e s t s ,  hea t ing  was i n i t i a t e d  one hour a f t e r  s t a r t  o f  t h e  tes t ,  a t  higher  
f u e l  temperatures .  The heated f u e l  r e c i r c u l a t i o n  r a t e  was approximately 
3 l i t e r s  per minute ( 1.5% o f  tank  c a p a c i t y  per minute) ,  and t h e  h e a t  
t r a n s p o r t  f l u i d  flow r a t e  was approximately 3.8 l i t e r s  per minute. 

In c o n t r a s t  t o  t h e  cold f u e l  holdup t e s t s ,  which used a  cons t an t  t ank  inner  
s u r f a c e  tempera ture ,  hea t ing  t e s t s  were conducted with v a r i a b l e  s u r f a c e  
temperatures ,  Figure 11 shows t h e  time-temperature schedules  o f  s u r f a c e  
tempera tures  used i n  t h e  va r ious  t e s t s .  Schedules f o r  t he  extreme co ld  day 
and t h e  extreme hot  day were based on a  one-day-per-year (0.3%) p r o b a b i l i t y  
(Ref .  14).  Schedule f o r  t he  s tandard  day was based on a  median p r o b a b i l i t y  
(Ref. 15) .  Surface temperatures  fo r  t h e  t h r e e  schedules  were c a l c u l a t e d  
f o r  90% ram recovery a t  0.80 Mach f l i g h t  speed a t  a l t i t u d e s  from 10.7 t o  
11.9 Km (35,000 t o  39,000 f t . ) .  The extreme cold day schedule  
corresponding t o  t h a t  o f  Ref. 14 was modified a s  shown i n  Figure 11 f o r  
b e t t e r  c o n t r o l  o f  bu lk  temperature  chi l ldown conforming t o  previous tests 
on t h e  tank  (Ref .  11) .  Except f o r  long du ra t i on  and scheduled withdrawal,  
tests were terminated a t  about seven hours  t o  e l imina t e  t h e  warming po r t i on  
o f  t h e  schedule  and achieve maximun holdup. 

Low power hea t ing  tests were conducted with a l l  four test f u e l s  using t h e  
extreme co ld  day schedule  on ly ,  except  f o r  one scheduled withdrawal t e s t  
i nco rpo ra t i ng  low-power hea t ing .  

Tes t s  were a l s o  performed using t h e  a p p l i c a b l e  temperature  schedules ,  bu t  
without hea t ing ,  p r i o r  t o  each test series involv ing  f u e l  hea t ing .  These 
tests e s t a b l i s h e d  b a s e l i n e  information f o r  eva lua t ion  o f  t h e  e f f e c t s  o f  
hea t ing  i n  subsequent tests. Cold scheduled withdrawal tests were a l s o  
conducted with t h e  higher  f r eez ing  po in t  f u e l s .  These tests, corresponding 
t o  t hose  repor ted  p rev ious ly  (Ref. 11 ) ,  involved an 11.3 hour d u r a t i o n  
extreme co ld  day schedule  with f u e l  withdrawal a t  1 l /min. dur ing  t h e  l a s t  
t h r e e  hours o f  t he  test .  This  s imu la t e s  a  long-range f l i g h t  with f u e l  
u t i l i z a t i o n  from an outboard r e se rve  tank  dur ing  t h e  l a t t e r  po r t i on  o f  
c r u i s e  . 

4.3 HIGH-POWER HEATING TESTS 

For t h e s e  tests,  hea t ing  was r egu la t ed  a t  a  nominal r a t e  o f  900 wa t t s  t o  
t h e  t u r b i n e  engine o i l  t r a n s p o r t  f l u i d  ( 6  watts/Kg o f  tank  c a p a c i t y ) .  This 
simulated t h e  high-power, c o n t r o l l a b l e  hea t ing  a v a i l a b l e  from an e l e c t r i c a l  
hea t ing  system using a  hea t  t r a n s p o r t  f l u i d  in te rmedia te  hea t  exchanger 
(Ref. 14).  I n i t i a t i o n  of  hea t ing ,  and nominal f u e l  and t r a n s p o r t  f l u i d  
flow r a t e s  used t h e  same c r i t e r i a  a s  t hose  fo r  t h e  low-power hea t ing  t e s t s .  
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High-power hea t ing  tests were conducted with a l l  four f u e l s  using t h e  
extreme co ld  day schedule .  Tes t s  were a l s o  conducted with t h e  J e t  A and 
one higher-freezing po in t  f u e l  a t  t h e  extreme h o t  day schedule  t o  
i n v e s t i g a t e  t h e  s e n s i t i v i t y  o f  t h e  f u e l  hea t ing  system t o  overhea t ing  when 
operated a t  warm cond i t i ons .  Fuel hea t ing  was i n i t i a t e d  a t  t h e  s t a r t  o f  
t h i s  tes t  and continued f o r  t h e  e n t i r e  test  schedule ,  Another test  with 
t h e  J e t  A f u e l  a t  s l i g h t l y  co lder  than t h e  extreme cold day schedule  
delayed t h e  i n i t i a t i o n  o f  hea t ing  u n t i l  some holdup was e v i d e n t ,  i n  order  
t o  i n v e s t i g a t e  t h e  a b i l i t y  o f  a  hea t ing  system t o  improve f u e l  pumpabil i ty  
by melt ing p a r t i a l l y  f rozen  f u e l .  

Heated scheduled withdrawal tests were a1  so  conducted, These tests used 
t h e  extreme cold day schedule  with gradua l  f u e l  withdrawal dur ing  t h e  l a s t  
t h r e e  hours .  Fuel hea t ing  was superimposed on these  t e s t s ,  with i n i t i a t i o n  
o f  f u e l  h e a t i n g ,  f u e l  r e c i r c u l a t i o n ,  and hea t  t r a n s p o r t  f l u i d  flow 
corresponding t o  those  o f  t h e  r egu la r  hea t ing  tests. 

4.4 OTHER TEST VARIATIONS 

The f u e l  r e c i r c u l a t i o n  d i s t r i b u t o r  tube  shown i n  F igures  1 ,  2, and 3, a  
four-pass f u e l  hea t  exchanger,  and t h e  r e c i r c u l a t i o n  r a t e s  def ined  i n  t h e  
preceding paragraphs were a l l  b a s e l i n e  parameters .  Limited t e s t i n g  was 
conducted wi th  two a d d i t i o n a l  r e c i r c u l a t i o n  t ube  des igns ,  a  second hea t  
exchanger,  and v a r i a t i o n s  o f  t h e  hea t ing  procedure and r e c i r c u l a t i o n  r a t e s .  
Procedures f o r  t he  tests with t h e s e  v a r i a t i o n s  were o therwise  t h e  same a s  
t hose  p rev ious ly  desc r ibed .  



5.0 FUELS 

Fuels  used i n  t h e  test  program were: 

o LFP-5, a  p a r a f f i n i c  d i s t i l l a t e  f u e l  furnished by a  r e f i n e r y  f o r  an 
e a r l i e r o t e s t  program descr ibed  i n  References 11 and 12; f r eez ing  po in t  
was -28 C. 

o  LFP-11, a  commercial J e t  A, procured from t$e Lockheed Air Terminal f u e l  
s e r v i c e s  a t  Burbank; f r eez ing  po in t  was -46 C. 

o LFP-12, a  blend o f  t h e  high f r eez ing  po in t  LFP-1 3 and a  s t r a igh t - run  
kerosene,  formulated by Suntech, Inc.  This  fueb  proved t o  have a  
f r e e z i n g  po in t  o f  -25 C and a  pour po in t  o f  -54 C. 

o  LFP-13, an experimental  high f r eez ing  po in t  f u e l  formulated by Suntech, 
Inc. ,  based upon t h e  g u i d e l i n e s  f o r  an Experimental Referee 
Broadened-Speci f i c a t i o n  ( ERBS) f u e l  proposed a t  t h e  NASA-Lewi s Je t 
A i r c r a f t  Hydrocarbon Fue ls  Technologyn wgrkshop i n  1977 (Ref. 16).  In 
thege  g u i d e l i n e s ,  f r eez ing  poin t  was -20 C maximum, l a t e r  recommended a t  
-23 C by CRC (Ref .  17).  

Figure 12 shows d i s t i l l a t i o n  c h a r a c t e r i s t i c s  o f  t h e  four test f u e l s .  Table 2  i s  
a l ist  o f  s e l e c t e d  c h a r a c t e r i s t i c s  and tes t  methods fo r  t h e  f u e l s .  LFP-12 f u e l  
was intended t o  have a  f r eez ing  p o i n t  i n t e rmed ia t e  between LFP-11 and LFP-13. 
However, t h e  blending produced a  f u e l  with a  f r eez ing  po in t  n e a r l y  i d e n t i c a l  t o  
t h a t  o f  LFP-13, and a  d i f f e r e n c e  between f r eez ing  po in t  and pour po in t  
temperatures  cons iderab ly  g r e a t e r  than t h o s e  o f  t h e  o the r  f u e l s .  



PERCENT RECOVERED 

FIGURE 1 2 -  D IST ILLATION CHARACTERISTICS OF TEST FUELS) 

ASTM METHOD D-46 
! REF@ 7) 



TABLE 2 

CHARACTERISTICS OF TEST FLJELS 

LFP- I 1 LFP- 12 -- 

Spec i f i c  Gravi ty 0.8373 0.8324 0.8203 
Water KF Dl744 117 ppm 67 PPm 79 PPm 

Freeze Poin t  n2386 -26.0 -14.8 -46.0 50.8 -25.0 -13 
Cloud Po in t ,  D2500 -23 - 9.4 -47.0 52.6 -23.0 -9.4 
Pour P o i n t ,  D97 -40 -40 -56.7 -70 -53.9 -65 

DISTILLATION 
I n i t i a l  Boili 
5 % 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 
95% 
End Poin t ,  

Recovery, 
Residue, 
LOSS, 



6.0 RESULTS 

T h i s  s e c t i o n  o f  t h e  r e p o r t  p r e s e n t s  a summary o f  t h e  tests grouped,  f o r  t h e  
most p a r t ,  i n  accordance wi th  t h e  t y p e s  o f  tests d e s c r i b e d  i n  t h e  s e c t i o n  
on test p rocedures .  A c h ~ o n o l o g i c a l  i t e m i z a t i o n  o f  a l l  test  r u n s  may b e  
found i n  Appendix A ,  which is  a t a b l e  l i s t i n g  t h e  test  number, d a t e ,  f u e l ,  
h e a t i n g  and t e s t  v a r i a b l e s ,  holdup r e s u l t s ,  and remarks.  T e s t i n g  commenced 
on 14 A p r i l  1980. 

6.1 COLD FUEL HOLDUP TESTS 

Cold f u e l  holdup tests were used t o  c h a r a c t e r i z e  t h e  low tempera tu re  
behav ior  o f  each  f u e l  i n  terms o f  t h e  r e l a t i o n s h i p  o f  holdup ( t h e  
unpmpable  f u e l  remaining i n  t h e  t a n k )  , and f u e l  t e m p e r a t u r e ,  T e s t s  w i t h  
LFP-11 J e t  A f u e l  were r e p e a t e d  a t  t h e  same f u e l  t empera tu re  t o  e v a l u a t e  
t h e  r e p e a t a b i l i t y  o f  r e s u l t s .  The first test  used a f r e s h  b a t c h  o f  f u e l ,  
t h e  second used t h e  same f u e l  c a r e f u l l y  r e c o n s t i t u t e d  a f t e r  m e l t i n g  t h e  
f rozen  p o r t i o n ,  and t h e  t h i r d  used r e c o n s t i t u t e d  f u e l  p rehea ted  b e f o r e  
t e s t i n g .  The l a t t e r  p rocedure  was des igned  to  a s s u r e  complete l i q u e f a c t i o n  
o f  any d i s p e r s e d  n u c l e i  o f  s o l i d  f u e l s .  A l l  t e s t s  gave  n e a r l y  i d e n t i c a l  
holgups  o f  3.2 t o  3.3 weigh t  p e r c e n t  f o r  a r e f e r e n c e  f u e l  t empera tu re  o f  
-53 C measured 0.6 cm above t h e  bottom s u r f a c e .  

F i g u r e  1 3  i s  a photograph o f  t h e  i n t e r i o r  o f  t h e  t a n k  a f t e r  pumpout i n  T e s t  
103, wi th  6.23% holdup. P rev ious  t e s t i n g  (Ref.  11) had shown t h a t  a t  l e a s t  
3% holdup was r e q u i r e d  t o  c o a t  t h e  t o p s  o f  t h e  s t r i n g e r s ,  a f t e r  which t h e  
s o l i d  d e p o s i t s  deepened on t h e  bottom and th ickened  on t h e  s t r i n g e r s .  
Tex ture  of  t h e  d e p o s i t s  i s  somewhat rough ,  b u t  s l u s h y  holdup can be  seen  i n  
t h e  l e f t -hand  and r ight-hand bays .  

F i g u r e  14 summarizes t h e  f u e l  t empera tu re  environment f o r  some c o l d  f u e l  
holdup tests wi th  LFP-11, b y  p l o t t i n g  t h e  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  
c e n t e r  of t h e  t a n k  a t  i n i t i a t i o n  o f  pumpout, co r responding  t o  s e v e r a l  
amounts o f  holdup. Only t h e  lower p o r t i o n  o f  t h e  t a n k  is shown. Because 
o f  c o n v e c t i o n  c u r r e n t s ,  r e a d i l y  o b s e r v a b l e ,  s o l i d  d e p o s i t s  were conf ined  t o  
t h e  lower s u r f a c e s .  The e n t i r e  t empera tu re  p r o f i l e s  were somewhat 
symmetr ical  e x c e p t  t h a t  t h e  upper g r a d i e n t s  were narrower than t h o s e  shown 
f o r  t h e  lower s u r f a c e .  

Note i n  F i g u r e  14, t h a t  i n  a l l  c a s e s ,  t h e  b u l k  o f  t h e  f u e l  is above t h e  
f r e e z i n g  p o i n t ,  b u t  most o f  t h e  boundary l a y e r  near  t h e  lower s u r f a c e  i s  
below t h e  f r e e z i n g  p o i n t .  The c o l d e s t  tests had a p o r t i o n  o f  t h e  boundary 
l a y e r  even below t h e  pour p o i n t .  

S i m i l a r  r e s u l t s  a r e  p l o t t e d  i n  F igure  15 f o r  holdup tests wi th  LFP-12, and 
i n  F igure  1 6  f o r  LFP-13. Although t h e  f r e e z i n g  p o i n t s  o f  t h e s e  two f u e l s  
a r e  n e a r l y  i d e n t i c a l ,  t h e  v e r y  low pour p o i n t  o f  LFP-12 a p p e a r s  i n f l u e n t i a l  
i n  r e q u i r i n g  lower f u e l  t e m p e r a t u r e s  f o r  t h e  same holdup. In t h i s  r e s p e c t ,  
LFP-12 behaves  a s  t h e  f o r m u l a t i o n  i n t e n d e d ,  namely a s  an i n t e r m e d i a t e  
f r e e z i n g  p o i n t  f u e l  between t h e  h igh  LFP-13 and a Jet A. 
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Only one t e s t  f o r  cold f u e l  holdup was performed with t h e  LFP-5 f u e l ,  s i n c e  it 
had been t e s t e d  prev ious ly  for  holdup (Ref. 11) .  The s i n g l e  test  served a s  a  
r e p e a t  p o i n t  comparison. 

6.2 LOW-POW ER HEATING TESTS 

Pr ior  t o  performing hea t ing  tests, each f u e l  was t e s t e d  according t o  t h e  extreme 
co ld  day schedule ,  shown i n  Figure 11. Temperature p r o f i l e s ,  temperature  
h i s t o r i e s ,  and holdup were measured fo r  t h e s e  t e s t s  t o  s e rve  a s  r e f e r e n c e s  fo r  
subsequent hea t ing  tests. In a d d i t i o n ,  t h e  high-freezing-point f u e l  LFP-13 was 
t e s t e d  a t  t h e  s tandard  day schedule.  Figure 17 i s  a time h i s t o r y  of  
temperatures  a t  s e l ec t ed  h e i g h t s  above the  bottom s u r f a c e s  a t  t h e  c e n t e r  of t h e  
tank for  t h i s  test .  Although temperatures  a t o t h e  bottcm s k i n  and a t  t h e  
1.3 cen t imeter  l e v e l  were co lde r  than t h e  -26 C f r e e z e  p o i n t  o f  t h e  f u e l ,  t h e r e  
was no measurable holdup. Visual obse rva t ions  a t  t h e  end o f  t h e  test  i nd i ca t ed  
t h a t  a  few s o l i d  p a r t i c l e s  had formed but were i n  such small  q u a n t i t y  t h a t  t hey  
e i t h e r  remained suspended and were pumped o u t ,  o r  were n o t  d e t e c t a b l e  by t h e  
weighing appara tus .  These r e s u l t s  i n d i c a t e  t h a t  t h i s  high-freezing-point f u e l  
remains pumpable a t  s t anda rd ,  non-extreme f l i g h t  cond i t i ons .  

Figure 18 is an example o f  t h e  unheated b a s e l i n e  time h i s t o r y  o f  f u e l  
temperatures  a t  t h e  c e n t e r  o f  t h e  tank  fo r  t h e  extreme cold day schedule .  For 
t h i s  tes t  with LFP-11 J e t  A f u e l ,  holdup was a  s l i g h t  0.1%, b a r e l y  v i s i b l e  a t  
t h e  bottom o f  t h e  tank.  The v a r i a t i o n s  i n  t h e  lower s k i n  temperature  r e p r e s e n t  
loess than d e s i r e d  c o n t r o l  f o r  t h a t  p a r t i c u l a r  test .  Temperatures a r e  within 
2 C o f  t h e  schedule ,  however. 

F igure  19 i s  a  time h i s t o r y  o f  temperatures  f o r  t h e  c e n t e r  thermocouple rack  
from t h e  bottom t o  t h e  c e n t e r  o f  t h e  tank du r ing  a  low-power hea t ing  t e s t  with 
LFP-11. It can be seen t h a t  t h e  hea t ing  e f f e c t  was most pronounced from t h e  
2.5 cen t imeter  ( 1  inch)  l e v e l  upward. There was no holdup. 

A s i m i l a r  p a i r  o f  t e s t s  was performed with LFP-12 in t e rmed ia t e  f r eeze  po in t  
f u e l .  Figure 20 is a time h i s t o r y  o f  s e l e c t e d  r eadou t s  from t h e  c e n t e r  
thermocouple r a c k  f o r  t h e  above hea t ing  t es t ,  wi th  b a s e l i n e  t e s t  d a t a  
superimposed t o  i d e n t i f y  t h e  e f f e c t s  o f  hea t ing ,  Holdups were 2.29% for  t h e  
t e s t  without h e a t i n g ,  and 1.89% wi th  low-power hea t ing .  Although temperature  
i n c r e a s e s  above 1.3 cen t ime te r s  a r e  app rec i ab l e ,  t h e r e  i s  only a  s l i g h t  b e n e f i t  
i n  t h e  holdup zone below 1.3 cen t ime te r s .  

Resu l t s  o f  s i m i l a r  t e s t s  with UP-13 higher f r e e z e  po in t  ERBS f u e l  were more 
i l l u s t r a t i v e  o f  t h e  p o t e n t i a l  b e n e f i t s  o f  hea t ing ,  For t h e  b a s e l i n e  test 
without hea t ing ,  holdup was 12.9%. This was reduced t o  5.44% with low-power 
nominal 300-watt h e a t i n g ,  i n i t i a t e d  when t h e  temperature  a t  10.2 cen t ime te r s  was 
reduced t o  -20'~. Figure 21 is a time h i s t o r y  o f  s e l e c t e d  r eadou t s  from t h e  
c e n t e r  thermocouple rack .  The f i g u r e  i l l u s t r a t e s  t h e  hea t ing  e f f e c t s  and a1 so 
i l l u s t r a t e s  t h e  progress ive  l a g  i n  hea t ing  response between t h e  c e n t e r  o f  t h e  
t ank  a t  25.4 cen t ime te r s  and t h e  boundary l a y e r  a t  1.3 cen t ime te r s ,  
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6 . 3  HIGH-POWER HEATING TESTS 

Tes t s  with nominal 900-watt high-power f u e l  hea t ing  commenced with LFP-11 J e t  A 
f u e l ,  us ing t h e  same procedure a s  f o r  t he  low-power f u e l  hea t ing ,  For t he  s h o r t  
per iod o f  hea t ing  near t h e  end o f  t h e  tes t ,  t h e r e  was l i t t l e  d i f f e r e n c e  from t h e  
tempera tures  shown i n  Figure 19 f o r  low-power hea t ing .  ' A t  t h e  end o f  t h e  test  
t h e r e  was no holdup. 

With LFP-12 in t e rmed ia t e  f r e e z e  b i n t  f u e l ,  900-watt hea t ing  was i n i t i a t e d  a t  
approximately one hour e lapsed t e s t  time, A t  t h e  end o f  s i x  hours t h e  

0 
temperature  a t  10.2 cen t ime te r s  was 10.2 C warmer compared with t h e  non-hegted 
r e f e r ence  tes t ,  whereas t h e  temperature  a t  t h e  bottom s u r f a c e  was on ly  1.2 C 
warmer. Holdup a t  t h e  end o f  t h e  t e s t  was 1.581, o n l y  s l i g h t l y  d i f f e r e n t  from 
t h e  1.89% holdup with 300 wat t  low-power hea t ing .  Test  d a t a  revealed s l i g h t l y  
h igher  bu lk  f u e l  temperature  a t  t h e  end of  t h e  t e s t ,  wi th  boundary l a y e r  
temperatures  s i m i l a r  t o  those  shown i n  Figure 20. 

Resu l t s  with LFP-13 h i g h  f r e e z e  po in t  ERBS f u e l  followed a  s i m i l a r  p a t t e r n .  The 
bulk  f u e l  temperature  became s l i g h t l y  warmer with 900-watt hea t ing  compared wi th  
300-watt hea t ing .  Holdup was 4.80%, a  small  improvement over t h e  5.44% recorded 
with low-power hea t ing .  Figure 22 is  a time h i s t o r y  o f  temperatures  from t h e  
c e n t e r  thermocouple r a c k  f o r  t h i s  t e s t .  

Although no b a s e l i n e  t e s t  was performed with LFP-5 f u e l ,  a  900-watt hea t ing  test  
was performed i n  which holdup was 5.15%. This  was a  major reduc t ion  from t h e  
25.5% holdup experienced a f t e r  a  scheduled withdrawal t e s t  from the  previous 
program descr ibed  i n  Reference 1 1. 

For one t e s t  with LFP-11 f u e l ,  a  long d u r a t i o n  test  was conducted with t h e  lower 
s u r f a c e  temperature  a t  a  cons t an t  -55°~ .  Heating was delayed u n t i l  t h e  boundary 
l a y e r  g r a d i e n t  corresponded to t h a t  a s soc i a t ed  with a  holdup o f  approximately 
4%, based on d a t a  from t h e  cold f u e l  holdup tests. Figure 23  is a time h i s t o r y  
o f  s e l e c t e d  tempera tures  a t  t h e  c e n t e r  o f  t h e  tank.  When t h e  nominal 900-watt 
hea t ing  was i n i t i a t e d ,  t h e  e f f e c t  was r e a d i l y  d i s c e r n i b l e  a t  and above t h e  
5.1 cen t imeter  l e v e l .  A t  t h e  end o f  t h e  test  t h e r e  was 0.57% holdup. Since 
f u e l  t empera tures  i n  t h e  boundary l a y e r  were cont inu ing  t o  i nc rease  a t  t h e  time, 
a  somewhat longer  t e s t  probably would have e l imina ted  holdup. The most 
s i g n i f i c a n t  a s p e c t  o f  t h i s  t e s t  was t h a t  hea t ing  pene t ra ted  i n t o  t h e  boundary 
l a y e r  t o  mel t  s o l i d  d e p o s i t s  which undoubtedly had been formed. 

Tes t s  were a l s o  performed with UP-11 and LFP-13 f u e l s  with high-power hea t ing  
a t  t h e  extreme warm day schedule  t o  i n v e s t i g a t e  p o s s i b l e  f u e l  overhea t ing  with 
l a c k  o f  hea t e r  r e g u l a t i o n .  Figure 24 is a time h i s t o r y  o f  t h e  test  with UP-13 
(ERBS), showing temperatures  from t h e  c e n t e r  thermocouple r ack  f o r  t h e  lower 
ha l f  o f  t h e  tank.  Fuel temperatures  were e s s e n t i a l l y  unchanged a t  h igher  l e v e l s  
u n t i l  t h e  cool ing  e f f e c t  o f  t h e  upper sk in  was ev iden t  a t  2.5 cen t ime te r s  below 
t h e  upper s k i n .  

The test with LFP-11 J e t  A f u e l  followed a  s i m i l a r  p a t t e r n .  Neither o f  t h e  
tests d i s c l o s e d  any evidence o f  i n c i p i e n t  overtemperature .  Reference t o  t h e  
extreme ho t  day schedule  o f  Figure 11 shows a  r educ t ion  i n  sk in  temperature  
subsequent t o  t h e  time a t  which t h e  tests were t e rmina t ed ;  t h i s  would tend t o  
decrease  t h e  l i k e l i h o o d  of  achieving undes i rab ly  h igh  f u e l  temperature ,  
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6.4 FUEL HEATING WITH WITHDRAWAL 

Tes ts  were a l s o  conducted with t h e  f u l l  extreme cold day temperature schedule  o f  
F igure  1 1 and f u e l  withdrawal a t  1 l i t e r  per minute dur ing  the  l a s t  t h r e e  hours  
o f  t h e  test.  With LFP-11 J e t  A f u e l ,  t h e  unheated test produced zero holdup ; 
with LFP-12 in t e rmed ia t e  f r eez ing  po in t  f u e l ,  t h e  unheated test  produced 0.72% 
holdup, and with LFP-13 high f r eez ing  po in t  f u e l  t h e  unheated test produced 
1.15% holdup. It was almost  c e r t a i n  t h a t  hea t ing  during these  scheduled 
withdrawal tests would e l imina t e  t h e s e  minor holdups, Nevertheless ,  t h e  
behavior  o f  t h e  heated f u e l  was o f  i n t e r e s t ,  and a test  was conducted a s  an 
example with LFP-11 f u e l .  For t h i s  t e s t ,  hea t ing  was i n i t i a t e d  when 8he (bu lk )  
temperature  a t  10.2 cen t ime te r s  on t h e  c e n t e r  r a c k  was reduced t o  -37 C. High- 
power nominal 900-watt hea t ing  was used f o r  27 minutes ,  a f t e r  which t h e  hea t ing  
r a t e  was maintained a t  300 w a t t s .  AQ expec ted ,  t h e r e  was no holdup. A t  t h e  
time f u e l  withdrawal was i n i t i a t e d  ato8.  3 hours ,  temperature  a t  t h e  10.2 
cen t imeter  l e v e l  was approximately 14 C warmer than a t  t h e  same po in t  i n  t h e  
b a s e l i n e  test.  Bur in$ t h e  f u e l  withdrawal phase,  t h e  maximum temperature  
recorded was 6* 5 C, when approximately 85% o f  t h e  f g e l  had been withdrawn. (The 
minimum temperature  had been reduced from t h e  -48.8 C shown i n  Figure 10 t o  
- 5 1 ' ~  f o r  t h e  lower f r e e z e  po in t  LFP-11 only.)  

Since a scheduled withdrawal test  without hea t ing  had been performed with LFP-5 
f u e l  during t h e  i n v e s t i g a t i o n  descr ibed  i n  Reference 11, it served a s  a b a s e l i n e  
test.  The LFP-5 withdrawal test  i n  t h i s  program used high-power 900-watt 
hea t ing ,  i n i t i a t e d  h e n o t h e  temperature  a t  10.2 cen t ime te r s  i n  t he  c e n t e r  o f  t h e  
tank was reduced t o  -20 C. A t  t h e  end o f  t h e  tes t ,  holdup was 1.12%. a dramatic  
decrease  from t h e  25.5% recorded i n  t he  e a r l i e r  program! 

Figure 25 is  a time h i s t o r y  o f  f u e l  temperatures  fo r  t h e  lower h a l f  o f  t h e  
c e n t e r  o f  t h e  tank  f o r  t h e  above t e s t .  A problem with t h e  coo lan t  system 
allowed s k i n  temperature  to  i n c r e a s e  above t h e  scheduled va lue  between 6.5 and 
9 hours ;  t h i s  d e v i a t i o n  may have inf luenced  t h e  r educ t ion  ig holdup. Also, 
dur ing  t h e  e a r l i e r  t es t ,  t h e  bu lk  f u e l  was approximately 12 C cooler  a t  t h e  
s t a r t  of t h e  tes t .  Although temperatures  up t o  t h e  5.1 cen t imeter  l e v e l  were 
q u i t e  comparable for  t h e  two tests u n t i l  hea t ing  was i n i t i a t e d ,  f u e l  a t  t h e  
25.4 cen t imeter  l e v e l  was approximately 10' co lde r  a t  t h a t  po in t  dur ing  t h e  
e a r l i e r  test.  The sha rp  dropoff  i n  temperature  a t  10.2 and 25.4 cen t ime te r s  
near t h e  end o f  t h e  test  was caused by t h e  receding f u e l  l e v e l ,  which exposed 
t h e  thermocouples t o  t h e  cold temperature  i n  t h e  u l l age  space.  

6.5 OTHER TESTS 

This  ca tegory  o f  t e s t i n g  encompasses v a r i a t i o n s  i n  equipnent  and procedures  
suggested by p r i o r  tests, and employed LFP-11, LFP-13, and LFP-5 f u e l s .  For a l l  
except  two tes ts ,  t h e  temperature  schedule  s e l e c t e d  was fo r  t h e  "Extreme Cold 
Dayts s i t u a t i o n  shown i n  Figure 10, ending a t  t h e  minimum temperature  phase a f t e r  
approximately seven hours  t e s t  time. 

The e f f e c t  o f  longer  hea t ing  t i m e  was i n v e s t i g a t e d  with LFP-5 f u e l ,  where two 
t e s t s  were performed according t o  t h e  "Extreme Cold Day" temperature  schedule ,  
with nominal 900-watt high-power hea t ing .  For t he  f i r s t  t e s t ,  hea t ing  was 
i n i t i a t e d  a t  0.5 hour e lapsed time, and g r a v i t y  holdup was 4.32%. For t h e  
second tes t ,  hea t ing  was i n i t i a t e d  when t h e  thermocouple a t  10,2 c e n t i m e t e r s  on 
t h e  c e n t e r  r a c k  r e g i s t e r e d  -20'~; g r a v i t y  holdup was 4.409, 
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One test with UP-5 f u e l ,  wi thout  hea t ing ,  was i n t e r r u p t e d  t o  i n v e s t i g a t e  t h e  
correspondence o f  boundary l a y e r  measurements dur ing  t e s t i n g  t o  pred ic ted  
holdup. Af te r  4  1 /2  hours ,  f u e l  was withdrawn t o  measure holdup, a f t e r  which 
t h e  co ld  f u e l  was reloaded and t e s t i n g  was continued u n t i l  6 ,55  hou r s  e lapsed 
time. Holdup was 8.12% a t  t h e  first measurement and 10,41% a t  t h e  end o f  t h e  
test .  

One test  was conducted with an i n t e rmed ia t e  power s e t t i n g  between t h e  low and 
high power va lues .  For UP-13 ERBS f u e l ,  extreme cold day schedule ,  nominal 
300-watt low-power hea t ing ,  holdup was 5.44%. With nominal 600-watt 
intermediate-power h e a t i n g ,  g r a v i t y  holdup was 5.46% ; with  900-watt high-power 
h e a t i n g ,  holdup was 4.80%. Most l i k e l y ,  t h e  a c t u a l  h e a t  t r a n s f e r r e d  t o  t h e  f u e l  
was much less than t h e  nominal power s e t t i n g s  a t  t h e  t r a n s p o r t  f l u i d  h e a t e r .  

Limited combinations o f  tests were performed with LFP-5, LFP-11, and LFP-13 
f u e l s ,  using two modified f u e l  r e c i r c u l a t i o n  d i s t r i b u t o r  t ubes :  one with a  
s i n g l e  row o f  h o l e s  and one with low re -en t ry  h o l e s  aimed a t  fo r c ing  t h e  heated 
f u e l  c l o s e r  t o  t h e  tank  su r f ace .  Some tests were performed with a  smal le r  
s ing le -pass  h e a t  exchanger i n s t ead  o f  t h e  b a s e l i n e  4-pass hea t  exchanger.  One 
t e s t  with LFP-13 inves t i ga t ed  t h e  e f f e c t  o f  a higher  f u e l  r e c i r c u l a t i o n  r a t e .  

In g e n e r a l ,  t hose  changes which aided t h e  pene t r a t i on  o f  f u e l  toward the  tank  
s u r f a c e ,  t h a t  is ,  t h e  low re -en t ry  d i s t r i b u t o r  and increased  r e c i r c u l a t i o n  flow 
r a t e ,  made a  small  but  measurable improvement i n  t h e  holdup. The replacement 
hea t  exchanger had no observable  e f f e c t .  

These d i s t r i b u t o r  v a r i a t i o n s  a r e  d i scussed  i n  more d e t a i l  i n  t h e  fol lowing 
s e c t i o n  o f  t h e  r e p o r t .  



7.0 DISCUSSION 

Higher f r eez ing  po in t  f u e l s  may have p r o d u c i b i l i t y  advantages a s  f u t u r e  a v i a t i o n  
f u e l s . '  Since t h e  r e l a t i o n s h i p  o f  f u e l  c h a r a c t e r i s t i c s  t o  low temperature  flow 
behavior under p r a c t i c a l  wing tank  environments is poorly understood, t h e  
previous NASA-Lockheed s tudy  ( Ref. 11) i nves t i ga t ed  t h e  low temperature  behavior  
o f  both J e t  A and higher  f r e e z e  po in t  f u e l s ,  p a r t i c u l a r l y  t h e  formation o f  
unusable s o l i d s .  An a n a l y t i c a l  s tudy  by b e i n g  (Ref.  13) proposed seve ra l  
methods for  hea t ing  f u e l  t o  contend with t h e  f r eez ing  problem. 

In - f l i gh t  d a t a  from a number of  i n t e r n a t i o n a l  a i r l i n e s ,  compiled by b e i n g  under 
NASA Contract  NAS3-20815, (Reference 181, demonstrates  t h a t  long-range 
commercial a i r c r a f t  may exper ience  s t a t i c  temperatures  a s  low a s  -72 C a s  a  
one-day-per-year p r o b a b i l i t y .  Assuning t h a t  90% o f  t h e  ram temperature  r ise i s  
recovered a t  Mach 0.80, t h e  r e s u l t i n g  wing su r f ace  is almost -49'~. The b e i n g  
r e p o r t  a l s o  r e l a t e s ,  however, t h a t  t h e  d u r a t i o n  o f  exposure t o  t h e  extreme co ld  
is u s u a l l y  s h o r t ,  a s  shown i n  t h e  r e s u l t a n t  "Extreme Cold Day7' temperature  
schedule  o f  Figure 10. By inco rpo ra t i ng  t h i s  in format ion ,  a  s i g n i f i c a n t  f e a t u r e  
of  t h i s  t e s t i n g  program was a  r e a l i s t i c  r e p r e s e n t a t i o n  o f  t h e  a i r c r a f t  wing tank 
environment. The chi l ldown procedure employed was a  s imula t ion  o f  cond i t i ons  t o  
which a i r c r a f t  a r e  subjec ted .  

7.1 VISUAL OBSERVATION OF HOLDUP 

During t h i s  test  program, a s  well a s  du r ing  t h e  previous Lockheed program 
(Reference 111, v i s u a l  obse rva t ions  proved t o  be an important  means o f  d a t a  
a c q u i s i t i o n ,  both fo r  i n t e r p r e t i n g  d a t a  ga thered  through ins t rumenta t ion  and for  
understanding t h e  process  o f  formation and depos i t i on  o f  s o l i d s  a s  descr ibed  
below. 

A s  t h e  upper and lower s u r f a c e s  a r e  cooled ,  h e a t  is t r a n s f e r r e d  from the  f u e l  t o  
t h e  coolan t .  In p a r t i c u l a r ,  f u e l  cooled by t h e  upper s u r f a c e  becomes more 
dense ;  t h e  r e s u l t a n t  d e n s i t y  g r a d i e n t s  s e t  up a  convec t ive  flow o f  dense ,  co lde r  
f u e l  toward t h e  bottom o f  t h e  tank.  A s  p r o f i l e s  a r e  f u l l y  developed i n  t h e  
completely f i l l e d  t ank ,  t h e  c e n t e r  o f  t h e  tank  has  a  well-mixed uniform 
temperature ,  with g r a d i e n t s  t o  t h e  s k i n  temperature  over a  cons iderab ly  g r e a t e r  
d i s t a n c e  a t  t h e  bottom compared t o  t he  top .  P r e c i p i t a t i o n  o f  s o l i d  f u e l  during 
t h e  c h i l l i n g  i s  a l s o  in f luenced  by t h e  convect ion c u r r e n t s  set up by t h e  d e n s i t y  
g r a d i e n t s ,  The f i rs t  v i s u a l  evidence o f  s o l i d s  is a d u l l i n g  o f  t h e  lower 
s u r f a c e  o f  t h e  tank. A s  cool ing  con t inues ,  t h e  d u l l  a r ea  sp reads  along t h e  
bottom, then  commences t o  climb the  v e r t i c a l  webs o f  t h e  lower s t r i n g e r s  and 
l a t e r  t o  spread a c r o s s  t h e  upper h o r i z o n t a l  f l anges  o f  t h e  s t r i n g e r s .  During 
t h i s  p roces s ,  t h e  d u l l i n g  becomes i d e n t i f i a b l e  a s  s o l i d  d e p o s i t s  i nc reas ing  i n  
depth  on t h e  bottom and t o  a l e s s e r  e x t e n t  on t h e  s t r i n g e r s .  Eventua l ly ,  t h e  
d e p o s i t s  form on t h e  upper s u r f a c e s  and v e r t i c a l  pane ls .  

In most c a s e s ,  dur ing  cold f u e l  holdup and o t h e r  unheated tests,  s o l  i d s  
suspended i n  t h e  f u e l  became ev iden t  a f t e r  a  coa t ing  had begun t o  form on t h e  
lower s u r f a c e s .  A t  holdups up t o  146, d e p o s i t s  were on t h e  bottom s k i n  on ly ,  
between t h e  lower s t r i n g e r s .  By 4% holdup,  a t h i n  f i lm  had covered t h e  v e r t i c a l  
webs and upper f l a n g e s  o f  t h e  lower s t r i n g e r s .  A t  about  6% holdup, a  very  
s l i g h t  f i lm was forming on t h e  upper su r f aces .  Deposi ts  were ev iden t  on t h e  
v e r t i c a l  pane l s  a t  about 10% holdup. Although t h e  maximum holdup dur ing  t h i s  
program was 12.9%, du r ing  t h e  previous Lockheed program (Ref.  11) ,  t h e  
d i s t r i b u t i o n  a t  20% holdup was approximately 16% on t h e  bottom (cover ing  t h e  



lower s t r i n g e r s )  , and 4% over t h e  remainder o f  t h e  tank .  Examples of  t h e  
appearance o f  a  range o f  holdups a r e  shown i n  s eve ra l  photographs.  

Figure 26 shows a  1.15% holdup with LFP-12 in te rmedia te  f r e e z e  po in t  f u e l .  
S o l i d s  a r e  confined mainly t o  t he  bottom su r f ace .  

Figure 27 shows a  3.22% holdup with LFP-11 J e t  A f u e l .  Here t h e  lower s t r i n g e r s  
a r e  covered,  a s  well a s  t h e  lower su r f aces .  
A 6,23% holdup with LFP-11 J e t  A f u e l  is  shown i n  Figure 13. Deposi ts  a r e  
n o t i c e a b l y  t h i c k e r  on t h e  lower s u r f a c e  and s t r i n g e r s .  

Figure 28 shows a  10.53% holdup with LFP-5 f u e l .  Deposits almost f i l l  t h e  bays 
between s t r i n g e r s .  A t  t h e  lef t -hand s i d e  of t h e  p i c t u r e ,  no t e  t he  dep re s s ion  i n  
f r o n t  o f  t he  f l appe r  check va lve  opening, probably caused by g r a v i t y  flow toward 
t h e  d r a i n ,  which connec ts  t o  t h e  boos t  pump mounted below t h e  tank ,  Also 
v i s i b l e  is  t h e  he igh t  i n d i c a t o r ,  i n s t a l l e d  dur ing  t h e  l a t e r  s e r i e s  o f  t e s t s ,  
which shows d e p o s i t s  o f  about  2  1/4 i n c h e s ,  o r  5 - 7  cen t ime te r s ,  between 
s t r i n g e r s  . 

7.2 TANK TEMPERATURE PROFILES 

The temperature  p r o f i l e s  presented i n  t h e  Resul t s  s e c t i o n  o f  t h i s  r e p o r t ,  Figure 
14 f o r  example, have shown only  t h e  tempera tures  measured i n  t h e  lower po r t i on  
of  t h e  c e n t e r  o f  t h e  tank.  These p r o f i l e s  emphasize t h e  temperature  g r a d i e n t s  
i n  t h e  bottom boundary l a y e r  where t h e  s o l i d  accumulation and subsequent holdup 
occurs .  

Two complete v e r t i c a l  temperature  p r o f i l e s  a r e  i l l u s t r a t e d  i n  Figure 29. These 
temperatures  were measured a t  t h e  c e n t e r  o f  t h e  tank  f o r  t h e  LFP-11 J e t  A f u e l .  
With t h i s  f u e l  and t h e  extreme co ld  day schedule ,  5.9 hours  o f  t e s t  time elapsed 
before  t h e  r e f e r ence  thermocouple a t  10.2 c e n t i m e t e r s  i n d i c a t e d  8 ' ~  above t h e  
f r eez ing  p o i n t ,  f o r  i n i t i a t i o n  o f  hea t ing .  The temperature  h i s t o r y  f o r  t h i s  
test  is shown i n  Figure 19. Heating cont inued f o r  about 0-8  hour be fo re  
pumpout. I hus ,  i n  Figure 29, t h e  two p r o f i l e s  show tempera tures  p r i o r  t o  
hea t ing  and a t  t h e  completion o f  hea t ing .  In bo th  c a s e s ,  t h e  sharper  g r a d i e n t  
a t  t h e  t o p  o f  t h e  tank  i s  graphic  evidence o f  t h e  e f f e c t s  o f  convec t ion ,  
Another obvious i n d i c a t i o n  is  t h e  small  temperature  i n c r e a s e  over t h e  f i r s t  two 
cen t ime te r s  above t h e  bottom o f  t h e  t ank ,  which is  t h e  most l i k e l y  zone f o r  
g r a v i t y  holdup. 

The complete temperature  measurements f o r  t h e  two c a s e s  i l l u s t r a t e d  i n  Figure 29 
a r e  l i s t e d  i n  t h e  fol lowing two t a b l e s .  Thermocouple r a c k  l o c a t i o n s  a r e  def ined  
i n  Figure 8 ,  Table 3  shows t h e  ho r i zon ta l  temperature  d i s t r i b u t i o n  throughout 
t h e  tank  p r i o r  t o  hea t ing  f u e l  du r ing  t h e  same Test  113. The l a r g e s t  d e v i a t i o n  
is a t  t h e  lower sk in  l i n e  o f  Rack 1,  probably caused by i ts proximity t o  t h e  
tank  o u t l e t  f i t t i n g  f o r  f u e l  boos t  pump. 
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EXTREME COLD DAY 
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THERMOCOUPLE RACK NO. 2 
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FIGURE 29 - TEMPERATURE PROFILES BEFORE AND AFTER HEATIMGJ 
TEST LFP-11 FUEL 



Table 4 shows the  hor izonta l  temperature d i s t r i b u t i o n  throughout the  tank a t  the  
end of heat ing ,  pr ior  t o  pumpout, for  Test 113. The concentrat ion o f  t h e  
c i r c u l a t i o n  path toward the  boost pump is apparent from the  temperature spectrum 
of Rack 1. There a l s o  appears t o  be a cold zone through t h e  lower f i v e  
centimeters  of  Rack 2, a s  i f  the  re turning heated fue l  were i n i t i a l l y  r i s i n g  by 
convection from one end o f  the  tank,  then being eventual ly drawn downward toward 
the  opening f o r  the  boost pump. 

TABLE 3 
HORIZONTAL TEMPERATURE DISTRIBUTION PRIOR TO HEATING, TEST 1 1 3 

HEIGHT RACK 1 RACK 2 R A g K  3 RASK 4 R A g K  5 SIgE 1 SIgE 2 SIDE 3 
CM 

0 
C C C C C C O c  

TABLE 4 
HORIZONTAL TEMPERATURE DISTRIBUTION AT END OF HEATING, TEST 113 

HEIGHT RACK 1 RACK 2 RACK 3 RACK 4 R A g K  5 SIDE 1 SIDE 2 SIDE 3 
CM O C  O C  O C  O C  C O C  O C  OC 



7* 3 CORRELATION OF HOLDUP 

Figure  30 shows t h e  r e l a t i o n s h i p  between p e r c e n t  mass holdup and t h e  f u e l  
t e m p e r a t u r e  measured a t  0 ,6  c e n t i m e t e r s  above t h e  bottom o f  t h e  t ank .  Th is  t y p e  
of  a n a l y s i s  h a s  been u s e f u l  a s  a  means o f  e s t i m a t i n g  holdup a t  some i n t e r m e d i a t e  
p o i n t  d u r i n g  a  test ,  p p i o r  to  pumping o u t  t h e  f u e l  and de te rmin ing  t h e  f i n a l  
holdup b y  means o f  t h e  weighing p rocedure ,  The f i g u r e  i n c l u d e s  r e s u l t s  from t h e  
c o l d  f u e l  t e s t s  and from t h e  v a r i o u s  h e a t i n g  tests. 

The boundary l a y e r  t e m p e r a t u r e  0 - 6  c e n t i m e t e r  above t h e  bottom s u r f a c e  was 
s e l e c t e d  a s  a  c o r r e l a t i n g  parameter  i n d i c a t i v e  o f  t h e  boundary l a y e r  
t e m p e r a t u r e s  where s o l i d  f u e l  and wax accumulate .  Th i s  c o r r e l a t i o n  h a s  been 
p r e s e n t e d  and d i s c u s s e d  i n  Reference 12. It is  e v i d e n t  t h a t  holdup is  v e r y  
s e n s i t i v e  t o  s m a l l  t e m p e r a t u r e  v a r i a t i o n s  and c o n s i d e r a b l e  d a t a  s c a t t e r  o c c u r s .  
However, t h e r e  is no s y s t e m a t i c  v a r i a t i o n  between t h e  hea ted  and unheated t e s t s .  
Hence, h e a t i n g  t h e  f u e l  r e d u c e s  holdup by i n c r e a s i n g  t h e  boundary l a y e r  
t e m p e r a t u r e  and n o t  by any change i n  t h e  mechanism o f  t h e  phase change o r  s o l i d  
agg lomera t ion .  

F u r t h e r  c o r r e l a t i o n s  o f  holdup based on t h e  p r e v i o u s  Lockheed d a t a  
(Reference 11) and Boeing d a t a  i s  t o  be r e p o r t e d  by a  document i n  p r e p a r a t i o n  b y  
t h e  Coordinat ing Research Counc i l ,  Inc .  Group on Low Temperature Flow 
Performance o f  Avia t ion  Turbine  Fue l s .  

7.4 FUEL HEATING PROCEDURES 

Heating r a t e s  were d e f i n e d  by t h e  e l e c t r i c a l  power i n p u t  t o  t h e  h e a t  t r a n s p o r t  
f l u i d  h e a t e r  : 300, 900, and ( i n  one t e s t )  600 w a t t s .  The o b j e c t i v e s  of  t h e s e  
t e s t s  c o n c e n t r a t e d  on r e p r e s e n t i n g  t h e  hea ted  f u e l  t e m p e r a t u r e s  and f low 
b e h a v i o r .  Mo a t t e m p t  was made t o  ana lyze  t h e  h e a t  t r a n s f e r  of t h e  h e a t i n g  
system o r  t o  o p t i m i z e  t h e  system f o r  maximum energy  t r a n s f e r .  In  f a c t ,  it was 
obv ious  t h a t  t h e  h e a t  i n p u t  t o  t h e  f u e l  t a n k  was c o n s i d e r a b l y  l e s s  t h a n  t h e  
d e s i g n a t e d  n a n i n a l  power v a l u e s .  The l u b r i c a t i n g  o i l  h e a t  t r a n s p o r t  f l u i d  was 
p rehea ted  a t  t h e  s t a r t  o f  e a c h  t es t ,  When f u e l  h e a t i n g  was i n i t i a t e d  ( n o t e  
F i g u r e  21 f o r  example) ,  a  t empera tu re  i n c r e a s e  t r a n s i e n t  occur red  from c o o l i n g  
o f  t h e  p rehea ted  t r a n s p o r t  f l u i d .  Subsequen t ly ,  a  more uniform h e a t  t r a n s f e r  is 
m a i n t a i n e d .  During t h i s  time, t h e  f u e l  c o o l s ,  b u t  a t  a  lesser r a t e  t h a n  i f  
unheated.  Changes from 300 t o  900 w a t t s  nominal h e a t i n g  rates produced smal l  
changes  i n  t h e  f u e l  t e m p e r a t u r e  h i s t o r i e s ,  m a i n l y  i n  t h e  b u l k  f u e l  ( F i g u r e  221, 
s i n c e  f o r  bo th  h e a t i n g  r a t e s  o n l y  a  f r a c t i o n  o f  t h e  r a t e d  power is t r a n s f e r r e d  
t o  t h e  f u e l .  The fue l -hea t  t r a n s f e r  f l u i d  h e a t  exchanger was changed d u r i n g  t h e  
c o u r s e  of  t e s t i n g  t o  improve t h e  e f f i c i e n c y  o f  h e a t  t r a n s f e r .  Holdup r e s u l t s  
comparing two s i z e s  o f  h e a t  exchangers  were i n c o n c l u s i v e .  One obv ious  advantage 
of t h e  s m a l l e r  h e a t  exchanger was t h e  h i g h e r  o p e r a t i n g  t e m p e r a t u r e  of t h e  
t r a n s p o r t  f l u i d ,  which is b e n e f i c i a l  i f  it becomes n e c e s s a r y  t o  m a i n t a i n  a  
h i g h e r  t e m p e r a t u r e  f o r  o i l  r e t u r n i n g  t o  t h e  e n g i n e ,  

Some o f  t h e  t e s t s  were conducted wi th  i n t e r m i t t e n t  r a t h e r  t h a n  c o n t i n u o u s  f u e l  
h e a t i n g .  T h i s  was done t o  m a i n t a i n  t h e  t u r b i n e  o i l  h e a t  t r a n s p o r t  f l u i d  above 

0 
80 C t o  s i m u l a t e  t h e  r e q u i r e m e n t s  o f  one e n g i n e  manufac tu re r  and avoid  
a tmospher ic  m o i s t u r e  condensa t ion .  In t h i s  mode o f  o p e r a t i o n ,  t h e  f u e l  
c i r c u l a t i o n  t o  t h e  h e a t  exchanger was tu rned  o f f  when t h e  l u b r i c a t i n g  o i l  was 
c h i l l e d  t o  8 0 ' ~ .  Then t h e  o i l  t e m p e r a t u r e  was allowed t o  i n c r e a s e  t o  
approx imate ly  1 2 0 ' ~  b e f o r e  t h e  n e x t  h e a t i n g  c y c l e  was i n i t i a t e d ,  



Figure 31 i l l u s t r a t e s  t h e  e f f e c t s  o f  i n t e r m i t t e n t  and cont inuous  hea t ing  by 
comparing two tests per formed on consecu t ive  days.  For Test  151, i n t e r m i t t e n t  
900-watt hea t ing  commenced a t  approximately 60 minutes  e lapsed time, while for  
Test  1  52 cont inuous  900 w a t t  hea t ing  commenced a t  approximately 221 minutes  
e lapsed time, (Heating f o r  Test  152 was i n i t i a t e d  when t h e  t ~ m p e r a t u r e  a t  
10.2 c e n t i m e t e r s  i n  t h e  c e n t e r  of t h e  tank  was reduced t o  -20 C.) Desp i te  t h e  
longer  hea t ing  period for  Test  151, o v e r a l l  hea t  i npu t  was less and holdup was 
7.96$, whereas f o r  Tes t  152 holdup was 5,15%. 

Three c o n f i g u r a t i o n s  for  the r e c i r c u l a t i o n  d i s t r i b u t o r  tube  were t e s t e d  ; 
Figure  32 p r e s e n t s  photographs o f  t h e s e  assembl ies .  During t h e  e a r l y  phases  o f  
t e s t i n g ,  t h e  t r i p l e  row d i s t r i b u t o r  was used,  s i n c e  it had been used i n  t h e  
prev ious  i n v e s t i g a t i o n  o f  t h e  behavior  o f  f u e l s  a t  low tempera tures  
(Reference 11).  It contained t h r e e  rows o f  0.63 cen t imeter  (0.25 inch)  d iameter  
h o l e s  d r i l l e d  i n  an aluminum a l l o y  tube  with an o u t s i d e  diameter  of 3.18 
c e n t i m e t e r s  ( 1.25 inches)  , i n  rows 60' a p a r t  r a d i a l l y .  When tes t  r e s u l t s  showed 
t h a t  t h e  heated f u e l  was de l ive red  mainly t o  t h e  bu lk  f u e l  zone, another  
d i s t r i b u t o r  was f a b r i c a t e d  o f  t h e  same tube  s i z e ,  bu t  with a  s i n g l e  row o f  h o l e s  
spaced a t  one-half t h e  i n t e r v a l  used i n  t h e  t r i p l e  row con f igu ra t i on .  Whereas 
t h e  t r i p l e  row d i s t r i b u t o r  h o l e s  had faced downward and t o  each s i d e ,  t h e  s i n g l e  
row o f  ho l e s  was aimed a t  t h e  lower edge o f  t h e  oppos i t e  end o f  t h e  t ank  i n  an 
e f f o r t  t o  i n t roduce  more heated f u e l  i n t o  t h e  bottom boundary l a y e r .  
Improvements i n  temperature  d i s t r i b u t i o n  and holdup were small .  

The low re -en t ry  r e c i r c u l a t i o n  d i s t r i b u t o r  used ex t ens ions  t o  i n t roduce  t h e  
heated f u e l  c l o s e  t o  t h e  bottom o f  t h e  tank.  Each o f  t h e  extended tube  
assembl ies  f i ts  i n  one o f  t h e  bays formed between t h e  s t r i n g e r s  a t  t h e  bottom o f  
t h e  tank .  No mod i f i ca t i ons  t o  t h e  s t r u c t u r e  o f  t h e  t ank  were requi red  t o  
i n s t a l l  t h i s  r e c i r c u l a t i o n  tube .  The t o t a l  number o f  h o l e s  is t h e  same a s  on 
t h e  s i n g l e  row d i s t r i b u t o r .  F igure  33 shows an i n c r e a s e  i n  f u e l  temperature  fo r  
t h e  lower n i n e  c e n t i m e t e r s  o f  f u e l  and a  concomitant smal l  decrease  i n  b u l k  f u e l  
t empera ture ,  i n d i c a t i n g  a  r e d i s t r i b u t i o n  o f  t h e  heated f u e l .  Holdup was 
decreased from 5.44% i n  Test  160 t o  4.61% i n  Test  164 with t h e  low re -en t ry  
d i s t r i b u t o r .  While t h i s  i s  a  small  improvement, it is c o n s i s t e n t  with t h e  
warming o f  t h e  bottom f u e l  l a y e r  and i n d i c a t e s  promise f o r  p r a c t i c a l  a p p l i c a t i o n  
o f  d i s t r i b u t o r s  t h a t  d i r e c t  heated f u e l  t o  t h e  bottom t ank  s u r f a c e .  

The effect o f  f u e l  r e c i r c u l a t i o n  r a t e  was small  b u t  pos s ib ly  s i g n i f i c a n t ,  Using 
LFP-13 ERBS f u e l ,  extreme co ld  day tempera ture  schedule ,  low re -en t ry  
d i s t r i b u t o r ,  300 wat t  h e a t i n g ,  and s i n g l e  pas s  hea t  exchanger,  holdup a t  
2.1 l i t e r s  per minute f u e l  r e c i r c u l a t i o n  was 5.14% and a t  3.1 l i t e r s  per minute 
was 4.67%. For t h e  l a t t e r  t e s t ,  f u e l  t empera tures  between 0.6 and 
5.1 c e n t i m e t e r s  i n  t h e  c e n t e r  o f  t h e  tank  averaged 0 . 7 ' ~  h igher  than f o r  t h e  
t e s t  with t h e  lower r e c i r c u l a t i o n  r a t e .  The change i n  holdup a s  a  func t ion  o f  
temperature  d i f f e r e n c e  is i n  gene ra l  agreement with t h e  f u e l  holdup d a t a  
presented i n  F igure  30. 

7.5 PRACTICAL APPLICATION OF FUEL HEATING SYSTEMS 

In formulat ing t h e  des ign  o f  a  f u l l - s c a l e  f u e l  hea t ing  system, one must cons ide r  
a  number o f  p r a c t i c a l  r e s t r a i n t s :  

o  The weight and complexi ty  o f  t h e  f u e l  hea t ing  system must be minimized, 
In  t h i s  r e s p e c t ,  t h e  use o f  engine o i l  appears  t o  o f f e r  t h e  most 
d e s i r a b l e  s o l u t i o n  i f  hea t ing  c a p a c i t y  i s  adequate .  
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F I G U R E  32 - RECIRCULATION D I S T R I B U T O R  MANIFOLDS 
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o O i l  r e c i r c u l a t i o n  r a t e  w i l l  be l i m i t e d  by t h e  o i l  pumping c a p a c i t y  o f  
t h e  e n g i n e .  

o  Impos i t ion  o f  some minimum a l l o w a b l e  o p e r a t i n g  o i l  t e m p e r a t u r e  c o u l d  
a f f e c t  o i l  r e c i r c u l a t i o n  r a t e  and h e a t  exchanger d e s i g n ,  t o  be 
c o m p a t i b l e  w i t h  t h e  n e t  h e a t  a v a i l a b l e  f o r  h e a t i n g  f u e l  i n  t h e  t a n k s .  

o  Fuel h e a t i n g  t o  p reven t  f i l t e r  b lock ing  from water  ice p a r t i c l e s  is  
f a i r l y  s t a n d a r d ,  and i n  most c a s e s ,  u s e s  e n g i n e  o i l  a s  t h e  h e a t  s o u r c e ,  
S ince  t h i s  h e a t i n g  i s  r e q u i r e d  th roughout  t h e  f l i g h t  a f t e r  t h e  f u e l  
t e m p e r a t u r e  upstream o f  t h e  f i l t e r  approaches  t h e  p o i n t  o f  ice 
format ion ,  it h a s  f i r s t  p r i o r i t y  on t h e  a v a i l a b l e  h e a t .  

o  Fuel r e c i r c u l a t i o n  r a t e  w i l l  be governed by t h e  c a p a c i t y  o f  t h e  e n g i n e  
f u e l  pump and f u e l  c o n t r o l  sys tem i n  e x c e s s  o f  eng ine  f u e l  consumption 
r e q u i r e m e n t s .  It may b e  f e a s i b l e  t o  i n c o r p o r a t e  e x c e s s  c a p a c i t y  of  t h e  
f u e l  t a n k  b o o s t  pumps i f  a  h igher  f u e l  r e c i r c u l a t i o n  r a t e  is r e q u i r e d .  

o  Although t h e  p r e s e n t  t e s t s  i n d i c a t e  t h a t  f u e l  o v e r t e m p e r a t u r e  is  
o r d i n a r i l y  n o t  a  problem i f  t h e r e  is no c o n t r o l  o f  h i g h  f u e l  
t e m p e r a t u r e ,  it cou ld  be a  problem w i t h  low f u e l  l o a d s ,  a s  migh t  occur  
i n  d i v e r t i n g  t o  an a l t e r n a t e  l a n d i n g  f i e l d .  



8.0 CONCLUSIONS 

B p e r i m e n t a l  tests were conducted wi th  a v i a t i o n  t u r b i n e  f u e l s  s u b j e c t e d  t o  low 
t e m p e r a t u r e s  i n  a  t e s t  t a n k .  The test  a p p a r a t u s  a l s o  con ta ined  a  system f o r  
h e a t i n g  t h e  f u e l  from hea ted  MIL-L-23699 je t  eng ine  l u b r i c a t i n g  o i l .  The 
p h y s i c a l  d imensions  o f  t h e  test  t a n k  r e p r e s e n t e d  a  s e c t i o n  o f  an ou tboard  wing 
t a n k  o f  a  wide-bodied c o m e r c i a l  a i r p l a n e ,  and c h i l l i n g  was such t h a t  i n t e r n a l  
t e m p e r a t u r e  p r o f i l e s  were comparable t o  t h o s e  encountered i n  f l i g h t .  Four f u e l s  
were t e s t e d  : a commercial Jet A from s t o c k  used i n  a c t u a l  s e r v i c e  ; an 
i n t e r m e d i a t e  f r e e z e  p o i n t  d i s t i l l a t e  which proved to  have a  h igher  f reeze  p o i n t  
t h a n  expected p l u s  a  wide spread  between f r e e z e  p o i n t  and pour p o i n t ;  a  
modera te ly  h i g h  f r e e z e  p o i n t  f u e l  blended a long t h e  g u i d e l i n e s  f o r  an 
Experimental  Referee Broadened-Specif ica t ion (ERBS) f u e l ;  and a  modera te ly  h i g h  
f r e e z e  p o i n t  p a r a f f i n i c  d i s t i l l a t e  used i n  t h e  p reced ing  test  program. 
F l o w a b i l i t y  o f  t h e  f u e l s  was de te rmined  by withdrawing t h e  f u e l  from t h e  tes t  
t a n k  and measuring t h e  g r a v i t y  holdup,  o r  unpumpable f u e l  remaining i n  t h e  t a n k .  
Var ious  combina t ions  o f  t empera tu re  s c h e d u l e ,  f u e l  r e c i r c u l a t i o n  d i s t r i b u t o r  
c o n f i g u r a t i o n ,  h e a t  exchanger ,  r a t e  o f  h e a t i n g ,  r e c i r c u l a t i o n  r a t e ,  and h e a t i n g  
procedure  were e v a l u a t e d  f o r  t h e i r  e f f e c t i v e n e s s  i n  reduc ing  g r a v i t y  holdup. 

The fo l lowing  c o n c l u s i o n s  r e s u l t e d  from t h i s  i n v e s t i g a t i o n :  

1, R e c i r c u l a t i o n  o f  hea ted  f u e l  h a s  a  l a r g e ,  p r e d i c t a b l e  e f f e c t  on t h e  b u l k  
f u e l  t empera tu re .  'Ihe a c t u a l  p e n e t r a t i o n  o f  heated f u e l  i n t o  t h e  boundary 
l a y e r s  near  t h e  t a n k  s u r f a c e s  is dependent  on f u e l  c h a r a c t e r i s t i c s ,  
t e m p e r a t u r e s  a t  which f u e l  h e a t i n g  is i n i t i a t e d ,  d u r a t i o n  o f  h e a t i n g ,  
c o n f i g u r a t i o n  o f  t h e  r e c i r c u l a t i o n  d i s t r i b u t o r ,  and t empera tu re  schedu le .  

2. R e c i r c u l a t i o n  o f  t h e  hea ted  f u e l  h a s  a  r e l a t i v e l y  s m a l l  e f f e c t  on f u e l  
t empera tu re  i n  t h e  boundary l a y e r  near  t h e  bottom s u r f a c e  o f  t h e  t a n k ,  T h i s  
i s  probab ly  t h e  r e s u l t  o f  c o n v e c t i v e  f l o w  i n  which t h e  heated r e c i r c u l a t i n g  
f u e l  moves upward i n  t h e  t ank .  The c o l d e r  descend ing  f u e l  e n c o u n t e r s  t h e  
warm f u e l ,  mixes ,  and t h e  n e t  r e s u l t  is l i t t l e  o r  no c o n v e c t i v e  a c t i o n  i n  
t h e  bottom boundary l a y e r .  T e s t  r e s u l t s  from p r e v i o u s  i n v e s t i g a t i o n  o f  f u e l  
behav ior  a t  low t e m p e r a t u r e s  showed t h a t  a t  holdups  o f  6% o r  l e s s ,  t h e  s o l i d  
d e p o s i t s  accumulated e x c l u s i v e l y  on t h e  lower s u r f a c e s .  

3, Fuel h e a t i n g  h a s  a  measurab le  i n f l u e n c e  on reduc ing  g r a v i t y  holdup.  For 
s i t u a t i o n s  which would produce ho ldups  o f  1% o r  2% withou t  f u e l  h e a t i n g ,  t h e  
r e s u l t s  o f  f u e l  h e a t i n g  a r e  v e r y  s m a l l .  For t e m p e r a t u r e  c o n d i t i o n s  where 
g r e a t e r  holdup o c c u r s ,  t h e  i n f l u e n c e  o f  f u e l  h e a t i n g  becomes more 
pronounced. Very p robab ly  t h i s  e f f e c t  is  caused by t h e  c l o s e r  p rox imi ty  of  
accumulat ing s o l i d s  t o  t h e  r e c i r c u l a t i o n  p a t h  o f  t h e  hea ted  f u e l ,  

4, Methods which i n c r e a s e  p e n e t r a t i o n  o f  hea ted  f u e l  i n t o  t h e  boundary l a y e r  a t  
t h e  bottom o f  t h e  t a n k  improve f u e l  p u m p a b i l i t y  by reduc ing  holdup,  The 
slLow Re-entry" r e c i r c u l a t i o n  d i s t r i b u t o r ,  f o r  i n s t a n c e ,  i n t r o d u c e s  t h e  
heated f u e l  approx imate ly  s i x  c e n t i m e t e r s  lower i n  t h e  t a n k  than  t h e  o t h e r  
two d i s t r i b u t o r s  which were p o s i t i o n e d  above t h e  bottom s t r i n g e r s ,  and 
produces  a  measurab le  improvement i n  ho ldup .  



5. Recons t i tu t ion  and re-use o f  test  f u e l  does n o t  have a  d e t e c t a b l e  e f f e c t  on 
test  r e s u l t s .  Some e a r l i e r  concern had been expressed t h a t  s o l i d  f u e l  o r  
wax p a r t i c u l a t e s  may a c t  a s  n u c l e i  t o  a c c e l e r a t e  s o l i d  p r e c i p i t a t i o n  dur ing  
subsequent re-use o f  test  f u e l s .  While t h i s  phenmenon may occur with some 
heavier  f u e l  o i l ,  a  c o n t r o l l e d  group o f  t e s t s  i nd i ca t ed  t h a t  a v i a t i o n  
t u r b i n e  f u e l  d id  no t  r e a c t  i n  t h i s  manner. 

6. Cor re l a t i ons  o f  holdup based on boundary l a y e r  temperature  g e n e r a l l y  app ly  
t o  both heated and non-heated ca se s .  Each test f u e l  has  its s p e c i f i c  
c o r r e l a t i o n ,  which i s  use fu l  i n  e s t ima t ing  holdup dur ing  a  tes t .  

7. A l i m i t e d  t e s t  o f  cont inuous high power f u e l  hea t ing  i n  conjunc t ion  with an 
extreme h o t  day temperature  schedule  d id  no t  r e s u l t  i n  any f u e l  
overtemperature .  



9,O RECOMMENDATIONS 

Based on t h e  scale model t a n k  t e s t s  performed i n  t h i s  s t u d y ,  which i n v e s t i g a t e d  
t h e  e f f e c t s  o f  f u e l  h e a t i n g  i n  a  low t e m p e r a t u r e  environment ,  and t h e  
c o n c l u s i o n s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  fo l lowing  recommendations a r e  
made f o r  f u t u r e  work: 

1. Continue t h e  s y s t e m a t i c  s t u d y  o f  r e c i r c u l a t i o n  f u e l  h e a t i n g .  T h i s  shou ld  
i n c l u d e  a n a l y s i s  and c o n t r o l  o f  h e a t  t r a n s f e r  t o  f u e l ,  v a r i a t i o n s  i n  
r e c i r c u l a t i o n  r a t e s  o f  f u e l  and h e a t  t r a n s p o r t  f l u i d ,  and exper imenta l  
e v a l u a t i o n  o f  r e c i r c u l a t i o n  d i s t r i b u t o r  d e s i g n s  f o r  improving p e n e t r a t i o n  o f  
hea ted  f u e l  i n t o  t h e  bottom boundary l a y e r ,  

2. Conduct a  series o f  tests with  an a v i a t i o n  t u r b i n e  t y p e  f u e l  having a  f r e e z e  
p o i n t  o f  approx imate ly  - 3 4 ' ~ ~  The s e r i e s  should  i n c l u d e  non-heating t e s t s  
t o  e v a l u a t e  holdup c h a r a c t e r i s t i c s ,  and h e a t i n g  tests s i m i l a r  t o  t h o s e  
performed i n  t h e  p r e s e n t  i n v e s t i g a t i o n  b u t  i n c o r p o r a t i n g  t h e  o b j e c t i v e s  o f  
t h e  f i rs t  recommendation. Such a  f u e l  may r e p r e s e n t  a  more p r a c t i c a l  
example o f  a  f u t u r e  h igher - f reez ing-po in t  f u e l  than  t h e  exper imenta l  f u e l s  
t e s t e d  t o  d a t e .  

3. I n v e s t i g a t e  t h e  use  o f  commercial f low improving a d d i t i v e s  t o  reduce  holdup 
o f  a v i a t i o n  t u r b i n e  f u e l s .  T e s t s  wi th  t h e  a d d i t i v e - t r e a t e d  f u e l s  should  
i n c l u d e  comparisons  w i t h  u n t r e a t e d  f u e l  tests and an e v a l u a t i o n  o f  p o s s i b l e  
t r a d e o f f s  i n  which t h e  use  o f  a d d i t i v e s  cou ld  minimize h e a t i n g  r e q u i r e m e n t s .  

4, T e s t s  shou ld  i n v e s t i g a t e  whether t h e  s m a l l  amount o f  s o l i d  f u e l  holdup 
a f f e c t s  c a p a c i t a n c e  t y p e  f u e l  q u a n t i t y  gauging sys tems  by a l t e r i n g  t h e  
d i e l e c t r i c  c o n s t a n t .  It may b e  p o s s i b l e  t h a t  a  s i g n i f i c a n t  change i n  
d i e l e c t r i c  c o n s t a n t  cou ld  l e a d  t o  development o f  a  holdup warning d e v i c e .  
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cs and FwPs Division, 

An experimental investigation was perdowed to study scale-model fuel keating systems for use 

with aviation hydrocarbon fuel at low temperatures, The principal objective was to evaluate 

the effectiveness of the heating systems in providing flowability and pumaability at extreme 

low temperatures when some freezing of the fuel would otherwise occur. %he 'test tank simulated 

a section of an outer wing tank, and was chilled on the upper and lower surfaces, EiLEL-L-23699 

turbine engine lubricating oil was heated, and transferred the heat to recirculating fuel. 

& a d s  included: a camercial Jet A; an intermediate freeze point distillate!; a higher freeze 

point distillate blended according to Experimental Referee Broadened-Sgecificnrion (ERE) 

guidelines; a higher freeze point paraffinic distillate used in r preceding investigation, 

Each fuel was chilled to selected temperatures to evaluate urnpumpable sobid formation (holdup). 

Tests simulating extreme cold weather flight, without heating, provided baseline fuel holdup 

data. Heacing and recirculating fuel increased bulk temperature significantly; f t  had a 

relatively small effect on temperature near the bottom of the tank. Hethods which increased 

penetration of heated fuel into the lower boundary layer impreved the capability for reducing 

holdup. Re-use of fuel reconstituted by melting and blending the frozen holdup did not affect 

test results. Continuous heating in conjunction with a sim~lated extreme hot day flight did 

Aircraft fuels Fuel freezing point 
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