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Large Eddy Simulation of C rash b ac k  in M arine P rop ellers 
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The large eddy simulation methodology is applied to predict the flow around a marine 
propeller in the forward and crashb ack  modes of operation.  A  non-dissipativ e,  rob ust 
numerical algorithm dev eloped b y M ahesh et al.  ( 2 0 0 4 ,  J .  C omput.  P hys. ,  1 9 7 :  2 1 5 -2 4 0 )  for 
unstructured grids was ex tended to include the effect of rotating frame of reference.  The 
thrust and torq ue coefficients,  circumferentially av eraged mean v elocity and root mean 
sq uare fluctuation of v elocity ob tained from the simulation are compared to ex perimental 
data and good agreement is ob serv ed.  The crashb ack  simulations show the presence of a 
highly unsteady ring-v ortex ,  and irregular low freq uency unsteady loads on the propeller.  

I. In t r o d u c t i o n  
RASHBACK is an extreme operating condition for marine propulsors that often determines propulsor strength,  
and strongly  affects ov erall maneuv erab ility .  F igure 1  defines four different modes of propeller operation b ased 

on the sense of the propeller rotation and the direction of the relativ e v elocity  of far field flow  w ith respect to the 
propeller.  C rashb ack  is seen to b e the operating condition w here the propeller rotates in the rev erse direction w hile 
the v essel mov es in the forw ard direction.  T he flow  around the propeller during crashb ack  is characteriz ed b y  
massiv e separation,  and large-scale unsteadiness.  A  prominent feature of the flow  is an unsteady  ring-v ortex in the 
v icinity  of the propeller disk .  J iang et al. 1 performed experiments of propeller crashb ack  w hich prov ide P I V  data on 
the ring-v ortex,  and suggest that the unsteadiness of the ring-v ortex is related to the forces experienced b y  the 
propeller.  D etailed experiments w hich measure flow  v elocity  in crashb ack  using P I V  and L D V  w ere recently  
performed b y  J essup et al. 2 
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F i g u r e  1 :  C l a s s i f i c a t i o n  o f  p r o p e l l e r  o p e r a t i o n  b a s e d  o n  t h e  d i r e c t i o n  o f  a n g u l a r  v e l o c i t y  ωωωω o f  t h e  p r o p e l l e r  
a n d  t h e  d i r e c t i o n  o f  t h e  f r e e -s t r e a m  v e l o c i t y  U. 



44th A I A A  A e r o s p a c e  S c i e n c e s  M e e t i n g  a n d  E x hi b i t,  J a n  9 - 1 2 ,  R e n o ,  N e v a d a  

 
Am e r i c a n  I n s t i t u t e  o f  Ae r o n a u t i c s  a n d  As t r o n a u t i c s  P a pe r  20 0 6 -1 4 1 5  

 
2

T h e  u n s t e a d y  R e y n o l d s -a v e r a g e d  N a v i e r -S t o k e s  e q u a t i o n s  ( R AN S ) r e pr e s e n t  t h e  s t a t e -o f -t h e -a r t  i n  c o m pu t a t i o n a l  
pr e d i c t i o n  o f  t h e  v i s c o u s  f l o w  a r o u n d  pr o pe l l e r s 3–5. C u r r e n t l y , R AN S  a ppe a r s  c a pa b l e  o f  pr e d i c t i n g  f o r w a r d  m o d e  
a n d  b a c k i n g ;  h o w e v e r , s i g n i f i c a n t  d i s a g r e e m e n t  w i t h  d a t a  i s  o b s e r v e d  i n  c r a s h b a c k  a n d  c r a s h a h e a d  c o n d i t i o n s . F o r  
e x a m pl e , C h e n  &  S t e r n 3 s h o w  t h a t  R AN S  i s  w i t h i n  5 %  o f  e x pe r i m e n t a l  d a t a  f o r  t h r u s t  a n d  t o r q u e  i n  t h e  f o r w a r d  
m o d e  a n d  w i t h i n  6 .5 %  w h e n  b a c k i n g , b u t  c r a s h b a c k  o r  c r a s h a h e a d  i n c r e a s e s  t h e  e r r o r  t o  1 1 0 % . Al s o  t h e  c o m pu t e d  
r e s u l t s  s h o w e d  o n l y  3 %  o s c i l l a t i o n  a b o u t  t h e  m e a n  w h i l e  t h e  e x pe r i m e n t  s h o w e d  20 % .  

I t  i s  l i k e l y  t h a t  R AN S  i s  u n a b l e  t o  a d e q u a t e l y  pr e d i c t  c r a s h b a c k  b e c a u s e  o f  t h e  pe r v a s i v e  l a r g e -s c a l e  
u n s t e a d i n e s s . T h i s  pa pe r  t h e r e f o r e  u s e s  t h e  l a r g e -e d d y  s i m u l a t i o n  m e t h o d o l o g y  t o  s i m u l a t e  pr o pe l l e r  c r a s h b a c k . L E S  
i s  a  t h r e e -d i m e n s i o n a l  a n d  u n s t e a d y  c o m pu t a t i o n a l  a ppr o a c h  w h e r e  t h e  N a v i e r -S t o k e s  e q u a t i o n s  a r e  s pa t i a l l y  
f i l t e r e d , a n d  t h e  r e s o l v e d  s c a l e s  o f  m o t i o n  a r e  d i r e c t l y  c o m pu t e d  w h i l e  t h e  e f f e c t  o f  t h e  u n r e s o l v e d  s c a l e s  i s  
m o d e l e d . A k n o w n  l i m i t a t i o n  o f  L E S  ( w i t h o u t  w a l l  m o d e l s ) i s  t h e  n e a r -w a l l  r e s o l u t i o n  r e q u i r e m e n t s  f o r  e x t e r n a l  
f l o w s  a t  h i g h  R e y n o l d s  n u m b e r s . I t  i s  h o pe d  t h a t  t h e  n e a r -w a l l  r e s o l u t i o n  i s  n o t  a s  c r i t i c a l  f o r  t h e  c r a s h b a c k  pr o b l e m  
w h i c h  h a s  m a s s i v e  g e o m e t r y -i n d u c e d  s e pa r a t i o n . T h i s  a s s u m pt i o n  w i l l  b e  t e s t e d  b y  c o m pa r i s o n  t o  e x pe r i m e n t a l  
d a t a . 

T h e  pa pe r  i s  o r g a n i z e d  a s  f o l l o w s . S e c t i o n  I I .A b r i e f l y  d e s c r i b e s  t h e  g o v e r n i n g  e q u a t i o n s  a n d  n u m e r i c a l  
m e t h o d . T h e  pr o pe l l e r  g e o m e t r y  a n d  c o m pu t a t i o n a l  g r i d  a r e  o u t l i n e d  i n  s e c t i o n  I I .B . S o m e  r e s u l t s  f r o m  t h e  
c o m pu t a t i o n s  a r e  s h o w n  i n  s e c t i o n  I I I . T w o  c a s e s  a r e  c o n s i d e r e d :  o n e  i n  t h e  f o r w a r d  m o d e  ( I I I .A) a n d  o n e  i n  t h e  
c r a s h b a c k  m o d e  o f  o pe r a t i o n  ( s e c t i o n  I I I .B ), r e s pe c t i v e l y . A b r i e f  s u m m a r y  i n  s e c t i o n  I V  c o n c l u d e s  t h e  pa pe r . 

II. Simulation details 

A. N u m e r i c a l  m e t h o d  
The simulations are p erf ormed  in a f rame of  ref erenc e that rotates w ith the p rop eller.  The inc omp ressib le N av ier-
S tok es eq uations are solv ed  in a rotating  c oord inate sy stem.  The g ov erning  eq uations in a rotating  f rame c an either 
b e w ritten f or the v eloc ities measured  in a stationary  f rame or f or v eloc ities measured  in the rotating  f rame.  The 
f orm of  the g ov erning  eq uations may  b e strong ly  c onserv ativ e6 or in a f orm w here sy stem rotation p rod uc es a sourc e 
term. 7 This p ap er uses the f ollow ing  f orm of  the g ov erning  eq uations: 
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H e r e  ui i s  t h e  i n e r t i a l  v e l o c i t y ,  p i s  t h e  p r e s s u r e ,  xi a r e  c o o r d i n a t e s  i n  t h e  r o t a t i n g  f r a m e ,  t i s  t i m e ,  ωi i s  t h e  a n g u l a r  
v e l o c i t y  o f  t h e  r o t a t i n g  f r a m e  o f  r e f e r e n c e ,  a n d  ν i s  t h e  k i n e m a t i c  v i s c o s i t y . N o t e  t h a t  t h e  d e n s i t y  i s  a b s o r b e d  i n  
p r e s s u r e . A l s o ,  t h e  E i n s t e i n  s u m m a t i o n  c o n v e n t i o n  i s  u s e d  a n d  εij k  d e n o t e s  t h e  p e r m u t a t i o n  s y m b o l . 

T h e  L E S  e q u a t i o n s  a r e  o b t a i n e d  b y  s p a t i a l l y  f i l t e r i n g  ( d e n o t e d  b y  o v e r b a r )  t h e  N a v i e r -S t o k e s  e q u a t i o n s . T h e  
f i l t e r  i s  a s s u m e d  t o  c o m m u t e  w i t h  t h e  s p a t i a l  a n d  t e m p o r a l  d e r i v a t i v e s . A p p l y i n g  t h e  f i l t e r  a n d  u s i n g  t h e  
a p p r o x i m a t i o n  
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w h e r e   

jijiij uuuu −=τ  
i s  t h e  s u b g r i d  s t r e s s  a n d  i s  m o d e l e d .  T h e  d y n a m i c  S m a g o r i n s k i  m o d e l  a s  p r o p o s e d  b y  G e r m a n o  e t  a l . 8 a n d  m o d i f i e d  
b y  L i l l y 9 i s  u s e d  t o  m o d e l  t h e  s u b g r i d  s t r e s s .  
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 T h e  a b o v e  e q u a t i o n s  a r e  s o l v e d  u s i n g  a  n u m e r i c a l  m e t h o d  d e v e l o p e d  b y  M a h e s h  e t  a l . 10 f o r  i n c o m p r e s s i b l e  f l o w s  
o n  u n s t r u c t u r e d  g r i d s .  T h e  a l g o r i t h m  i s  d e r i v e d  t o  b e  r o b u s t  w i t h o u t  n u m e r i c a l  d i s s i p a t i o n .  I t  i s  a  f i n i t e -v o l u m e  
a p p r o a c h  w h i c h  s t o r e s  t h e  C a r t e s i a n  v e l o c i t i e s  a n d  t h e  p r e s s u r e  a t  t h e  c e n t r o i d s  o f  t h e  c e l l s  ( c o n t r o l  v o l u m e s )  a n d  
t h e  f a c e  n o r m a l  v e l o c i t i e s  a r e  s t o r e d  i n d e p e n d e n t l y  a t  t h e  c e n t r o i d s  o f  t h e  f a c e s .  A  p r e d i c t o r -c o r r e c t o r  a p p r o a c h  i s  
u s e d .  T h e  p r e d i c t e d  v e l o c i t i e s  a t  t h e  c o n t r o l  v o l u m e  c e n t r o i d s  a r e  f i r s t  o b t a i n e d  a n d  t h e n  i n t e r p o l a t e d  t o  o b t a i n  t h e  
f a c e -n o r m a l  v e l o c i t i e s .  T h e  p r e d i c t e d  f a c e  n o r m a l  v e l o c i t y  i s  p r o j e c t e d  s o  t h a t  c o n t i n u i t y  i s  d i s c r e t e l y  s a t i s f i e d .  T h i s  
y i e l d s  a  P o i s s o n  e q u a t i o n  f o r  p r e s s u r e  w h i c h  i s  s o l v e d  i t e r a t i v e l y  u s i n g  a  m u l t i g r i d  a p p r o a c h .  T h e  p r e s s u r e  f i e l d  i s  
u s e d  t o  u p d a t e  t h e  C a r t e s i a n  c o n t r o l  v o l u m e  v e l o c i t i e s  u s i n g  a  l e a s t -s q u a r e s  f o r m u l a t i o n .  T i m e  a d v a n c e m e n t  i s  
i m p l i c i t  a n d  i s  p e r f o r m e d  u s i n g  t h e  C r a n k -N i c h o l s o n  s c h e m e .  T h e  a l g o r i t h m  h a s  b e e n  v a l i d a t e d  f o r  a  v a r i e t y  o f  
p r o b l e m s 10 o v e r  a  r a n g e  o f  R e y n o l d s  n u m b e r s .   

a )  
 

b )      c )    
 
 
Figure 2: (a) Computation al  d omain ,  (b ) d etail  v iew  of  th e propel l er (c ) mes h  in  propel l er n eigh b orh ood .  
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B. P r o p e l l e r  g e o m e t r y  a n d  c o m p u t a t i o n a l  g r i d  
T h e  c o m p u t a t i o n s  w e r e  p e r f o r m e d  f o r  P r o p e l l e r  43 8 1 ,  w h i c h  i s  a  f i v e  b l a d e d ,  r i g h t -h a n d e d  p r o p e l l e r  w i t h  

v a r i a b l e  p i t c h ,  n o  s k e w  a n d  r a k e .  A  d e t a i l e d  d e s c r i p t i o n  o f  t h e  g e o m e t r y  m a y  b e  f o u n d  i n  R e f .  2 .  
F i g u r e  2 a  s h o w s  a  s c h e m a t i c  o f  t h e  c y l i n d r i c a l  c o m p u t a t i o n a l  d o m a i n ,  w h o s e  d i a m e t e r  i s  7 . 3  t i m e s  t h e  p r o p e l l e r  

d i a m e t e r ,  a n d  l e n g t h  i s  1 3 . 7 5  t i m e s  t h e  p r o p e l l e r  d i a m e t e r .  T h e  s i z e  o f  t h e  d o m a i n  w a s  c h o s e n  t o  m a t c h  t h e  d i a m e t e r  
o f  t h e  w i d e s t  p a r t  o f  t h e  w a t e r  t u n n e l  u s e d  i n  e x p e r i m e n t s  o f  J e s s u p  e t  a l .  A  c o n s t a n t  f r e e -s t r e a m  v e l o c i t y  b o u n d a r y  
c o n d i t i o n  i s  s p e c i f i e d  a t  t h e  i n l e t  a n d  l a t e r a l  b o u n d a r i e s .  C o n v e c t i v e  v e l o c i t y  b o u n d a r y  c o n d i t i o n s  a r e  p r e s c r i b e d  a t  
t h e  o u t f l o w .  A  d e t a i l  v i e w  o f  t h e  p r o p e l l e r  i s  s h o w n  i n  F i g .  2 b .  T h e  b o u n d a r y  c o n d i t i o n  o n  t h e  p r o p e l l e r ,  h u b  a n d  t h e  
c o n i c a l  t i p  a r e  s p e c i f i e d  u s i n g  u  =  ω × r, while the shaft is stationary;  i. e.  u  =  0 .  A ll fiv e b lad es of the p rop eller are 
rep resented  in the c om p u tation.  

A  c om m erc ial g rid  g enerator ( G am b it &  TG rid , F lu ent C orp oration)  was u sed  for the g rid  g eneration.  F ig u re 2 c  
shows the m esh arou nd  the p rop eller.  Tetrahed ral elem ents are u sed  in the im m ed iate v ic inity of the p rop eller to 
m atc h the c om p lic ated  g eom etry of the b lad es, while hex ahed ral elem ents and  p rism s are u sed  farther from  the 
p rop eller.  F ou r layers of p rism s were g rown on the su rfac es of b lad es in ord er to im p rov e the resolu tion of b ou nd ary 
layers on b lad es.  F irst, the su rfac e g rid s were c reated  b y G am b it, then the g rid  was im p orted  into TG rid .   The 
b ou nd ary layers on b lad es were g rown in TG rid , then the tetrahed ral elem ents were g enerated  arou nd  the p rop eller 
and  finally the g rid  was ex tru d ed  u p stream  and  d ownstream .  The sm allest g rid  siz e is 1 . 7 ×1 0 -3 of the p rop eller 
d iam eter, and  is fou nd  on the ed g es of the b lad es;  siz e fu nc tions were u sed  to c ontrol the g rowth rate of the g rid  siz e 
to ob tain a final m esh with siz e of ap p rox im ately 1 3  m illion c ontrol v olu m es.  

III. R e s u l t s  

A .  Forward Operation 
Simulations were performed  in th e forward  mod e at ad v anc e ratio J = 0 . 8 8 9  for wh ic h  th rust and  torq ue were 

measured  in a 3 6  inc h  water tunnel b y  J essup et al. ,2 and  in a tow-tank  b y  H ec k er &  R emmers 1 1  and  J essup ( priv ate 
c ommunic ation) .  T h e ad v anc e ratio J is d efined  as )/( DnUJ =  where U i s t he f ree-st rea m  v el o c i t y ,  n i s t he 
p ro p el l er ro t a t i o n a l  sp eed  i n  rev o l u t i o n s p er t i m e u n i t  a n d  D  i s t he p ro p el l er d i a m et er.  T he c o m p u t a t i o n  wa s st a rt ed  
wi t h u n i f o rm  f l o w a s t he i n i t i a l  c o n d i t i o n  a n d  wi t h a  R ey n o l d s n u m b er o f  1 2 , 0 0 0 .  T he R ey n o l d s n u m b er i s b a sed  o n  
t he f ree st rea m  v el o c i t y  a n d  o n  t he d i a m et er o f  t he p ro p el l er.  A f t er 6 . 9  p ro p el l er rev o l u t i o n s,  t he R ey n o l d s n u m b er 
wa s i n c rea sed  1 0  t i m es a n d  a f t er a n o t her 2 . 5  p ro p el l er rev o l u t i o n s i t  wa s f u rt her i n c rea sed  t o  8 9 4 , 0 0 0  t o  m a t c h t he 
wa t er t u n n el  ex p eri m en t .  I t  i s sho wn  b el o w t ha t  t he q u a l i t a t i v e f ea t u res o f  t he f l o w a re c a p t u red  a n d  t ha t  t he 
c o m p u t ed  v a l u es o f  t hru st  a n d  t o rq u e sho w g o o d  a g reem en t  wi t h ex p eri m en t a l  m ea su rem en t s i n  a  t o w-t a n k .  A l so ,  
R ey n o l d s n u m b er sen si t i v i t y  i s i n v est i g a t ed .  

 

a )  b )  

Figure 3: Computed results for forward operation J = 0.889, Re = 894 ,000:  ( a )  s t r e a m l i n e s  a n d  c o n t o u r s  o f  
v e l o c i t y  n o r m a l i z e d  b y  U, ( b )  s t r e a m l i n e s  a n d  c o n t o u r s  o f  p r e s s u r e  n o r m a l i z e d  b y  ρ U2 . 
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F i g u r e  3 a  s h o w s  s t r e a m l i n e s  a n d  a x i a l  v e l o c i t y  c o n t o u r s  f o r  t h e  d e s i g n  a d v a n c e  r a t i o  J= 0 . 8 8 9  a t  a  R e y n o l d s  n u m b e r  
o f  8 9 4 ,0 0 0 .  N o t e , t h a t  t h e  f l o w  i s  a c c e l e r a t e d  a s  i t  p a s s e s  t h r o u g h  t h e  p r o p e l l e r .  A s  t h e  f l o w  a c c e l e r a t e s , t h e  r e g i o n  
d e f i n e d  b y  t h e  s t r e a m l i n e s  p a s s i n g  t h r o u g h  t h e  p r o p e l l e r  r e g i o n  ( s l i p s t r e a m )  c o n t r a c t s .  P a t c h e s  o f  h i g h e r  v e l o c i t y  
f l o w  c o r r e s p o n d  t o  p a s s a g e  o f  i n d i v i d u a l  b l a d e s .  T h e  a c c e l e r a t i o n  o f  f l u i d  i s  r e l a t e d  t o  t h e  p r e s s u r e  g r a d i e n t , w h i c h  
i n  t u r n  d e t e r m i n e s  t h e  t h r u s t  a n d  t o r q u e  o n  t h e  p r o p e l l e r .  P a r t  o f  t h e  a c c e l e r a t i o n  o c c u r s  u p s t r e a m  o f  t h e  p r o p e l l e r  a s  
t h e  p r e s s u r e  o n  u p s t r e a m  ( s u c t i o n )  s i d e  o f  t h e  b l a d e  i s  l o w e r  t h a n  t h e  a m b i e n t  p r e s s u r e , a n d  p a r t  o f  t h e  a c c e l e r a t i o n  
o c c u r s  d o w n s t r e a m  a s  t h e  p r e s s u r e  o n  d o w n s t r e a m  ( p r e s s u r e )  s i d e  o f  t h e  b l a d e  i s  h i g h e r  t h a n  t h e  a m b i e n t  p r e s s u r e .  
T h i s  i s  d o c u m e n t e d  b y  t h e  i n s t a n t a n e o u s  p r e s s u r e  c o n t o u r s  i n  f i g u r e  3 b .  

 
T h e  p r e s s u r e  a n d  v i s c o u s  s t r e s s e s  o v e r  t h e  b l a d e s  y i e l d  t h r u s t  T a n d  t o r q u e  Q, w h i c h  a r e  n o n -d i m e n s i o n a l i z e d  a s   

5242 , Dn
QKDn

TK QT ρρ
==  

w h e r e  ρ i s  t h e  f l u i d  d e n s i t y ,  n i s  t h e  p r o p e l l e r  r o t a t i o n a l  s p e e d  i n  r e v / s  a n d  D i s  t h e  d i a m e t e r  o f  t h e  p r o p e l l e r .  T h e i r  
v a l u e s  a r e  s e e n  t o  s t r o n g l y  d e p e n d  o n  R e y n o l d s  n u m b e r .  T h e  n o n -d i m e n s i o n a l  t h r u s t  KT and torque K Q  are p l otted i n 
F i g .  4 a and 4 b  as  th ey  c h ang e duri ng  th e c om p utati on.  T h e h ori z ontal  ax es  s h ow  ti m e el ap s ed s i nc e th e b eg i nni ng  of  
th e c om p utati on i n p rop el l er rev ol uti ons .  N ote th at af ter eac h  c h ang e i n R ey nol ds  num b er,  b oth  th rus t and torque 
qui c k l y  s tab i l i z e and th en rem ai n nearl y  c ons tant w i th  ti m e.  T h e l ow  l ev el  of  f l uc tuati on i n th rus t and torque i n 
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Figure 4: Non-d im ens iona l  ( a )  t h rus t  KT ,  ( b )  t orq ue KQ a nd  ( c )  KF - c om p onent  of  f orc e p erp end ic ul a r t o 
p rop el l er a x is  in d irec t ion f ix ed  w it h  res p ec t  t o s t ea d y  c oord ina t es  norm a l iz ed  b y  a v era ge t h rus t  
< KT > = 0 . 2 1  f or J = 0.889 as they develop during the computation. The computation was started with 
R eynolds numb er of  1 2 , 000 and then increased in two steps to R e  = 1 2 0, 000 and ex perimental R e  = 
894 , 000. A ll ex perimental data are f rom Tab le 1 . 
 

a) b ) 

c ) 
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f o r w a r d  m o d e  i s  i n  a g r e e m e n t  w i t h  e x p e r i m e n t . A l s o  s h o w n  a r e  t h e  s t e a d y  e x p e r i m e n t a l  v a l u e s  o f  t h r u s t  a n d  t o r q u e  
c o e f f i c i e n t s  m e a s u r e d  i n  a  3 6 i n c h  w a t e r  t u n n e l  b y  J e s s u p  e t  a l . ( p r i v a t e  c o m m u n i c a t i o n ) , a n d  i n  a  t o w -t a n k  b y  
H e c k e r  &  R e m m e r s 11 a n d  b y  J e s s u p  e t  a l . ( p r i v a t e  c o m m u n i c a t i o n ) . N o t e  t h a t  a s  t h e  R e y n o l d s  n u m b e r  a p p r o a c h e s  
t h e  e x p e r i m e n t a l  v a l u e , b o t h  t h r u s t  a n d  t o r q u e  a p p r o a c h  t h e  e x p e r i m e n t a l  r e s u l t s . A l s o , t h e  c o m p u t e d  o u t -o f -p l a n e  
f o r c e  ( i e . t h e  f o r c e  o r t h o g o n a l  t o  t h e  a x i s  o f  p r o p e l l e r )  i n  F i g . 4 c  i s  v e r y  s m a l l . E x p e r i m e n t a l  a n d  c o m p u t e d  v a l u e s  o f  
t h r u s t  a n d  t o r q u e  i n  f o r w a r d  o p e r a t i o n  a r e  s u m m a r i z e d  i n  T a b l e  1 . 
 

 A  p r o p e l l e r  b l a d e  i s  a  f i n i t e  t w i s t e d  w i n g  a n d  t h e r e f o r e  t h e r e  i s  a  t r a i l i n g  t i p  v o r t e x  s t a r t i n g  a t  e a c h  b l a d e . Du e  t o  
p r o p e l l e r  r o t a t i o n , t h e  v o r t i c e s  f o l l o w  h e l i c a l  t r a j e c t o r i e s . I n t e r s e c t i o n s  o f  t h e  h e l i c a l  v o r t i c e s  w i t h  t h e  a x i a l  p l a n e  a r e  
v i s i b l e  i n  f i g u r e  5 , w h i c h  s h o w s  s t r e a m l i n e s  i n  a  f r a m e  o f  r e f e r e n c e  m o v i n g  w i t h  t h e  u p s t r e a m  f l o w , a n d  c o n t o u r s  o f  
z-c o m p o n e n t  o f  v o r t i c i t y . F i g u r e  5  s h o w s  c o m p u t e d  r e s u l t s  f o r  J= 0 .8 8 9  a n d  R e = 8 9 4 ,0 0 0  a v e r a g e d  o v e r  2 .8  
r e v o l u t i o n s . A  s i m i l a r  p l o t  i s  s h o w n  b y  t h e  e x p e r i m e n t a l  s t u d y  o f  Di  F e l i c e  e t  a l . f o r  a  d i f f e r e n t  p r o p e l l e r 12  i n  F i g . 1 0  
o f  t h e i r  p a p e r . T h e  c o m p u t e d  r e s u l t s  s h o w  g o o d  q u a l i t a t i v e  a g r e e m e n t  w i t h  Di  F e l i c e  e t  a l .’ s  r e s u l t s . T h e  c o n t o u r s  o f  
v o r t i c i t y  r e f l e c t  l o c a t i o n s  o f  t h e  b l a d e  w a k e s . N o t i c e , t h a t  a s  t h e  w a k e  g e t s  f u r t h e r  f r o m  t h e  p r o p e l l e r , i t  i s  s t r e t c h e d . 
T h i s  i s  d u e  t o  h i g h e r  a x i a l  v e l o c i t y  c l o s e r  t o  t h e  a x i s . A l s o  s e e n  c l e a r l y  i s  t h e  h u b  v o r t e x . 

B. Crashback 
Simulations were performed under crashback conditions at advance ratio J=-0 .7  for which ex perimental data are 

available measured in a 3 6  inch water tunnel by  J essup et al.2 and in a tow tank by  H ecker &  R emmers 1 3  and by  
J essup ( private communication) . T he computational g rid was the same as that used in forward mode. T he simulation 
was started with a uniform flow as the initial condition with velocity  eq ual to the far field flow velocity . T he 
R ey nolds number was R e =1 , 2 0 0 ,  and 3 3 6  time steps per revolution were used. A fter 1 2  propeller revolutions,  the 
R ey nolds number was increased to R e =1 2 , 0 0 0  and another 2 8  propeller revolutions were computed using  1 6 8 0  time 
steps per revolution. U sing  the same time step,  the R ey nolds number was further increased to R e = 1 2 0 , 0 0 0  for 3  

 F i g u re  5 :  V o rt i ci t y  co n t o u rs an d  st re am l i n e s i n  f ram e  o f  re f e re n ce  m o v i n g  w i t h u p st re am  f l o w .  N o t e  
t he  t i p  v o rt i ce s an d  bl ad e  w ake s.  Co m p u t e d  re su l t s f o r f o rw ard  o p e rat i o n  J = 0.889, R e  = 894 ,000 a r e  
a v e r a g e d  o v e r  2 .8 r e v o l u t i o n  i n  t h e  p r o p e l l e r  f r a m e  o f  r e f e r e n c e . 

T a b l e  1 :  T h r u s t  a n d  t o r q u e  i n  f o r w a r d  o p e r a t i o n  ( J = 0.889) :  e x p e r i m e n t a l  a n d  c o m p u t e d  r e s u l t s . A l l  
e x p e r i m e n t a l  d a t a , i n c l u d i n g  H e c k e r  &  R e m m e r s , w e r e  k i n d l y  p r o v i d e d  b y  J e s s u p  ( p r i v a t e  
c o m m u n i c a t i o n )  a t  d i f f e r e n t  a d v a n c e  r a t i o s . 
 

Forward J KT KQ

Tow-tank, Hecker & Remmers [13] 0 . 8 8 9 0 . 2 113 0 . 0 4 19 7
Tow-tank, J essu p  ( d ata 11/ 2 0 0 4 ) 0 . 8 8 9 0 . 2 0 11 0 . 0 4 2 0 5
W ater tu nnel , J essu p  ( d ata 6 / 2 0 0 5 ) 0 . 8 9 1 0 . 2 0 9 9 0 . 0 4 4 0 7
C omp u ted  resu l t 0 . 8 8 9 0 . 2 1 0 . 0 4 1  
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re v o l u t io ns a nd  t h e n f ina l l y  t o  Re = 4 8 0 , 0 0 0  f o r a no t h e r 1 1 6  re v o l u t io n. T h e  l a st  1 0 0  re v o l u t io ns w e re  u se d  t o  c o l l e c t  
st a t ist ic s. N o t e  t h a t  t h e  e x p e rim e nt s o f  J e ssu p  e t  a l . ( p riv a t e  c o m m u nic a t io n) h a s sh o w n t h a t  t h ru st  d o e s no t  d e p e nd  
o n R e y no l d s nu m b e r in ra ng e  4 ×1 0 5 <  Re <  9 ×1 0 5. W e  a ssu m e  t h a t  no t  o nl y  t h ru st ,  b u t  a l so  t o rq u e  a nd  f l o w  a ro u nd  
p ro p e l l e r a re  sim il a r in t h is ra ng e  o f  R e y no l d s nu m b e rs,  so  t h a t  c o m p a riso n w it h  a v a il a b l e  e x p e rim e nt a l  d a t a  c a n b e  
m a d e . 

C ra sh b a c k  is f a irl y  c o m p l e x ,  a s c a n b e  se e n b y  c o m p a ring  t h e  f o rw a rd  m o d e  in F ig . 3  t o  c ra sh b a c k  in F ig . 6 . 
F ig u re  6 a  sh o w s st re a m l ine s a nd  a x ia l  v e l o c it y  c o nt o u rs in a  p l a ne  a l o ng  t h e  p ro p e l l e r a x is w h il e  F ig . 6 b  sh o w s a x ia l  
v e l o c it y  c o nt o u rs in a  p l a ne  p e rp e nd ic u l a r t o  t h e  a x is o f  p ro p e l l e r. T h e re  is a  re g io n o f  re v e rse d  f l o w  c l o se  t o  t h e  
p ro p e l l e r in c ra sh b a c k  ( t h e  b l u e  a nd  g re e n re g io n). T h is re v e rse d  f l o w  int e ra c t s w it h  a m b ie nt  f l o w  a nd  c re a t e s a  
re c irc u l a t io n z o ne ,  w h ic h  is o f t e n c a l l e d  a  ring  v o rt e x . F ig u re  6 b  sh o w s t h e  re su l t ing  a sy m m e t ry  o f  t h e  so l u t io n in 
t h e  v a rio u s b l a d e  p a ssa g e s. 

T h e  f l o w  in c ra sh b a c k  is h ig h l y  u nst e a d y  a s is d o c u m e nt e d  in F ig . 7,  w h ic h  sh o w s p re ssu re  c o nt o u rs 
( no rm a l iz e d  b y  ρU2) a nd  st re a m l ine s a t  t w o  d if f e re nt  t im e s. A s c a n b e  se e n f ro m  t h e  st re a m l ine s,  a n u nst e a d y  ring  
v o rt e x  is f o rm  a s o b se rv e d  in e x p e rim e nt s b y  J ia ng 1. T h e  ring  v o rt e x  m o v e  u p st re a m  a nd  d o w nst re a m  a nd  it  t il t s,  
w h ic h  a f f e c t s t h ru st ,  t o rq u e  a nd  o u t -o f -p l a ne  f o rc e s o n p ro p e l l e r. F ig u re  7a  c o rre sp o nd s t o  h ig h e r a b so l u t e  v a l u e  o f  
t h ru st  w h e re a s F ig . 7b  c o rre sp o nd s t o  l o w e r a b so l u t e  v a l u e  o f  t h ru st . T h is d if f e re nc e  in t h ru st  is o b v i o u s f ro m  t h e  
p re ssu re  c o nt o u rs – F ig . 7a  sh o w s h ig h e r p re ssu re  d ro p  a c ro ss t h e  b l a d e s t h a n F ig . 7b . A l so  no t e  t h a t  t h e  sig n o f  t h e  
p re ssu re  d if f e re nc e  o n t h e  b l a d e s in c ra sh b a c k  is o p p o sit e  t h a n t h a t  in f o rw a rd  o p e ra t io n. 

 

 

a)  b )  
F i g u r e  7 :  C o n t o u r s  o f  ax i al  v e l o c i t y  n o r m al i z e d  b y  U an d  s t r e am l i n e s  f o r  c r as h b ac k  J  =  -0 .7 ,   
R e  =  4 8 0 , 0 0 0 :  ( a) s i d e  v i e w  ( b ) ax i al  v i e w  at  x  /  D  =  0 . 

a)  b )  
F i g u r e  6 :  C o n t o u r s  o f  ax i al  v e l o c i t y  n o r m al i z e d  b y  U an d  s t r e am l i n e s  f o r  c r as h b ac k  J  =  -0 .7 ,   
R e  =  4 8 0 , 0 0 0 :  ( a) s i d e  v i e w  ( b ) ax i al  v i e w  at  x  /  D  =  0 . 
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Table 2: Thrust and torque in crashback (J = -0 . 7 ) : ex p erim ental data.  A ll ex p erim ental data,  including  
H ecker &  R em m ers,  w ere kindly  p rov ided by  Jessup  (p riv ate com m unication)  at dif f erent adv ance 
ratios.   

 
 

Crashback J KT KQ

T o w - t a n k ,  H e c k e r  &  R e m m e r s  [ 1 3 ] - 0 . 7 - 0 . 5 0 3 0 - 0 . 0 9 3 6 0
T o w - t a n k ,  J e s s u p  ( d a t a  1 1 / 2 0 0 4 ) - 0 . 7 - 0 . 4 0 6 2 - 0 . 0 7 7 7 7
W a t e r  t u n n e l ,  J e s s u p  ( d a t a  9 / 2 0 0 4 ) - 0 . 6 9 9 - 0 . 3 3 2 3 - 0 . 0 6 5 0 4
C o m p u t e d  r e s u l t   ( a v e r a g e d  o v e r  1 0 0  r e v o l u t i o n s ) - 0 . 7 - 0 . 3 7 - 0 . 0 7 1  
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 Figure 8: I l l us t rat io n  o f un s t ead y  l o ad s  in  c ras h b ac k  ( J = -0 .7 , R e  = 4 80 ,0 0 0 ) . T im e h is t o ry  o f n o n -
d im en s io n al  ( a)  t h rus t  KT, ( b )  t o rq ue KQ an d  ( c )  KF/ < KT > . H ere KF d en o t es  a c o m p o n en t  o f fo rc e in  a 
d irec t io n  p erp en d ic ul ar t o  t h e p ro p el l er ax is  an d  fix ed  w it h  res p ec t  t o  s t ead y  c o o rd in at es , < KT > =-0 .3 7  is  
t h e av erage t h rus t . A l l  ex p erim en t al  d at a are fro m  T ab l e 2 . 

a )  b )  

c )  
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Th e  as y m m e t r y  and  u ns t e ad i ne s s  o f  f l o w  i s  r e f l e c t e d  i n t h e  b l ad e  l o ad s  and  h e nc e  al s o  i n t h r u s t ,  t o r q u e  and  i n 

o u t -o f -p l ane  f o r c e s . F i g u r e s  8 a and  8 b  s h o w  t h e  t i m e  h i s t o r y  o f  c o m p u t e d  no n-d i m e ns i o nal  t h r u s t  and  t o r q u e ,  
r e s p e c t i v e l y . A l s o  s h o w n ar e  t h e  e x p e r i m e nt al  v al u e s  o f  av e r ag e  t h r u s t  and  t o r q u e  c o e f f i c i e nt s  o b t ai ne d  b y  J e s s u p  e t  
al .2 i n a w at e r  t u nne l ,  and  H e c k e r  &  R e m m e r s 1 1  and  J e s s u p  ( p r i v at e  c o m m u ni c at i o n)  i n a t o w  t ank . N o t e  t h at  b o t h  
t h r u s t  and  t o r q u e  e x h i b i t  l ar g e  i r r e g u l ar  f l u c t u at i o ns  w i t h  l o w  f r e q u e nc y . Th e  am p l i t u d e  and  t i m e s c al e  o f  t h e s e  
f l u c t u at i o ns  i s  s i m i l ar  t o  f l u c t u at i o ns  o f  t h r u s t  i n F i g . 9,  w h i c h  s h o w s  d at a m e as u r e d  b y  J e s s u p  e t  al . i n a w at e r  
t u nne l . Th r u s t  and  t o r q u e  al s o  c o nt ai n s m al l e r  am p l i t u d e  o s c i l l at i o ns  w i t h  f r e q u e nc y  5  p e r  r e v o l u t i o n,  w h i c h  
c o r r e s p o nd  t o  p as s ag e  o f  i nd i v i d u al  b l ad e s  o f  t h e  f i v e -b l ad e d  p r o p e l l e r . Th e  e v o l u t i o n o f  c o m p u t e d  o u t -o f -p l ane  
f o r c e  no r m al i z e d  b y  t h r u s t  i s  p l o t t e d  i n F i g . 8 c . Th e s e  ar e  t h e  f o r c e s  p e r p e nd i c u l ar  t o  t h e  p r o p e l l e r  ax i s . Th e  
m ag ni t u d e  and  u ns t e ad i ne s s  o f  o u t -o f -p l ane  f o r c e s  i n c r as h b ac k  i s  s e e n t o  b e  m u c h  l ar g e r  t h an i n f o r w ar d  o p e r at i o n 
d u e  t o  h i g h  as y m m e t r y  and  u ns t e ad i ne s s  o f  t h e  f l o w  i n c r as h b ac k . I t  i s  i n g o o d  ag r e e m e nt  w i t h  e x p e r i m e nt . 

Th e  c o m p u t e d  m e an v al u e s  o f  t h r u s t  and  t o r q u e  ar e  c o m p ar e d  t o  e x p e r i m e nt  i n Tab l e  2 . Th e  w at e r  t u nne l  r e s u l t s  
s h o w  s m al l e r  ab s o l u t e  v al u e s  o f  av e r ag e  t h r u s t  and  t o r q u e  t h an t o w -t ank  r e s u l t s . M e an t h r u s t  and  t o r q u e  c o m p u t e d  
h e r e  l i e s  b e t w e e n t h e  w at e r  t u nne l  and  t h e  t o w -t ank  r e s u l t s  o f  J e s s u p  e t  al .  

N o t e  t h at  t h e  t h r u s t ,  t o r q u e  and  o u t -o f -p l ane  f o r c e s  e x h i b i t  i r r e g u l ar i t i e s  e v e n o n a l o ng  t i m e  s c al e ,  t h e r e f o r e  
l o ng e r  c o m p u t at i o n w o u l d  b e  ne c e s s ar y  f o r  p r e c i s e  s t at i s t i c s . F i g u r e  9 i l l u s t r at e s  t h e s e  i r r e g u l ar i t i e s  o n an e x am p l e  
o f  t h r u s t  as  m e as u r e d  b y  J e s s u p  e t  al . N o t i c e  e .g . t h at  af t e r  4 0 0  r e v o l u t i o ns ,  t h e  t h r u s t  ac h i e v e s  e x t r e m e  ne g at i v e  
v al u e s . Th e  l e ng t h  o f  t h e  c o m p u t at i o n i n t h i s  p ap e r  i s  o nl y  f o r  1 0 0  r e v o l u t i o ns . L o ng e r  c o m p u t at i o n i s  p l anne d  f o r  
t h e  f u t u r e . 

Ci r c u m f e r e nt i al l y  av e r ag e d  m e an v e l o c i t i e s  and  r o o t -m e an-s q u ar e  ( R M S )  o f  v e l o c i t y  f l u c t u at i o ns  al s o  s h o w  
g o o d  ag r e e m e nt  w i t h  e x p e r i m e nt . Th e  c o m p u t e d  r e s u l t s  w e r e  av e r ag e d  c i r c u m f e r e nt i al l y  and  i n t i m e  o v e r  a p e r i o d  
o f  1 0 0  r e v o l u t i o ns ,  and  c o m p ar e d  w i t h  c o r r e s p o nd i ng  e x p e r i m e nt al  r e s u l t s  o f  J e s s u p  e t  al .2 F i g u r e  1 0 a s h o w s  
c o nt o u r s  o f  c o m p u t e d  ax i al  v e l o c i t y  and  s t r e am l i ne s ,  F i g . 1 0 b  s h o w s  e x p e r i m e nt al  r e s u l t . N o t e  t h e  r e v e r s e  f l o w  
t h r o u g h  t h e  r e g i o n w h e r e  p r o p e l l e r  b l ad e s  o p e r at e . Th i s  r e v e r s e d  f l o w  i nt e r ac t s  w i t h  s u r r o u nd i ng  f l o w  t o  c r e at e  a 
r i ng  v o r t e x . Th e  c o m p u t e d  r i ng  v o r t e x  i s  s o m e w h at  c l o s e r  t o  t h e  p r o p e l l e r  t h an t h e  r i ng  v o r t e x  o b s e r v e d  i n 
e x p e r i m e nt ,  b u t  t h e  c o m p u t e d  ax i al  v e l o c i t y  i s  i n a g o o d  ag r e e m e nt  w i t h  e x p e r i m e nt . F i g u r e  1 1  c o m p ar e s  c o m p u t e d  
and  m e as u r e d  v e l o c i t y  i n t h e  c i r c u m f e r e nt i al  d i r e c t i o n ( t h e  p r o p e l l e r  r o t at e s  i n ne g at i v e  c i r c u m f e r e nt i al  d i r e c t i o n) . 
Th e  c o m p u t e d  and  m e as u r e d  d at a s h o w  v e r y  g o o d  ag r e e m e nt  u p s t r e am  f r o m  p r o p e l l e r  ( u p s t r e am  w i t h  r e s p e c t  t o  
f r e e -s t r e am  f l o w ) ,  b u t  d o w ns t r e am  o f  t h e  p r o p e l l e r ,  w h e r e  t h e  c i r c u m f e r e nt i al  v e l o c i t y  i s  s m al l e r ,  t h e  ag r e e m e nt  i s  
w e ak e r . Th e  r e c i r c u l at i o n z o ne  m i g h t  r e q u i r e  h i g h e r  r e s o l u t i o n t o  g e t  b e t t e r  ag r e e m e nt  o f  c i r c u m f e r e nt i al  v e l o c i t y  
d o w ns t r e am ,  b u t  as  i t s  am p l i t u d e  i s  s m al l ,  i t  p r o b ab l y  w o u l d  no t  e f f e c t  p r e d i c t i o n o f  p r o p e l l e r  p e r f o r m anc e . Th e  
r ad i al  c o m p o ne nt  o f  v e l o c i t y  i n F i g . 1 2  s h o w s  v e r y  g o o d  ag r e e m e nt  u p s t r e am  o f  p r o p e l l e r . Th e  c o m p u t e d  r ad i al  
v e l o c i t y  d o w ns t r e am  o f  p r o p e l l e r  d r o p s  f as t e r  t h an t h e  m e as u r e d  r ad i al  v e l o c i t y ,  w h i c h  i s  c o ns i s t e nt  w i t h  l o c at i o n o f  
t h e  c o m p u t e d  r i ng  v o r t e x  s l i g h t l y  u p s t r e am  o f  t h e  r i ng  v o r t e x  i n e x p e r i m e nt . F i g u r e  1 3  c o m p ar e s  r o o t -m e an-s q u ar e  
f l u c t u at i o n o f  v e l o c i t y  w i t h  e x p e r i m e nt . N o t e  t h at  o nl y  r e s o l v e d  m o t i o ns ,  no t  s u b g r i d -s c al e  f l u c t u at i o ns  i n L E S  ar e  
c o ns i d e r e d  w h e n R M S  f l u c t u at i o n o f  v e l o c i t y  i s  c o m p u t e d . B o t h  g r ap h s  s h o w  h i g h  R M S  f l u c t u at i o n v e l o c i t y  i n r i ng  
v o r t e x  r e g i o n. A  g o o d  ag r e e m e nt  i s  ac h i e v e d  e x c e p t  i n a s m al l  r e g i o n ne ar  t h e  t i p  o f  b l ad e  w h e r e  e x p e r i m e nt  s h o w s  
h i g h  R M S  f l u c t u at i o n v e l o c i t y ,  b u t  o nl y  s m al l  v al u e  i s  p r e d i c t e d . O v e r al l ,  t h e  c i r c u m f e r e nt i al l y  av e r ag e d  v e l o c i t y  
and  R M S  s h o w  e nc o u r ag i ng  ag r e e m e nt . 
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Figure 9:  E v o l ut io n  o f  n o n -d im en s io n a l  t h rus t  in  c ra s h b a c k  ( J = -0 . 7 )  a s  m ea s ured  in  a  w a t er t un n el  
( p ro v id ed  b y  J es s up  - p riv a t e c o m m un ic a t io n ) .  N o t e irregul a rit y  o n  l o n g t im es c a l e.   
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IV. C o n c l u s i o n s  
L E S  w a s  a p p l i e d  t o  t h e  t u r b u l e n t  f l o w  a r o u n d  a  m a r i n e  p r o p e l l e r  i n  f o r w a r d  a n d  c r a s h b a c k  o p e r a t i o n .  T h e  q u a l i t a t i v e  
f e a t u r e s  a n d  t h e  v a l u e s  o f  t h r u s t  a n d  t o r q u e  f o r  f o r w a r d  o p e r a t i o n  a r e  i n  v e r y  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t .  T h e  
c r a s h b a c k  s i m u l a t i o n s  s h o w  t h e  p r e s e n c e  o f  a n  u n s t e a d y  r i n g  v o r t e x ,  a n d  l o w  f r e q u e n c y  u n s t e a d i n e s s  i n  t h e  t h r u s t  
a n d  t o r q u e  c o e f f i c i e n t s .  T h e  s i m u l a t i o n s  a l s o  p r e d i c t  s i g n i f i c a n t l y  h i g h e r  l e v e l s  o f  f o r c e s  o r t h o g o n a l  t o  t h e  a x i s  o f  
p r o p e l l e r ,  w h i c h  w o u l d  a f f e c t  o v e r a l l  m a n e u v e r a b i l i t y .  T h e  r e s u l t s  f o r  t h r u s t ,  t o r q u e  a n d  c i r c u m f e r e n t i a l l y  a v e r a g e d  
m e a n  v e l o c i t i e s  a n d  R M S  o f  v e l o c i t y  f l u c t u a t i o n  s h o w  r e a s o n a b l e  a g r e e m e n t  w i t h  e x p e r i m e n t a l  m e a s u r e m e n t s .  

 

  

  
 
 

a)  b )  
 
F i g u r e  1 0 :  A x i al  v e l o c i t y  i n  c r as h b ac k  ( J = -0 .7 ) av e r ag e d  c i r c u m f e r e n t i al l y  an d  i n  t i m e  n o r m al i z e d  b y  
f r e e  s t r e am  v e l o c i t y :  a) c o m p u t e d  o v e r  1 0 0  p r o p e l l e r  r e v o l u t i o n s  at  R e = 4 8 0 , 0 0 0 ,  b ) m e as u r e d  b y  J e s s u p  
at  al .2 i n  w at e r  t u n n e l  ( R e = 6 5 0 , 0 0 0 ). 

a)  b )  
 
F i g u r e  1 1 :  T an g e n t i al  v e l o c i t y  i n  c r as h b ac k  ( J = -0 .7 ) av e r ag e d  c i r c u m f e r e n t i al l y  an d  i n  t i m e  n o r m al i z e d  
b y  f r e e  s t r e am  v e l o c i t y :  a) c o m p u t e d  o v e r  1 0 0  p r o p e l l e r  r e v o l u t i o n s  at  R e = 4 8 0 , 0 0 0 ,  b ) m e as u r e d  b y  
J e s s u p  at  al . ( p r i v at e  c o m m u n i c at i o n ) i n  w at e r  t u n n e l  ( R e = 6 5 0 , 0 0 0 ). 
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a)  b )  
 
F i g u r e  1 3 :  R o o t -m e an -s q u ar e  f l u c t u at i o n  o f  v e l o c i t y  i n  c r as h b ac k  ( J = -0 .7 ) av e r ag e d  c i r c u m f e r e n t i al l y  
an d  i n  t i m e  n o r m al i z e d  b y  f r e e  s t r e am  v e l o c i t y :  a) c o m p u t e d  o v e r  1 0 0  p r o p e l l e r  r e v o l u t i o n s  at  
R e = 4 8 0 , 0 0 0 ,  b ) m e as u r e d  b y  J e s s u p  at  al .2 i n  w at e r  t u n n e l  ( R e = 6 5 0 , 0 0 0 ).  
 

a)  b )  
 
F i g u r e  1 2 :  R ad i al  v e l o c i t y  i n  c r as h b ac k  ( J = -0 .7 ) av e r ag e d  c i r c u m f e r e n t i al l y  an d  i n  t i m e  n o r m al i z e d  b y  
f r e e  s t r e am  v e l o c i t y :  a) c o m p u t e d  o v e r  1 0 0  p r o p e l l e r  r e v o l u t i o n s  at  R e = 4 8 0 , 0 0 0 ,  b ) m e as u r e d  b y  J e s s u p  
at  al . ( p r i v at e  c o m m u n i c at i o n ) i n  w at e r  t u n n e l  ( R e = 6 5 0 , 0 0 0 ). 
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