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NOTAT ION 

leading-edge th ickness  

leading-edge th i ckness  def ined  by equat ion (11) (see ske tch  (a))  

leading-edge th ickness  def ined  by equat ion (12) (see ske tch  ( a ) )  

v a r i a b l e  contained i n  equat ion (Al) 

free-stream Mach number 

b lun tness  reduced Mach number (determined from t h e  r a t i o  of t o t a l  
p re s su re  behind t h e  shock a t  t h e  lead ing  edge and t h e  free-
stream s ta t ic  pressure)  

b luntness  Reynolds number, (R/inch)m(b) 

t r a n s i t i o n  Reynolds number, (R/inch)m(xt) 

t r a n s i t i o n  Reynolds number f o r  b = 0 as def ined  by equat ion (1) 

t r a n s i t i o n  Reynolds number as def ined  by equat ion (3 )  

t r a n s i t i o n  Reynolds number which accounts f o r  both b lun tness  
reduced Mach number and reduced u n i t  Reynolds number e f f e c t s ,  

(R/inch) 
(Rt ,'>n R / i n c h ) n  

R t , 2  t r a n s i t i o n  Reynolds number which accounts f o r  only b luntness  
(R/ inch)reduced u n i t  Reynolds number e f f e c t s ,  (Rt,o) (R/ inch)  

U
(R/ inch)  f ree-s t ream Reynolds number p e r  inch ,  3 

v m  

Tm f ree-s t ream s t a t i c  temperature 


T O  t o t a l  temperature  


Tn s t a t i c  temperature  based on b lun tness  reduced Mach number (Mn), 


~ 

1 + 0.2 Mn2 

T W  wall  temperature  

Uoo f ree-s t ream v e l o c i t y  

Un v e l o c i t y  based on b lun tness  reduced Mach number (Mn), (49&)Mn 
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X t  d i s t a n c e  from leading  edge t o  end of t r a n s i t i o n  

YC he ight  above surface where maximum f l u c t u a t i o n  energy i s  ind ica t ed  as 
def ined  i n  r e fe rence  1 (see c h a r t  4 h e r e i n )  

r a t i o  o f  c r i t i ca l  l a y e r  t o  boundary-layer t h i ckness  used i n  de f in ing
* 

ycb l ,  e s s e n t i a l l y ,  	-=- - (see c h a r t  4 and eqs.  (A7) and ( A 8 ) )
6 t  A t  

Yn th i ckness  o f  b lun tness  reduced Mach number and u n i t  Reynolds number 
l a y e r  (see ske tches  (b) and ( c ) )  

YSB perpendicular  d i s t a n c e  t o  t h e  ho r i zon ta l  p l ane  of symmetry from t h e  
s o n i c  p o i n t  on t h e  body (see ske tches  (b) and ( c ) )  

Y 	 r a t i o  o f  s p e c i f i c  h e a t s  (assumed t o  be 1 . 4  f o r  a i r )  

boundary-layer t h i ckness  

boundary-layer displacement th ickness  

n 	 leading-edge sweep 

v i s c o s i t y  based on Tm 

1J.n v i s c o s i t y  based on Tn 

Vn kinematic  v i s c o s i t y  based on Tn 
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CHARTS FOR ESTIMATING BOUNDARY-LAYER TRANSITION 

ON FLAT PLATES 

Edward J .  Hopkins, Don W. J i l l i e ,  and Vi rg in i a  L .  Sorensen 

Ames Research Center  

SUMMARY 

Charts  a r e  presented  f o r  r a p i d l y  es t imat ing  t h e  end o f  boundary-layer 
t r a n s i t i o n  f o r  f l a t - p l a t e  wind-tunnel models with supersonic  lead ing  edges a t  
an angle  o f  attack o f  0".  The c h a r t s  were developed from t h e  semiempirical  
method o f  Deem and Murphy who der ived  an equat ion t h a t  accounts f o r  t h e  com
bined e f f e c t s  of Mach number, u n i t  Reynolds number, leading-edge sweep, 
leading-edge b lun tness ,  and wall  temperature  on t r a n s i t i o n  Reynolds number. 

INTRODUCTION 

For  wind-tunnel tes ts ,  it i s  necessary t o  know t h e  condi t ion  o f  t h e  
boundary l a y e r  s o  t h a t  t h e  r e s u l t s  can be i n t e r p r e t e d  c o r r e c t l y  f o r  ex t rapola
t i o n  t o  f l i g h t  Reynolds numbers. In  add i t ion ,  a t  hypersonic  Mach numbers i t  
i s  important t o  know whether t h e  boundary l a y e r  i s  laminar  o r  t u rbu len t  both 
from t h e  s tandpoin t  o f  drag  and of  hea t  t r a n s f e r .  

Un t i l  r e c e n t l y  no i n t e g r a t e d  method e x i s t e d  f o r  e s t ima t ing  t h e  end o f  
boundary-layer t r a n s i t i o n  s i n c e  so  many f a c t o r s  were known t o  a f f e c t  t r a n s i 
t i o n ;  t h e r e f o r e ,  emphasis i n  p a s t  i n v e s t i g a t i o n s  was p laced  on a s e p a r a t e  
eva lua t ion  o f  each f a c t o r .  Many of t hese  f a c t o r s  a r e  d iscussed  i n  r e fe rences  
2 and 3 .  Deem and Murphy developed a semiempirical  equat ion i n  r e fe rence  2 by 
which f i v e  important v a r i a b l e s  known t o  a f f e c t  t r a n s i t i o n  can be taken i n t o  
account:  Mach number, u n i t  Reynolds number, leading-edge sweep, leading-edge 
b lun tness ,  and wall  temperature .  The method w a s  developed from d a t a  on 
"aerodynamically" smooth models having s u r f a c e  roughness less than t h a t  
r equ i r ed  t o  in f luence  boundary-layer t r a n s i t i o n .  Since t h e  d a t a  were taken i n  
wind tunne l s  with d i f f e r e n t  tu rbulence  l e v e l s ,  t h e  r e s u l t s  sllould be consid
ered  as only r e p r e s e n t a t i v e  average t r a n s i t i o n  Reynolds numbers. The method 
is ,  furthermore,  only app l i cab le  t o  f l a t - p l a t e  models wi th  supersonic  lead ing  
edges a t  an angle  o f  a t t a c k  o f  0". Examination o f  291 experimental  p o i n t s  i n  
r e fe rence  2 gave a s t anda rd  dev ia t ion  of  33 percent  between t h e  measured and 
ca l cu la t ed  t r a n s i t i o n  Reynolds numbers. However, much o f  t h i s  dev ia t ion  can 
be  explained on t h e  b a s i s  o f  v a r i a t i o n s  i n  wind-tunnel tu rbulence  and impre
cise measurements o f  t r a n s i t i o n  and leading-edge b luntness .  

The c h a r t s  presented  are based on t h e  semiempirical  method o f  r e fe rence  2 
and o f f e r  a simple method f o r  determining t h e  approximate end of  t r a n s i t i o n  
f o r  f l a t  p l a t e s  mounted i n  wind tunne l s .  The c h a r t s  cover  ranges of 
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leading-edge sweep from 0" t o  80°, u n i t  Reynolds numbers from l o 3  t o  l o 7  p e r  
inch ,  Mach numbers from 1.1 t o  1 2 ,  and leading-edge th icknesses  from 0 t o  
0.5 inch.  

Although t h e  c h a r t s  presented  are based on wind-tunnel t r a n s i t i o n  r e s u l t s ,  
t hey  should be  u s e f u l  i n  making a f irst  approximation of  t h e  minimum amount of  
laminar flow t o  be  expected i n  f l i g h t .  In  gene ra l ,  t r a n s i t i o n  Reynolds numbers 
i n  f l i g h t  are expected t o  be  h ighe r  t han  i n  wind tunne l s ,  as evidenced by f i g 
u r e  3 o f  r e fe rence  4.  By f i r i n g  a hollow c y l i n d e r  i n t o  s t i l l  a i r ,  James ( r e f .  
5) ob ta ined  n e a r l y  f o u r  times t h e  t r a n s i t i o n  Reynolds number as d i d  t h e  p re sen t  
au thors  f o r  a f l a t  p l a t e  mounted i n  a wind tunne l ,  al though both models had 
nea r ly  t h e  same leading-edge th ickness .  Moreover, t r a n s i t i o n  Reynolds numbers 
as high as 33 m i l l i o n  were measured a t  a Mach number of 3.15 when l a r g e  h i g h l y  
s t a b i l i z e d  cone-cyl inder  rocke ts  were f i r e d  i n t o  t h e  atmosphere ( r e f .  6 ) .  

DESCRIPTION OF THE DEEM AND MURPHY METHOD 

The important  concepts and assumptions involved i n  t h e  Deem and Murphy 
method f o r  p r e d i c t i n g  t r a n s i t i o n  Reynolds number w i l l  be descr ibed  b r i e f l y .  
Some ske tches  w i l l  be included t o  h e l p  i n  t h e  i n t e r p r e t a t i o n  of c e r t a i n  b l u n t 
ness  c r i t e r i a .  The method i s  r e s t r i c t e d  t o  f l a t - p l a t e  wind-tunnel models hav
ing  aerodynamically smooth su r faces .  In  a d d i t i o n ,  t h e  method as developed i s  
only app l i cab le  t o  models a t  an angle  o f  a t t a c k  o f  0" with supersonic  lead ing  
edges o f  n e a r l y  s e m i c i r c u l a r  c ros s  s e c t i o n .  The method should be app l i cab le ,  
however, t o  models a t  small angles  of a t t a c k  provided t h e  l o c a l  flow condi t ions  
above t h e  model a r e  used i n  t h e  equat ions.  ( I f  t h e  lead ing  edge i s  subsonic ,  
t h e  t r a n s i t i o n  process  i s  more complex because of  t h e  formation of a leading-
edge "bubble," see re f .  4 . )  The method accounts f o r  t h e  e f f e c t s  of f i v e  quan
t i t i e s  known t o  e f f e c t  t r a n s i t i o n :  Mach number, leading-edge b luntness ,  
leading-edge sweep, wall temperature ,  and u n i t  Reynolds number. 

Mach Number 

Whitf ie ld  and P o t t e r  ( r e f .  7) showed t h a t  t r a n s i t i o n  Reynolds number f o r  
zero leading-edge b lun tness  (Rt,o) increased  over  f i v e  t imes when t h e  Mach 
number was increased  from about 3 t o  8.  This i nc rease  i n  Rt ,o  cannot be 
explained on t h e  b a s i s  of  t h e  phys ica l  leading-edge b luntness  reducing t h e  u n i t  
Reynolds number (Moeckel e f fec t ,  r e f .  8 ) ,  s i n c e  t h e  va lues  of Rt,o were 
obtained by e x t r a p o l a t i o n  o f  d a t a  curves t o  zero  b lun tness .  Deem and Murphy 
( r e f .  2)  empi r i ca l ly  der ived  an equat ion from e x i s t i n g  d a t a ,  a f t e r  reducing t h e  
d a t a  t o  a common u n i t  Reynolds number o f  3 ~ 1 0 ~p e r  inch ,  t o  g ive  t h i s  Mach 
number e f f e c t  as 

Whi t f ie ld  and P o t t e r  found t h a t  R t  d i d  no t  reach a l i m i t  even though 
some o f  t h e i r  d a t a  f o r  models with b lun t  lead ing  edges were obtained c l o s e  t o  
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t h e  b luntness  Reynolds number (Rb) requi red  according t o  Moeckel's a n a l y s i s  
f o r  maximum in f luence  ( i . e . ,  Rb 3000). To account f o r  t h i s  i n s u f f i c i e n c y  of 
t h e  Moeckel effect  alone g iv ing  t h e  c o r r e c t  p r e d i c t i o n  of  R t ,  Whi t f ie ld  and 
P o t t e r  empi r i ca l ly  der ived  t h e  fol lowing approximate formula f o r  t r a n s i t i o n  
Reynolds number 

D e e m  and Murphy's equat ion (1) w r i t t e n  i n  terms o f  t h e  b lun tness  reduced Mach 
number becomes 

I n  t h e  Deem and Murphy method, it i s  assumed t h a t  equat ion ( 2 )  a p p l i e s  
f o r  r e l a t i v e l y  sha rp  leading edges,  b u t  t h a t  f o r  very  b l u n t  leading edges only 
t h e  reduced u n i t  Reynolds number (Moeckel e f f e c t )  app l i e s ;  t h e r e f o r e ,  t h e  
equat ion f o r  Rt becomes 

(R/inch) , 
R t , 2  = (Rt,o f o r  Ma> (4)

(R/ inch)  

i n  which (Rt,o f o r  M,) = R t  
!O 

from equat ion (1) .  In  t h e  next  s e c t i o n  t h e  
leading-edge b luntness  c r i t e r i a  f o r  us ing  equat ion ( 2 )  o r  (4) w i l l  be  
d iscussed .  

Leading-Edge Bluntness 

A t y p i c a l  curve r ep resen t ing  t h e  v a r i a t i o n  of R t  with b luntness  f o r  an 
unswept p l a t e  having a semic i r cu la r  lead ing  edge was der ived  by Deem and 
Murphy from a l imi t ed  amount o f  d a t a  and i s  shown i n  ske tch  ( a ) .  Deem and 

Murphy assumed t h a t  R t , l  was pre
d i c t a b l e  by t h e  Wki t f i e ld -Po t t e r  
equat ion (2 )  and t h a t  R t , 2  was pre
d i c t a b l e  by t h e  Moeckel equat ion ( 4 ) .  
The va lue  of Rt ,o  i s  determined by 
t h e  empir ica l  equat ion (1) .  To f i n d  
t h e  t r a n s i t i o n  Reynolds number wi th in  
reg ions  1 and 2 of  ske tch  (a) it was 
assumed t h a t  a l i n e a r  i n t e r p o l a t i o n  
could be made as shown. I t  fo l lows  
t h a t  t h e  equat ion de f in ing  t h e  t r a n 
s i t i o n  Reynolds number f o r  reg ion  1 

Sketch (a)  i s  
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f o r  reg ion  2,  

and f o r  reg ion  3,  
(R/inch)cx, 

R t  = Rt,o (7)
(R/inch) 

In  o rde r  t o  u s e  equat ions (5) through ( 7 )  it i s  necessary  t o  e s t a b l i s h  
t h e  b luntness  c r i t e r i a  (bl and b2) r equ i r ed  t o  d e f i n e  t h e  reg ions  of  sketch 
( a ) .  Deem and Murphy accomplished t h i s  by analyzing a l imi t ed  amount of exper
imental  da t a .  They found t h a t  good c o r r e l a t i o n  is  obta ined  f o r  p r e d i c t i n g  
t r a n s i t i o n  Reynolds number provided b l  and b2 are def ined  i n  terms of t h e  
th ickness  o f  t h e  b lun tness  reduced Mach number l a y e r  (Yn) r e l a t i v e  t o  t h e  
boundary-layer th ickness .  For b l ,  t h e  displacement th i ckness  was accounted 
f o r  i n  de f in ing  t h e  c r i t i c a l  th ickness  o f  t h e  reduced Mach number l aye r ,  bu t  
f o r  b2 t h e  displacement th i ckness  w a s  ignored. Geometrical d e t a i l s 1  and 
equat ions de f in ing  b l  and b2 a r e  presented  with ske tches  (b) and ( c ) ,  
r e spec t ive ly .  

7 ,-M, ,I Mach number p r o f i l e  
S t reaml ine  through t h e  son ic  through i n v i s c i d  shea r  
p o i n t  on t h e  bow wave l a y e r  induced by leading-

edge b lun tness  

r y  l a y e r  edge 

Sketch (b).- Geometrical d e t a i l s  for bi. 

l I n  e i t h e r  ske tch  (b) o r  ( c ), Mn is t h e  b luntness  reduced Mach number 
determined from t h e  r a t i o  of t h e  t o t a l  p re s su re  behind t h e  normal shock a t  t h e  
lead ing  edge t o  t h e  free-stream s t a t i c  pressure .  After Moeckel, Mn i s  con
s ide red  t o  be n e a r l y  t h e  same as t h e  Mach numbers wi th in  t h e  shear - layer  he igh t  
(Yn), and, t h e r e f o r e ,  i s  used i n  t h i s  manner t o  s impl i fy  t h e  c a l c u l a t i o n s .  
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Mach number p ro f i l e  
Streamline through the  sonic

\ 
through invisc id  shear 

point  on the  bow wave layer  induced by leading-
edge bluntness 

Sketch ( e ) .  - Geometrical d e t a i l s  for b2. 

From ske tch  (b) ,  fol lowing Moeckel's assumption regarding t h e  c r i t i c a l  
b luntness  f o r  f u l l  b lun tness  effect  on t r a n s i t i o n ,  f o r  a f l a t - p l a t e  model with 
a semic i r cu la r  lead ing  edge2 

YSB = -b 
2 s i n  51.8' ( 8 )  

Dividing equat ion (9) by (8) and so lv ing  f o r  b ,  w e  ob ta in  

2b =  s i n  51.8O (Yn;;s~) (1 - g) 
Using experimental  d a t a  and equat ion (10) f o r  which b luntness  was a v a r i a b l e  
and Y,/YsB was considered a parameter ,  Deem and Murphy found t h a t  b l  could 
be determined provided Yn/YSB = 3 ,  a va lue  found t o  be independent of f r e e -
s t ream Mach number. Therefore ,  t h e  equat ion f o r  b l  becomes 

2The development i n  reference 2 is  based on an assumed semic i r cu la r  
lead ing  edge. Such a leading  edge is  gene ra l ly  r e p r e s e n t a t i v e  o f  a so -ca l l ed  
sharp  leading  edge and small depa r tu re s  from such a shape w i l l  no t  a l t e r  t h e  
r e s u l t s  g r e a t l y .  
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This  b luntness  c r i t e r i o n  d i f f e r s  from t h a t  o f  Moeckel (ref.  8) f o r  which 
Yn/YSB was shown t o  vary  wi th  free-stream Mach number. This  d i f f e r e n c e  i s  
r e l a t e d ,  ev iden t ly ,  t o  Deem and Murphy's choice  o f  i t e r a t i n g  on equat ion (10) 
wi th  experimental  d a t a  and by ob ta in ing  b e s t  c o r r e l a t i o n  by us ing  two d i f f e r 
e n t  b luntness  cr i ter ia ,  b l  and b2. 

For models wi th  ve ry  b l u n t  lead ing  edges r e l a t i v e  t o  t h e  t r a n s i t i o n - p o i n t  
boundary-layer t h i ckness  ( region 3 o f  ske tch  (a)) ,  t h e  experimental  t r a n s i t i o n  
d a t a  examined by Deem and Murphy i n d i c a t e d  good c o r r e l a t i o n  i f  t h e  d i sp lace 
ment t h i ckness  is  ignored i n  t h e  d e f i n i t i o n  o f  b2. For t h i s  case, as shown 
i n  ske tch  ( c ) ,  t h e  reduced Mach number i n v i s c i d  shea r  l a y e r  is  measured from 
t h e  model su r face .  The r a t i o  Yn/YSB was aga in  considered t o  be  a parameter 
b u t  was found, from experimental  d a t a  and equat ion  ( l o ) ,  t o  have a va lue  of  
1 .0 ,  independent of  Mach number. According t o  D e e m  and Murphy's empir ica l  
f i nd ings  t h e  equat ion  f o r  b2 can be w r i t t e n  from equat ion (10) (with 6: +- 0 
and Yn/YSB = 1)  as 

Leading-Edge Sweep 

Leading-edge sweep can affect  boundary-layer t r a n s i t i o n  i n  two ways: 
F i r s t ,  when t h e  lead ing  edges a r e  supersonic ,  t h e  Moeckel e f f e c t  (reduced u n i t  
Reynolds number due t o  leading-edge b lun tness )  becomes p rogres s ive ly  smaller 
as sweep i s  increased  because o f  t h e  reduced s t r e n g t h  o f  t h e  leading-edge 
shock; t h a t  i s ,  a cons tan t  assumed t r a n s i t i o n  Reynolds number based on l o c a l  
f low con t r ibu t ions  corresponds t o  a p rogres s ive ly  smaller t r a n s i t i o n  Reynolds 
number based on f ree-s t ream condi t ions  as sweep inc reases ,  because t h e  l o c a l  
u n i t  Reynolds number a l s o  inc reases .  The v a l i d i t y  o f  t h e  Moeckel assumption 
as app l i ed  t o  sweep was demonstrated i n  r e fe rence  4 i n  which it was shown t h a t  
when t h e  lead ing  edge i s  supersonic ,  t h e  t r a n s i t i o n  Reynolds number decreases ,  
a t  least  q u a l i t a t i v e l y ,  with inc reases  i n  sweep, as p red ic t ed ,  and t h a t  a t  a 
Mach number o f  0 .27  t h e  t r a n s i t i o n  Reynolds number remains nea r ly  cons tan t  
with inc reases  i n  sweep t o  about 30'. Second, with both subsonic  and super
son ic  lead ing  edges,  t h e  v a r i a b l e  crossf low wi th in  t h e  boundary l a y e r  c r e a t e s  
a tw i s t ed  boundary-layer p r o f i l e  t h a t  can lead  t o  boundary-layer i n s t a b i l i t y  
and t r a n s i t i o n  when a c e r t a i n  c r i t i c a l  crossf low Reynolds number i s  reached,  
as suggested by Owen and Randall ( r e f .  9 ) .  Evidence t h a t  t h i s  phenomenon does 
occur i s  given i n  r e fe rences  9 and 10. 

Deem and Murphy semiempir ical ly  accounted f o r  both t h e  above sweep e f f e c t s  
i n  t h e  fol lowing manner: 

1. In a l l  t h r e e  regions o f  ske tch  ( a ) ,  Rt,o o r  (Rt,o)n i s  mul t ip l i ed  by 
t h e  f a c t o r  -. The reason t h i s  f a c t o r  improved t h e  c o r r e l a t i o n  of  t h e  d a t a  
i s  probably r e l a t e d  t o  a decrease i n  e f f e c t i v e  b luntness  as sweep inc reases .  
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2 .  In  regions 2 and 3 a t  sweep angles  g r e a t e r  than  25O, it i s  assumed 
t h a t  crossf low i s  dominant i n  a f f e c t i n g  t r a n s i t i o n  and t h a t  t h e  t o t a l  effect  
o f  sweep on t r a n s i t i o n  can be  approximated by mul t ip ly ing  R t , o  by t h e  
f a c t o r  without  any f u r t h e r  c o r r e c t i o n s  f o r  b luntness  on e i t h e r  Mach number or 
unit  Reynolds number. 

3.  In reg ion  2 f o r  sweep angles  l e s s  than  25' and i n  reg ion  1 f o r  a l l  
sweep angles ,  bo th  crossf low and b lun tness  are considered important ;  t h e r e f o r e ,  
t h e  f a c t o r  i s  used with t h e  b lun tness  reduced Mach number and u n i t  
Reynolds number f a c t o r s .  

4. In  reg ion  3 f o r  sweep angles  l e s s  than  25", only t h e  =A f a c t o r  i s  
used with t h e  b luntness  reduced u n i t  Reynolds number. 

Wall Temperature 

The effect  of w a l l  temperature  i s  accounted f o r  i n  t h e  method i n d i r e c t l y  
through t h e  boundary-layer t h i ckness  equat ion used t o  d e f i n e  t h e  b luntness  
c r i te r ia .  Thus, by t h i s  t rea tment  t h e  t r a n s i t i o n  Reynolds number i s  a f f e c t e d  
by w a l l  temperature only i n  reg ions  1 and 2 and not  a t  a l l  i n  reg ion  3 (with 
b >> b2) .  

Unit  Reynolds Number 

According t o  an a n a l y s i s  of  e x i s t i n g  d a t a  made by James ( r e f .  5 ) ,  t h e  
v a r i a t i o n  of t r a n s i t i o n  Reynolds number with u n i t  Reynolds number can be 
expressed as 

l o g l o  R t  = C 1  + 0.4 log lo  (R/inch)w 

where C 1  i s  dependent on many v a r i a b l e s .  In  t h e  Deem and Murphy method C 1  
i s  assumed t o  depend on t h e  fou r  v a r i a b l e s :  Mach number, leading-edge b lun t 
ness ,  leading-edge sweep, and temperature;  and t h e  second term i n  equat ion (13) 
i s  used t o  p r e d i c t  t h e  effect  of  u n i t  Reynolds number. 

For completeness, t h e  equat ions  used f o r  t h e  c a l c u l a t i o n s  are summarized 
i n  appendix A. A more d e t a i l e d  development of t h e  equat ions i s  given i n  
r e fe rence  2 .  

PRESENTATION OF RESULTS 

Chart  1 gives  t h e  effect  o f  Mach number (M = 1.1 t o  12) on t r a n s i t i o n  
Reynolds number f o r  va r ious  leading-edge th icknesses  (b = 0.0001 t o  0 . 5  inch)  
and u n i t  Reynolds numbers ((R/inch) = l o 3  t o  l o 7 ) .  Chart  2 g ives  t h e  e f f e c t  of 
Mach number (M, = 1.1 -+ 1 2 )  on t h e  normalized t r a n s i t i o n  Reynolds number f o r  
var ious  angles  o f  sweep (A = 0 t o  80°), u n i t  Reynolds numbers 
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( (R/inch)m = l o 3  t o  lo7)  and leading-edge th i cknesses  (b = 0.0001 t o  0.5 i n ~ h . ) ~ , ~  
In  both sets of c h a r t s  t h e  wall temperature  and t h e  t o t a l  temperature  were he ld  
cons tan t  a t  400" R and 500" R ,  r e spec t ive ly .  A l i m i t e d  s tudy  of  t h e  effects of 
l a r g e  temperature  changes on t h e  t r a n s i t i o n  measured on f l a t  p l a t e s  i nd ica t ed  
t h a t  temperature  effects were small and were adequate ly  accounted f o r  by t h e  
s l i g h t  i n d i r e c t  effect on boundary-layer t h i ckness  as contained i n  t h e  method. 
This  may seem con t ra ry  t o  t h e  commonly accepted l a r g e  v a r i a t i o n s  i n  t r a n s i t i o n  
due t o  s u r f a c e  cool ing;  however, t h e  l a t t e r  effects may be r e l a t e d  t o  t h e  t h r e e  
dimensional i ty  of  t h e  flow. Calcu la ted  t r a n s i t i o n  r e s u l t s  presented  i n  c h a r t  3 
f o r  two d i f f e r e n t  Mach numbers and u n i t  Reynolds numbers f o r  t h e  unswept case 
show a very  small effect  due t o  temperature  changes. Since t h e  method should 
be considered only  f o r  ob ta in ing  approximate va lues  of t r a n s i t i o n  Reynolds num
be r ,  no a d d i t i o n a l  c o r r e c t i o n s  f o r  t h i s  secondary effect  o f  wal l - temperature  
r a t i o  appear j u s t i f i e d .  

Sample Ca lcu la t ion  

I t  w i l l  be assumed t h a t  t h e  fol lowing condi t ions  e x i s t  on a f l a t  p l a t e :  

Mm = 6.0 

(R/inch)m = l o 6  

b = 0.01 inch  

A = 60" 

From c h a r t  1(d) ,  (Rt)A=o = 1.4x107 and from c h a r t  2 (d) , Rt/  (Rt)A=o = 0 .23  

f o r  t h e  above condi t ions .  The t r a n s i t i o n  Reynolds number i s  

~ .. 

3Note t h a t  f o r  a p a r t i c u l a r  sweep angle  t h e  minimum Mach number shown i s  
t h a t  a t  which t h e  lead ing  edge f i rs t  becomes son ic .  I t  i s  shown i n  r e fe rence  4 
t h a t  when t h e  lead ing  edge becomes subsonic ,  t r a n s i t i o n  moves c l o s e  t o  t h e  
leading edge because of t h e  in f luence  of  a l o c a l i z e d  leading-edge sepa ra t ion  
"bubb 1e. It 

4The sha rp  d i s c o n t i n u i t i e s  i n  some of t h e  curves  presented  i n  c h a r t s  2(d) 
and 2(e)  a r e  r e l a t e d  t o  t h e  a r b i t r a r i n e s s  i n  de f in ing  t h e  b luntness ,  b .  In 
r e a l  flow, t h e  curves  would probably have a smoother v a r i a t i o n  with Mach number 
than shown. 

5Chart 2 should be app l i cab le  t o  f l i g h t  v e h i c l e s  as well as wind-tunnel 
models. Chart  1, however, should be  r e s t r i c t e d  t o  wind-tunnel models o r  used 
t o  e s t ima te  t h e  minimum expected t r a n s i t i o n  Reynolds number f o r  f l i g h t ,  because 
t h e  t r a n s i t i o n  Reynolds numbers given were der ived  from wind-tunnel experiments 
i n  which wall d i s tu rbances  and free-s t ream turbulence  were p re sen t .  The 
usua l ly  l a r g e  d i f f e r e n c e  i n  s t a t i c  temperature  f o r  wind-tunnel and f l i g h t  
models, however, i s  not  expected t o  have an important i n f luence  on t r a n s i t i o n ,  
provided t h e  s u r f a c e s  are r e l a t i v e l y  f l a t .  
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From the charts presented, a rapid estimate can be made of the boundary-

layer transition on flat-platemodels mounted in wind tunnels. These charts 

are restricted to models with supersonic leading edges at an angle of attack 

of 0". Mach number, unit Reynolds number, leading-edge bluntness, sweep, and 

wall temperature are the variables considered. The wall temperature was shown 

for flat plates to be of secondary importance in affecting transition; there

fore, the charts are presented for a single wall temperature. 


It should be emphasized that these charts give only an approximate
transition Reynolds number f o r  flat plates mounted in wind tunnels. Since in 
flight the maximum obtainable transition Reynolds numbers should be consider

ably higher than those for a wind tunnel, the charts should be used only to 

obtain a first approximation of the minimum transition Reynolds number 

expected for flight vehicles. 


Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, April 2 ,  1970 
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APPENDIX A 

EQUATIONS USED FOR CALCULATING TRANSITION REYNOLDS 

NUMBER BY THE DEEM AND MURPHY METHOD 

BASIC TRANSITION REYNOLDS NUMBER EQUATION 

The b a s i c  equat ion  f o r  c a l c u l a t i n g  t r a n s i t i o n  Reynolds number i s  

l o g l o  Rt = C 1  + 0.4  log lo  (R/inch)w (A11 

where C 1  depends on Mach number, leading-edge b luntness ,  leading-edge sweep, 
and wall temperature .  The second term i n  equat ion (Al) i s  considered indepen
dent  of C 1  and accounts f o r  t h e  u n i t  Reynolds number effect .  

REDUCED MACH NUMBER AND UNIT REYNOLDS NUMBER EQUATIONS 

In  t h e  method, t r a n s i t i o n  Reynolds number is  a f f e c t e d  by changes i n  Mach 
number and u n i t  Reynolds number near  t h e  s u r f a c e  r e s u l t i n g  from leading-edge 
b luntness  and t h e  a s soc ia t ed  leading-edge shock l o s s e s .  In  r e fe rence  4, 
expressions were given f o r  t h e s e  reduced numbers f o r  which y = 1.4 was 
assumed. The same expressions a r e  given below: 

\ 1 /2  

6 6M 
W 

cos2 h(Mw2 + S I 7 "  

7Mw2 cos2 A - 1 5(Mw2 cos2 A + 5) 
- .) (A21 

and 

(R/inch)n 

(R/inch)oo W 

where 

V W  0.03665 Tw(T, + 198.6)
- _  - f o r  Tw 2 200" R and Tn 5 200" R (A4) 
l-ln (Tn) 3 / 2  

-. _.__- _ _  . -_ ~ - _ _ -

'No e x p l i c i t  expressions f o r  reduced Mach number o r  u n i t  Reynolds number 
can be w r i t t e n  when r e a l  gas e f f e c t s  are t a k e n  i n t o  account.  Since t h e  method 
o f  r e fe rence  2 i s  h igh ly  approximate and t h e  real  gas effects  are known t o  be 
small, ignor ing  t h e s e  e f f e c t s  seems j u s t i f i e d .  
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or 


'm (T, + 198.6)ky'2for Ta and Tn > 200" R 

- =  

'n Tco+ 198.6 Tn 


and 


Tn = TO 
1 + 0.2Mn2 

BLUNTNESS CRITERIA, bl AND b2 


It is necessary to establish the value of the leading-ebge bluntness, b, 
relative to the bluntness criteria, bl and b2, defined by equations (11) and 
(12). If Creager's equation is used for boundary-layer thickness as given in 
reference 11 and Yn/YSB = 3.0 (as determined in ref. Z), equation (11) for 
small bluntness becomes 


T, + lg8*')[+ 198.6 f ixd()'2t-(R/inch)a ] for Tm and T, > 200' R (A7I2 

or 


+ 0.1328 + Z 2) M a 

Ma 

(T,) 3 /  

0.03665Tm(Tw + 198.6) (R/inch)m 1[ "  
for T, > 200" R and Tm 5 200" R 

3 


2Since the unknown transition Reynolds number, Rt occurs in equations 
(A7),  (A8), (AlO), and (All), it is necessary to obtain Rt by iteration with 
equation (Al) which contains C1. In turn, the proper equation for C 1 ,  given
hereinafter, can only be determined after bl and b2 have been calculated. 

31n equations (A8) and (All) the linear approximation to Keyes' viscosity 

equation (ref. 12) was used for temperatures equal to or below 200" R; whereas 

Sutherland's.viscosity formula (ref. 13) was used for temperatures above 

200" R. 
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where Yc/Gtr  as noted  by P o t t e r  and Whi t f ie ld  ( r e f .  l) ,  is ,  e s s e n t i a l l y ,  

Values of  Y J 6 t  from reference 1 are p resen ted  i n  c h a r t  4. If Creager ' s  
equat ion is  modified for boundary-layer t h i ckness  t o  inc lude  t h e  effect  of 
b luntness  on t h e  l o c a l  surface condi t ions  (M, + %, Tm + Tn, and 
(R/inch)m + (R/inch)n) and i f  Yn/YSB = 1.0 (as  determined i n  re f .  2) i s  used ,  
equat ion (12) f o r  l a r g e  b lun tness4  becomes 

J m / i n c h ) j  
Rt (R/inch)-

X f o r  Tn and Tw > 200" R (A10) 

or 


1.73Tw (Tw) 3'2 
b2 = 2.545 + _L 

+ MrI2Mn2Tn ..) ,/(?) 0 .03665Tn (Tw + 198.6) 

TERM C 1  FOR EQUATION (Al) 

Since t h e  t r a n s i t i o n  Reynolds number given by equat ion (Al) is  dependent 
on C 1  which depends on sweep and t h e  b lun tness  c r i t e r i o n  (b r e l a t i v e  t o  
b l  and b2)  which a l s o  conta ins  RT, it is  necessary  t o  use  an i t e r a t i v e  pro
ces s  t o  c a l c u l a t e  RT. The fol lowing equat ion  d e f i n e s  C 1  and t h e  requi red  
sweep and b lun tness  c r i t e r i o n :  

- .. - .  _________ 
2See footGote,  p i  11. 
3 ~ e efoo tno te ,  p.  11. 
"'For t h i s  case, t h e  e n t i r e  boundary l a y e r  i s  engulfed i n  t h e  Mach number 

reduced i n v i s c i d  shea r  l a y e r  i n  which t h e  Mach number i s  nea r ly  cons tan t  and 
equal t o  Mn. 

1 2  



For  0 5 b f b l ,  all sweep angles 

(1x106 + 0.36x1O61Mm - 313/2)(~~~ 

+ 0.36~10~lMn 
3 1' I 2 )  - k]]- 2.19 (A12)

+ 0.36~10~IMm - 31 3 '2  

For b l  5 b 5 b2, 0 I h 5 25" 

( 1 ~ 1 0 ~0.36~10~+ 	 IMn - 3 I 3 / 2 ) ( ~ ~ ~  

1 ~ 1 0 ~+ 0.36x1O61Mm -
X 

(R/inch), 1x106 + 0.36~10~ 
'I3") - h: 1 - 2.19 

IMn - 31 3 / 2  

(A131 

For b > b2, 0 <'A 5 25O 

( 1 ~ 1 0 ~  O.36x1O61Mm - (COS [~ ~ ~ ~ ? ~ ~ ~ ~ ] )+ - 2.19 (A14) 

c1 = log10 [(lx106 + 0.36~10~lMm - 31 3 '2 )  (cos A)'/'] - 2.19 
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Chart  1.- Est imated effect of  Mach number on t r a n s i t i o n  Reynolds number 
f o r  a f l a t  p l a t e  w i th  no leading-edge sweep; Tw = 4000 R,  To = 500° R. 
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Chart 1.- Continued. 
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Chart 1.- Continued.  
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Chart 1.- Continued. 
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Chart 1.- Concluded. 

19 




h = O  


A 

1.2 


1.0 


.8 


.6 


.4 


.2 

0 
0 2 4 6 8 i o 1 2  

Moo 
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Chart '2.- Estimated effect of Mach number on normalized transition Reynolds 
number for a flat plate with various angles of leading-edge sweep; 
Tw = 400' R, To = 500' R. 
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Chart 2. - Continued. 
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Chart 2.- Continued. 
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Chart  2 .  - Concluded. 

24 




= 12 

Rt 10' 


io4 

Tw/To 

(a) (R/inch), = lo3 

Chart 3.- Estimated effect of wall-to-total temperature ratio on transition 
Reynolds number for a flat plate; b = 0.01inch, A = 0, Tw 4000 R .  
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Chart 3.- Concluded. 
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Chart 4*-Effec t  of Mach number on t h e  c r i t i c a l  he igh t  t o  boundary-layer 
t h i ckness  r a t i o  from re fe rence  1. 
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