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STUDY OF SURFACE PITOTS FOR MEASURING TUFBtJIJCNT 

SKIN F R I C T I O N  AT SUPERSONIC MACH NUMBERS -

ADIABATIC WALL 

By Edward J .  Hopkins and E a r l  R. Keener 

Ames Research Center 

SUMMARY 


Two types of surface p i t o t  tubes w e r e  investigated f o r  measuring l o c a l  
turbulent skin f r i c t i o n  a t  supersonic speeds. These tubes consisted of a c i r ­
cular  tube, ca l led  a Preston tube,  and a two-dimensional blade over a s t a t i c  
o r i f i c e ,  hereinaf ter  ca l led  a Stanton tube.  They were ca l ibra ted  i n  a i r  
against  t he  measured skin f r i c t i o n  throughout a Mach number range from 2.4 t o  
3.4 and a Reynolds number range f r o m  about 16 t o  100 mil l ion.  The boundary 
layer  i n  which the  surface tubes were mounted varied i n  thickness from about 
5 t o  7 inches, and the  w a l l  temperature w a s  close t o  ad iaba t ic .  The surface 
p i t o t  data  a r e  presented on the  bas i s  of several  ca l ibra t ion  fac tors  t h a t  have 
been used i n  the  past  and on the  bas i s  of a newly developed ca l ibra t ion  f ac to r .  

The new ca l ibra t ion  fac tor  collapsed the  supersonic Preston tube r e s u l t s  
onto a s ingle  ca l ibra t ion  curve, which i s  invariant with changes i n  Reynolds 
number, Mach number, or tube s i ze  within wide l i m i t s .  This cmve is  the  same 
as Preston's incompressible curve. 

It w a s  found t h a t  the  ca l ibra t ion  curve fo r  the  Stanton tube w a s  affected 
by the  streamwise posi t ion of t he  tube leading edge r e l a t i v e  t o  the  s t a t i c  
o r i f i c e  over which it w a s  mounted. 

In  addition t o  the  surface tube ca l ibra t ions ,  some exis t ing  l o c a l  skin-
f r i c t i o n  results, measured fo r  turbulent boundary layers  on adiabat ic  f l a t  
p la tes ,  a r e  compared with theo re t i ca l  values on the  bas i s  of equal momentum 
thickness Reynolds numbers throughout a Mach number range from 0.06 t o  6.7. 
In general, t he  theory of Wilson and the  T'  method of Sommer and Short 
bracketed a l l  the  experimental skin-fr ic t ion data  o f  both past  and present 
investigations.  

INTRODUCTION 

Skin-friction drag i s  a s igni f icant  pa r t  of t he  t o t a l  drag f o r  a typ ica l  
supersonic t ransport  f lying near maxi" l i f t - to-drag r a t i o  (about 33 percent 
of t he  t o t a l  drag a t  a Mach number of 3.0) ;  therefore,  accurate knowledge of 
t h i s  drag component is  important f o r  t h i s  type airplane.  One simple way t o  
measure the  l o c a l  skin f r i c t i o n  on airplanes a t  high Reynolds numbers is  with 
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cal ibrated surface p i t o t  tubes.  Obviously, t he  use of surface p i t o t  tubes f o r  
obtaining accurate values of skin f r i c t i o n  i n  f l i g h t  has a considerable advan­
tage over t h e  use of skin-fr ic t ion balances, which would be more d i f f i c u l t  t o  
i n s t a l l  and would need t o  be insensi t ive t o  temperature, vibrat ion,  and 
accelerat ion.  

A n  accurate ca l ibra t ion  of a surface p i t o t  tube depends upon how accu­
r a t e l y  the  l o c a l  skin f r i c t i o n  can be measured. In  recent years,  several  
d i r e c t  measuring skin-fr ic t ion balances have been perfected f o r  use a t  both 
subsonic and supersonic speeds. Schultz-Grunow made some of t he  e a r l i e s t  
successful d i r e c t  measurements with a skin-fr ic t ion balance a t  subsonic speeds 
( r e f .  1). More recently,  d i r e c t  measurements of t he  skin f r i c t i o n  were made 
a t  low speeds by Liepmann and Dhawan, by Dhawan, and by Smith and Walker 
(refs.  2through 4 ) .  A t  supersonic speeds, skin-fr ic t ion balances have been 
used i n  numerous investigations reported i n  references 5 through 11. In gen­
eral, skin-fr ic t ion balances have been used successfully i n  wind tunnels i n  
which the  f loa t ing  surface element can be r e l a t i v e l y  la rge  t o  give la rge  
values of t he  l o c a l  shearing s t ress ;  therefore ,  an accurate ca l ibra t ion  of a 
surface p i t o t  against  readings from these skin-fr ic t ion balances can be 
obtained in  a wind tunnel.  

The use of a surface impact tube w a s  first reported by Stanton, Marshall, 
and Bryant i n  1920 ( r e f .  1 2 ) .  In t h e i r  invest igat ion,  the  surface p i t o t  con­
s i s t e d  of a two-dimensional tube with an adjustable  upper w a l l  f o r  changing 
the  tube height.  This type of surface p i t o t  has become commonly known as a 
Stanton tube.  They used such a tube t o  deduce the  existence of t he  laminar 
sublayer of a turbulent boundary layer  i n  incompressible flow. A s  reported i n  
1930, Fage and Falkner ( r e f .  13) used t h e  Stanton tube t o  measure the turbu­
l e n t  skin f r i c t i o n ,  but  assumed t h a t  the ve loc i ty  p ro f i l e s  very close t o  the  
surface w e r e  t he  same fo r  t he  turbulent and laminar boundary layers ;  therefore,  
it w a s  assumed t h a t  t he  Stanton tube ca l ibra t ion  obtained i n  a laminar bound­
a r y  layer  w a s  applicable t o  t h e  turbulent boundary l aye r .  In  1938, Taylor 
( r e f .  14) studied the  e f f ec t  of Stanton tube height on the  "effect ive distance" 
from the  surface a t  which the  dynamic pressure i n  incompressible flow i s  equal 
t o  the  difference between the  Stanton tube and s t a t i c  pressures.  Fage and 
Sargent i n  1947 (ref.  13) cal ibrated a Stanton tube in a turbulent boundary 
layer  up t o  a Mach number of 0.855. I n  1932, Cope ( r e f .  16) used a Stanton 
tube t o  make the  f i rs t  supersonic measurements a t  a Mach number of 2.3 and con­
cluded t h a t  t h i s  device is  r e l i ab le  f o r  making skin-fr ic t ion measurements. 
Hakkinen found i n  1934 ( r e f .  17) t h a t  the  subsonic ca l ibra t ion  he obtained f o r  
a Stanton tube agreed reasonably well with other subsonic ca l ibra t ions ,  but 
t h a t  t h e  supersonic ca l ibra t ion  had an apparent Mach number e f f ec t  when based 
on the  usual ca l ibra t ion  fac tors .  In  the l i g h t  of Hakkinen's results, t he  
Stanton tube w a s  c r i t i c a l l y  examined fur ther  by Tr i l l i ng  and Hakkinen ( r e f .  18) 
as a skin-fr ic t ion measuring device. Their analysis  showed tha t  the skin 
f r i c t i o n  indicated by a Stanton tube i s  a function of t he  Stanton tube pres­
sure t o  some power, depending on the  flow conditions and the  tube height re la ­
t i v e  t o  the  boundary-layer thickness. A genuine Mach number e f f ec t  on the  
Stanton tube ca l ibra t ion  was a lso  indicated.  Further t heo re t i ca l  work was 
done by Gadd i n  1958 on the  Stanton tube ( r e f .  19) i n  which the ca l ibra t ion  
curve was predicted a t  high Reynolds numbers. In 19.59, Bradshaw and Gregory 
( r e f .  20) showed tha t  t h e  Stanton tube ca l ibra t ion  made i n  a laminar boundary 
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l ayer  a t  subsonic speeds i s  not the  same  as that f o r  a turbulent boundary 
l aye r .  The first r e l i a b l e  ca l ibra t ion  of t he  Stanton tube a t  supersonic 
speeds w a s  made by Abarbanel, Hakkinen, and Tr i l l i ng  i n  1959 (ref.  21) .  They 
found tha t ,  with the  usual ca l ibra t ion  fac tors  based on the  w a l l  temperature, 
t he  Stanton tube ca l ibra t ion  f o r  a laminar boundary layer  was not a f fec ted  by 
Mach number, but  that  t h e  ca l ibra t ion  fo r  a turbulent boundary layer  w a s  
affected by Mach nmiber. In 1962, Smith, Gaudet, and Winter ( ref .  22) ca l i ­
brated a Stanton tube consisting of a razor blade cemented over a s t a t i c  or i ­
f i c e  a t  Mach numbers of 1.8 and 2.7. In reference 22 they s t a t ed  t h a t  the  
supersonic ca l ibra t ion  was sensibly independent of Mach number but l a t e r  s t a t ed  
t h a t  d i f fe ren t  ca l ibra t ion  curves were obtained f o r  subsonic and supersonic 
Mach numbers with a t r a n s i t i o n a l  region f o r  Mach numbers between 0.8 and 1.5 
(ref.  23, footnote on p. 11). They based t h e i r  ca l ibra t ion  fac tors  on w a l l  
temperature. In 1963, Edwards (ref.  24) used the cal ibrat ion curve presented 
i n  reference 23 t o  measure t h e  skin f r i c t i o n  i n  free f l i g h t  between Mach 
numbers of 1.2 and 2.2. 

In 1953, Preston (ref.  25) developed ca l ibra t ion  fac tors  f o r  c i r cu la r  
surface p i t o t  tubes (Preston tubes) ,  based on the  universal i ty  of the  l a w  of 
the  w a l l  fo r  turbulent  boundary layers ,  and showed tha t  these fac tors  col­
lapsed the  incompressible Preston tube data  in to  a s ingle  curve f o r  a la rge  
range of tube diameters. Preston showed that it is  not necessary t o  l i m i t  the  
tube s i ze  t o  the  laminar sublayer t o  obtain a s ingle  ca l ibra t ion  curve, because 
of the la rge  extent of t h e  boundary layer  over which the l a w  of the wall i s  
applicable.  In a more recent invest igat ion i n  1955 (ref .  26) ,  Hsu demonstrated 
t h a t  Preston tubes can be used f o r  measuring skin f r i c t i o n  accurately i n  the  
presence of adverse pressure gradients and thereby showed the  app l i cab i l i t y  of 
the  method t o  nonisobaric surfaces.  H s u  a l s o  showed a theore t ica l  re la t ion­
ship between t h e  shearing stress and the  Preston tube pressure and the  minor 
importance of having a pa r t i cu la r  r a t i o  of inside-to-outside tube diameter on 
the  Preston tube ca l ibra t ion .  In 1957, Fenter and Stalmach ( ref .  27) developed 
ca l ibra t ion  f ac to r s  based on the  Von K6rdn  mixing-length theory, following the  
compressible skin-fr ic t ion theory of  Wilson ( r e f .  28) ,  which collapsed t h e i r  
supersonic Preston tube data  in to  a s ingle  curve between Mach numbers of 1 .7  
and 3.7. A b r i e f  summary of the  Fenter and Stalmach development is  presented 
i n  reference 29. This curve corresponded very closely t o  the  incompressible 
generalized l a w  of t h e  w a l l  functions of Coles, which a re  l i s t e d  in t ab le  I of  
reference 30; therefore,  no displacement e f f ec t  due t o  the  presence of t h e  
tubes w a s  indicated, a r e s u l t  which was somewhat contrary t o  t h a t  given by 
Preston f o r  incompressible flow. I n  1958 Naleid ( r e f .  7) showed t h a t  Preston 
tubes are r e l i a b l e  instruments fo r  measuring skin f r i c t i o n  i n  the  presence of 
an adverse pressure gradient with zero heat  t r ans fe r .  Smith and Walker showed 
i n  1.959 (ref .  4) t h a t  t h e  form of the  Preston ca l ibra t ion  fac tors  is  correct  
f o r  low subsonic speeds, but  t h a t  t he  constants used t o  define the  ca l ibra t ion  
curve w e r e  s l i g h t l y  d i f fe ren t  from Preston's.  In 1961 the  staff of NF'L 
( r e f .  31) showed tha t  t h e  form of the  incompressible ca l ibra t ion  curve f o r  f l a t  
p la tes  is  similar t o  t h a t  obtained in pipe flow, but  t h a t  fo r  a given Preston 
tube reading the  l o c a l  skin f r i c t i o n  i s  about 11percent higher on t h e  f la t  
p l a t e  than i n  a c i r cu la r  pipe with a f u l l y  developed turbulent boundary layer  
as used by Preston i n  h i s  o r ig ina l  ca l ibra t ion  ( r e f .  2.5). This result was in 
contradiction t o  Hsu's result i n  1955 ( r e f .  26) which appeared t o  confirm 
Preston's ca l ibra t ion  curve. In 1962, Head and Rechenberg ( ref .  9 )  showed 
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t h a t  f o r  a given Preston tube reading the  skin f r i c t i o n  was the  same fo r  both 
the  boundary layer  and f u l l y  developed pipe flow, thus vindicating Preston's 
pipe-flow ca l ibra t ion  and confirming the  existence of a universal  region of 
flow s imi l a r i t y  near t h e  w a l l .  I n  1963, Rechenberg ( r e f .  33) fur ther  demon­
s t r a t ed  the  existence of a universal  Preston tube ca l ibra t ion  i n  incompress­
i b l e  flow f o r  e i t h e r  t h e  f u l l y  developed turbulent boundary layer  i n  pipe flow 
o r  turbulent  boundary-layer flow. He a l so  confirmed i n  reference 33 tha t  the  
Preston tube method i s  va l id  f o r  nonisobaric flow conditions. Tn reference 34, 
Rechenberg showed tha t  because of t he  universal  nature of t he  boundary layer  
adjacent t o  the  w a l l  t he  e f f e c t  of Mach number on the  Preston tube ca l ibra t ion  
i s  predictable.  

The present experimental invest igat ion w a s  undertaken t o  ca l ibra te  surface 
p i t o t  tubes a t  high Reynolds numbers near a Mach nwaber of 3 i n  a th ick  bound­
a r y  layer  similar t o  t h a t  expected f o r  l a rge  supersonic a i rplanes.  Two types 
of surface p i t o t s ,  the .Preston tube and the  Stanton tube, were cal ibrated on 
the  s ide w a l l  of the Ames 8- by 7-foot supersonic wind tunnel where the  bound­
ary  layer  i n  air  is  3 t o  7 inches thick.  This invest igat ion covered a Mach 
number range from 2.4 t o  3.4 and a Reynolds number range f rom about 16 t o  
100 mill ion.  The surface-pi tot  data  are reduced both on the bas i s  of calibra­
t i o n  fac tors  which have been developed i n  t h e  past  and on the  bas i s  of a newly 
developed ca l ibra t ion  fac tor .  The adequacy of the  ca l ibra t ion  fac tors  i n  
reducing the  results t o  a s ingle  ca l ibra t ion  curve which would be insensi t ive 
t o  Mach number and Reynolds number e f f ec t s  is  examined. 

Recently, a t  a Mach number of 2.8 and a Reynolds number up t o  about one 
b i l l i o n ,  Moore and Harkness ( r e f .  8) measured the l o c a l  skin f r i c t i o n  on the  
f loor  of a wind-tunnel supersonic d i f fuser .  They showed t h a t  t he  theory of 
e i the r  Wilson o r  Van Driest  I1 gives excel lent  agreement with experiment but 
t h a t  the  reference enthalpy theory of Schultz-Grunow underpredicts the mea­
sured values by 10 t o  l?percent. m e r e  is  some indicat ion in the  Moore-
Harkness report  t h a t  t he  Wilson theory tends t o  overpredict t he  measured skin 
f r i c t i o n  previously obtained a t  the  lower Reynolds numbers. Because of t h i s  
anomaly in  agreement between theory and experiment, depending on the Reynolds 
number and, possibly the  Mach number, t h e  skin f r i c t i o n  measured i n  the pre­
sent invest igat ion and the majority of ex is t ing  experimental skin-fr ic t ion 
results obtained throughout a Mach number range from 0.06 t o  6.7 fo r  turbulent 
f l o w  on adiabat ic  f la t  p l a t e s  a r e  compared herein with predicted results from 
the  theory of Wilson (ref.  33) and the  method of Sommer and Short ( r e f .  36). 

NOTATION 


2e 
cF average skin-fr ic t ion coeff ic ient ,  -

X 

cf l o c a l  skin-fr ic t ion coeff ic ient ,  7 s, 


C f i  l o c a l  skin-fr ic t ion coeff ic ient  f o r  incompressible flow 
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measured pressure coeff ic ient ,  ps - P, 
s, 

equivalent incompressible pressure coef f ic ien t ,  

diameter of t he  Preston tubes o r  the  height of the  Stanton tubes 

inside diameter 

outside diameter 

maximum c r i t i c a l  diameter of Preston tube f o r  which the Preston 
tube ca l ibra t ion  i s  expected t o  be va l id  (defined by eq. (Cl)) 

minimum c r i t i c a l  diameter of Preston tube allowable t o  remain 
within the  l i n e a r  portion of the  ca l ibra t ion  curve (defined by 
eq. (c9) )  

FW fac tor  f o r  determining the  e f f ec t s  of Mach number and heat  trans­
f e r  on the  Preston tube ca l ibra t ion  when the  flow propert ies  are  

based on w a l l  temperature, , (see eqs. (10) and (11)) 

functions r e l a t ing  ce r t a in  fac tors  appearing i n  the  equation-

FhYff JFf I development sect ions of t h i s  report  

f ac to r  f o r  converting Reynolds number based on free-stream s t a t i c  

I-I,PWtemperature t o  Reynolds number based on w a l l  temperature, ­
"WP, 

f ac tor  f o r  converting Reynolds number squared divided by density,  
based on free-stream s t a t i c  temperature, t o  t h a t  based on w a l l  

temperature, (2y	5 
~ 0 0  

f ac to r  f o r  converting Reynolds number squared divided by density,  
based on free-stream s t a t i c  temperature, t o  t h a t  based on the  

reference temperature (TI) of Somer and Short, ( . r$ 
constant used i n  equation (C?) , 1 -I-0.2k2 

or  -1 
0.2&2 

l o c a l  Mach number defined by equation (14) when leading-edge 
bluntness is considered 
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%va3e 

MS Mach nwnber indicated by the ratio of the w a l l  static pressure to 
the pressure of the Preston or Stanton tubes. (When this pressure 
ratio indicates supersonic f l o w  ahead of the tubes, then the 
normal shock relationships are used to obtain the Mach number, 
Ms, ahead of the shock.) 

free-stream Mach number indicated by the ratio of surface static 

pressure to the total pressure from a total pressure tube located 

just outside the boundary layer, assuming normal shock relation­

ships (see footnote 1) 


Pi,w free-stream impact pressure (pitot pressure) 


PS pressure indicated by the Preston or Stanton tubes 


pa3 static pressure on the side w a l l  of the wind tunnel in the vicinity 
of the Preston and Stanton tubes 

% dynamic pressure indicated by the Preston or Stanton tubes, 

qa3 free-stream dynamic pressure, $ p,MS 2 

R gas constant for air when treated as a perfect gas 


Rd Reynolds number based on the free-stream flow conditions and the 

outside diameter of the Preston tube or the height of the Stanton 


~ooVCxJdtube, -

RX Reynolds number based on free-stream f l o w  conditions and distance x 

from the leading edge, ­%Lx 

pa3 

RX,v Reynolds number based on free-stream conditions and distance icv 

from the virtual origin, pa3vaJxv 

Pa3 

Re Reynolds number based on free-stream flow conditions and the 


momentum thickness, -
Pa3 

TS 
static temperature indicated by the surface pitot tubes, assuming 


Ttisoenergetic flow conditions, 1 + 0.2Ms2 

6 



T t  t o t a l  temperature measured i n  the  s e t t l i n g  chamber 

T W  w a l l  temperature 

(TW)ad adiabat ic  wall temperature f o r  an assumed temperature recovery 
fac tor  of 0.88, T,(1 + 0.176h2) 

(Tw) m e a s  measured w a l l  temperature 

T'  reference temperature used by Sommer and Short, 

-T, -r1+ 0.035G2 + 0.45 (2 l)] 

TW 
 free-stream s t a t i c  temperature, 
1 + 0.2Mw2 

T t  

t r a t i o  of  inside-to-outside diameter of Preston tube 


U l o c a l  ve loc i ty  within the  boundary layer  


UT f r i c t i o n  ve loc i ty  based on the w a l l  temperature, 


ur' f r i c t i o n  ve loc i ty  based on the  Sommer and Short T '  temperature, 

VS ve loc i ty  indicated by the r a t i o  of the  Preston o r  Stanton tube 
pressure t o  the  w a l l  s t a t i c  pressure, assuming isoenergetic flow 
conditions and a normal shock relat ionship,  (49 &)Ms 

free-stream veloci ty ,  (49v m  

XH 


XS function used i n  the  general izat ion of Somer and Short ' s  method,

(5)Cf 

function used i n  the  generalization of  Wilson's theory, 

X length from the leading edge o r  charac te r i s t ic  length used i n  forming 
Reynolds number 

xv dis tance from the  v i r t u a l  o r ig in  of t he  turbulent boundary layer  t o  
the  point a t  which 8 is  measured 
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Y 


Y 

4 

(F)i 


II' 

VW 


V' 


pW 


P' 

P 
00 

0 

CO 

T 

function used in the generalization of Wilson's theory, 
IJW 

function used in the generalization of Sommer and Short's method, 


distance from surface 


ratio of specific heats (assumed herein to be 1.4 for air) 


difference between the surface pitot pressure and the static 

pressure, P, - P, 

CFX
boundary-layer thickness for compressible flow, 
2(e/s)c 


ratio of displacement thickness to boundary-layer thickness for an 
incompressible boundary layer (see eq. ( ~ 6 )) 

cFxboundary-layer momentum thickness, -2 
momentum thickness for a compressible boundary layer 


viscosity from Sutherland's formula in which the wall temperature 

is used 


viscosity from Sutherland's formula in which the T' temperature 

from Sommer and Short is used 


viscosity from Sutherland's formula in which the free-stream static 

temperature is used 


kinematic viscosity based on wall temperature 


kinematic viscosity based on Sommer and Short's reference 
temperature, T'  

kinematic viscosity based on free-stream static temperature 


mass density based on the wall temperature 

mass density based on the reference temperature ( T ' )  of Sommer and 
Short 

mass density based on the free-stream static temperature 


0.2G2factor used in the Wilson theory, 1 Tw or 
Tt 1 +0.%2 


surface shear stress 


w eqonent (0768)for the approximate viscosity formula 
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FACILITY 

The experiment was conducted i n  a i r  i n  the  Ames 8- by 7-foot supersonic 
wind tunnel.  This f a c i l i t y  is a closed-circuit ,  continuous flow wind tunnel 
capable of producing a r e l a t i v e l y  constant Mach number ranging from 2.4 t o  
3.4 in  the test  sect ion which is  16 f e e t  long. The Mach number is  varied by 
changing the  wind-tunnel nozzle contour by moving the  f l ex ib l e  v e r t i c a l  s ide 
w a l l s .  Reynolds number is varied by changing the  stagnation pressure over a 
range of about 2 atmospheres. 

TEST CONDITIONS 

To provide changes i n  Reynolds number, the  wind-tunnel t o t a l  pressure w a s  
varied a f t e r  t he  Mach number had been set a t  one of t he  following nominal Mach 
numbers: 2.4, 2.9, or 3.4. Unit Reynolds numbers covered i n  the investiga­
t i o n  ranged f r o m  nominal values of 0.5 t o  3.2 mill ion per foot ,  inclusive.  
Four Preston tubes of d i f f e ren t  diameters and a Stanton tube were tes ted  
simultaneously fo r  a given flow condition. For par t  of the  investigation, two 
of t he  Preston tube diameters and the Stanton tube height were changed. TWO 
d i f f e ren t  Stanton tube geometries were a l s o  tes ted  by changing the  posi t ion of 
the blade r e l a t i v e  t o  t he  o r i f i c e  over which the  blade w a s  mounted as shown i n  
f igure  1. Measured values of  Mach number, Reynolds number, tube height,  and 
streamwise Stanton tube posi t ions are given i n  t ab le  I. 

Flow conditions correspond t o  t h a t  f o r  a turbulent boundary layer  act ing 
on a f i a t  surface with near ly  zero pressure gradient and near ly  adiabatic wall 
conditions (no heat t r a n s f e r ) .  Table I gives the measured w a l l  temperatures 
and the  estimated adiabat ic  w a l l  temperatures. The boundary layer  w a s  from 
5 t o  7 inches thick,  depending on the  flow conditions. Location of the or ig in  
of the turbulent boundary layer  w a s  unknown; however, t he  nozzle throat  of t he  
wind tunnel w a s  about 32 f e e t  upstream of the  measuring s t a t ion .  Impact-probe 
t raverses  were made only a t  uni t  Reynolds numbers of  1 .0 ,  2.5, and 3.2 mill ion 
per foot t o  reduce the  running time of the wind tunnel .  

INSTRUMENTATION 

General Arrangement 

Figure 2 shows the  r e l a t i v e  locat ions of the  boundary-layer instrumenta­
t i o n  used i n  the  experiment: the skin-fr ic t ion balance, the Preston tubes, a 
Stanton tube, t he  t ravers ing probe, and the  ?-inch boundary-layer rake.  The 
probes and balance were mounted on the  wind-tunnel s ide w a l l .  In addition t o  
the reference o r i f i c e  shown i n  f igure 2, th ree  static-pressure o r i f i c e s  were 
located 6 inches ahead of the  reference o r i f i c e ,  the Stanton tube, and the  
rake.  

9 




Skin-Frict ion Balance 

The skin-fr ic t ion balance w a s  designed mechanically and e l e c t r i c a l l y  by 
the  Ames Instrumentation Division. A complete descr ipt ion of t he  balance i s  
given in reference 4. The balance had a f loa t ing  element 2 inches i n  diameter 
attached t o  flexure pivots .  An e l e c t r i c a l  nul l ing c i r c u i t  centered the  f loa t ­
ing element i n  the  hole f o r  each measurement. A special  low-friction pulley 
was used t o  ca l ib ra t e  t he  balance i n  the  operating posi t ion.  Before and after 
the  test ,  several  ca l ibra t ions  were made a t  400, TO0, and 1000 Fahrenheit. 
During the  test  t h e  approximate temperature of t h e  balance was indicated by a 
thermocouple inser ted i n  the  cavi ty  of t he  balance. 

The floating-element d isk  had an edge tapered t o  0.025 inch t o  minimize 
the  possible buoyancy e f f ec t  from the  gap pressures.  A buo.yancy force correc­
t i o n  w a s  obtained by integrat ing the  measured pressures i n  the gap a t  s i x  sta­
t ions  spaced equally around the  disk as shown i n  reference 4. 

Stanton Tube 

Geometric d e t a i l s  of the  Stanton tube are shown i n  f igure  1. The Stanton 
tube used i n  the  present experiment consisted of a sharp blade mounted over a 
static-pressure o r i f i c e .  The blade w a s  t e s t ed  i n  t w o  d i f f e ren t  streamwise 
posit ions as well a s  a t  two d i f f e ren t  v e r t i c a l  heights i n  each posi t ion,  since 
D r .  K .  G .  Winter had suggested i n  a pr ivate  communication tha t  streamwise 
pos i t  ion might a f f ec t  the  ca l ibra t ion .  

Preston Tubes 

The Preston tubes consisted of c i r cu la r  impact-pressure tubes s i m i l a r  t o  
those suggested and used by Preston ( r e f .  25) as ind i rec t  sensors of skin 
f r i c t i o n .  These tubes were mounted as shown in  f igure 1 so  t h a t  t he  tube 
leading edge rested firmly on the surface of the  tunnel wall. The r a t i o  of  
inside-to-outside diameters w a s  held t o  0.60 as i n  Preston's experiment. Tube 
diameters of 0.061, 0.090, 0.126, and 0.188 inch w e r e  t e s t ed  first, followed 
by tube diameters of 0.031, 0.090,0.126, and 0.250 inch in  the  locat ions 
shown i n  f igure 2 .  

Traversing Impact-Pressure Probe 

A t ravers ing impact-pressure probe w a s  used i n  t h i s  investigation t o  
define i n  d e t a i l  t he  boundary-layer p ro f i l e  a t  selected Reynolds numbers f o r  
the  purpose of obtaining the  momentum thickness.  Figure 3 shows the geometry 
of the t ravers ing probe, which w a s  designed t o  minimize the flow disturbance 
from the  t i p  and the  def lect ion under load. The t i p  was carefu l ly  constructed 
t o  be f r ee  of burrs  and imperfections. The probe w a s  moved perpendicular t o  
the  w a l l  by means of a screw device t o  which a height gage with a vernier was 
attached f o r  measuring the  probe height accurately.  

10 




Boundary-Layer Rake 

A boundary-layer rake w a s  used i n  place of the  t ravers ing probe t o  obtain 
the  momentum thickness a t  some Reynolds numbers, t o  reduce the running time 
necessary f o r  a survey with t h e  t ravers ing probe. The geometry of t h e  rake i s  
shown i n  f igure  4. 

Pressure Sensors 

Precision mercury manometers were used t o  measure reference pressure, 
ca l ibra t ion  pressure,and impact pressure outside of t h e  boundary layer  (pi ,) . 
The manometers w e r e  mounted i n  temperature controlled cabinets.  2 

The t e s t  pressures w e r e  measured by Ames designed precision e l e c t r i c a l  
strain-gage type transducers, re fe r red  t o  as slack-diaphragm pressure c e l l s ,  
mounted i n  a temperature controlled cabinet.  The c e l l s  w e r e  used t o  measure 
the d i f f e r e n t i a l  between the  t e s t  pressure and a reference pressure. The 
reference pressure w a s  s e t  so t h a t  the  lowest range c e l l s  available of  +4 psid 
could be u t i l i zed .  Each c e l l  w a s  individually check-calibrated over i ts  range 
i n  the  laboratory and selected t o  meet the tolerances described i n  the  section, 
D a t a  Reduction and Accuracy. The length of t he  tubes was minimized t o  elimin­
a t e  pressure l ag .  Suff ic ient  time was allowed f o r  t he  pressures t o  s t a b i l i z e  
before each data  point w a s  taken. 

Temperature Sensors 

Total  temperature probes were located i n  the low-speed leg  of the  wind 
tunnel upstream of  t he  throa t  sect ion.  The thermocouple probes were connected 
t o  a hot-box junction of t he  data  recording system, and were cal ibrated w i t h  a 
laboratory reference thermocouple in  crushed i ce .  The approximate s t a t i c  w a l l  
temperature w a s  monitored by a thermocouple inser ted in to  a hole in the  wall 
d r i l l e d  t o  within 1/4 inch o f  the  inside surface,  and connected t o  a hot-box 
junction. 

DATA FUCDUCTION AND ACCURACY 

Boundary-Layer-Edge Conditions 

Mach number, 1 Reynolds number, t o t a l  pressure, dynamic pressure, and 
s t a t i c  temperature a t  t h e  boundary-layer edge w e r e  calculated from the  
measured impact pressure outside the  boundary layer, the  w a l l  s t a t i c  pressure, 
and the  tunnel t o t a l  temperature. The compressible-flow re l a t ions  i n  
- - . ~--. 

%e following approximation t o  the  Ray le ighp i to t  equation (derived by 
N .  K. Delany of Ames Research Center) was used t o  compute the  Mach number, I&. 
The expression gives Mach number t o  within 0.0003 f o r  1.08 < Mo, < 4.11. 
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reference 37 were used i n  the calculat ions.  The edge, o r  free-stream impact, 
pressure w a s  measured a t  a height of 8.50 inches by an impact probe on a 
boundary-layer rake.  This pressure was taken t o  be the  edge impact pressure 
f o r  a l l  of t he  measurements in the  experiment because previous tunnel surveys 
showed t h a t  near ly  uniform flow exis ted across  the  t e s t  area. I n  addition, 
t h i s  impact pressure w a s  compared t o  t h a t  of t h e  t ravers ing probe a t  the  same 
height and found t o  agree generally within 0.3 percent.  The w a l l  s t a t i c  pres­
sure measured at the  loca t ion  shown i n  f igure  2 w a s  assumed t o  be constant 
through the  boundary l aye r .  The s t a t i c  pressures a t  the  three other o r i f i c e  
locat ions mentioned i n  the  discussion of Instrumentation agreed t o  within 
0.3 psf of t h e  reference wall s t a t i c  pressure.  

Momentum Thickness 

The momentum thickness, 0 ,  of t h e  boundary layer  w a s  obtained from the  
ve loc i ty  p ro f i l e  determined with the  t ravers ing impact probe f o r  un i t  Reynolds 
numbers of 1.0, 2.3, and 3.2 mill ion per foot .  Boundary-layer rake p ro f i l e s  
were used t o  determine 0 a t  the  other Reynolds numbers. In the  calculat ion 
of t he  l o c a l  ve loc i ty  r a t i o ,  t he  flow was assumed t o  be isoenergetic (constant 
t o t a l  temperature) and t h e  s t a t i c  pressure t o  be constant through the  boundary 
layer; reference 38 shows t h a t  these assumptions result i n  negl igible  e r ro r s  
i n  momentum thickness f o r  adiabat ic  flow a t  supersonic speeds. An in te r fe r ­
ence e f f ec t  from the  t ravers ing probe, negl igible  except near t he  w a l l ,  should 
not a f f ec t  0 noticeably.  A comparison of the  momentum thickness obtained 
from the  rake with t h a t  obtained from the  t ravers ing probe showed tha t  t he  
difference i n  momentum thickness w a s  i n  f a c t  negl igible .  

Skin Fr ic t ion  

The estimated probable e r ro r  of the  floating-element skin-fr ic t ion 
balance is  a function of Mach and Reynolds number and is  l i s t e d  i n  the  follow­
ing t ab le  f o r  the  nominal tes t  conditions. Total  e r ro r s  were estimated t o  be 
the  root-sum-square (RSS) o f  four individual estimated e r ro r s  - t h e  RSS having 
been used as representative of a combination of individual random e r ro r s .  
Calibration e r ro r  w a s  estimated t o  be k2 percent from several  repeated calibra­
t ions ,  before and after the  test ,  in the  laboratory with the  balance i n  t h e  
s a m e  posi t ion as mounted i n  the  tunnel s ide w a l l .  The balance temperature 
e r ro r  was estimated t o  be less than L L  percent.  The estimated probable e r ro r  
was kO.7 psf f o r  t he  gap d i f f e r e n t i a l  pressures used i n  the buoyancy correc­
t ion ,  and t h e  probable e r ro r  i n  f a i r ing  the  pressure d i s t r ibu t ion  i n  t h e  gap 
could be as high as 100 percent f o r  t h e  s ix  o r i f i c e s  o r  about k2 percent.  
Resulting RSS values and a l s o  the  apparent e r r o r  i n  the  data ,  as indicated by 
t h e  s c a t t e r  in repeated points,  are as follows: 
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Estimated and Apparent Error of Skin-Friction Balance, Percent 

M = 2.4 
( V J V J ~ O - ~  per f t  RSS RSS 

3 -2 c3.1 k3.2 

3 -0 3.2 

2 -5 3 *2 3.3 9 . 2  23.6 -11-1.2 

2 .o 3.3 3 - 5  4.9 4.O 

1.5 3 -5 3.9 6 .1  4.6 

1.o 4.1 4.8 6.3 6.2 

0-5 12 


“Limited d a t a .  

Note t h a t  the  data  s c a t t e r  from the  t e s t  was approximately of the  same magni­
tude as the  estimated probable e r ro r .  In general, t he  e f f ec t  of the  w a l l  tem­
perature  not being exact ly  adiabat ic  was estimated t o  change the skin f r i c t i o n  
l e s s  than 1percent and therefore  was ignored. Values of both the  estimated 
adiabat ic  and measured w a l l  temperatures a re  l i s t e d  i n  t ab le  I. 

Pressures 

Estimated probable e r ro r s  of the  pressures were determined t o  be the RSS 
of t he  following individual errors :  reference pressure from precision manom­
e t e r ,  c0.28 psf ;  d i f f e r e n t i a l  pressure from slack-diaphragm transducers, 
20.05 percent of 4 ps i ,  or cO.29 psf; zero s h i f t  of transducers during t e s t ,  
cO.3 ps f .  The RSS value f o r  these e r ro r s  i s  cO.5 ps f .  

Geometric Measurements 

The traversing-impact probe e r ro r  i n  height was a t o t a l  of about 
0.003 inch; the maximum play i n  the mechanism was about 1-0.002 inch a t  the  
probe t i p ;  and the  reading e r r o r  from the  height gage with vernier  was 
cO.001 inch. The diameter of the  Preston tubes and the  height of the  Stanton 
tubes were measured t o  within +O.OOO? inch. The height of boundary-layer 
rakes was measured t o  within t.O.002 inch. 

DEVELOPMENT O F  NEW CALIBRATION FACTORS 

Equivalent Incompressible Pressure Coefficient,  
cP 

Appendix B gives a funct ional  equation similar t o  t h a t  used by Smith, 
Gaudet and Winter ( r e f .  23) f o r  ca l ibra t ing  surface p i t o t  tubes.  Results 
from the  present invest igat ion and reference 23 indicated t h a t  equation (�36) 
s t i l l  contains a compressibil i ty e f f e c t  since t h i s  equation d id  not collapse 
the  ca l ibra t ion  curves obtained a t  supersonic Mach nunibers onto the  cal ibrat ion 
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curves obtained a t  low subsonic Mach numbers. The development of equation (B6) 
f o r  compressible boundary layers  indicates  t h a t  t he  pressure coef f ic ien t  (C,) 
was l e f t  in i t s  compressible form. The equivalent incompressible Cp is 
obtained by replacing the measured pressure r i s e  fo r  t he  surface tube with an 
incompressible pressure r i s e  which i s  indicated by the  dynamic pressure of the  
tube ( (y/2)pwq2).  The equivalent incompressible pressure coef f ic ien t ,  
therefore ,  becomes 

since the  s ta t ic  pressure i s  assumed t o  be constant through the  boundary l aye r .
By subs t i tu t ing  the  incompressible form of C, given by equation (1)i n  equa­
t i o n  (B6) f o r  Cp, we obtain another functionL1 equation 

Reference Temperature Conditions 

Although several  invest igators  have shown t h a t  the  compressible l a w  of t h e  
w a l l  equation, i n  which the  f l u i d  propert ies  are based on w a l l  temperature i n  
general, collapses boundary-layer p ro f i l e s  onto a s ingle  curve, Coles i n  refer­
ence 30 shows t h a t  if the  f l u i d  propert ies  are based on a reference tempera­
ture, then even b e t t e r  c o l l a p s i b i l i t y  i s  obtained for  turbulent boundary-layer 
p ro f i l e s  f o r  Mach numbers of 2.6 through 4.3. Following the  work of Coles a 
more generalized l a w  of the  wall may be wr i t ten  as 

where the primed quant i t ies  a re  based on a reference temperature which i s  a 
function o f  Mach number; f o r  example, I+' =,./m.It follows t h a t  f o r  C a l i ­

brat ing surface tubes a functional equation similar t o  equation (2) can be 
wri t ten i f  t h e  w a l l  temperature i s  replaced by a reference temperature2 as 

f2 (T ' Q2(Ms/%) = Fh [f2 (T ' Rd2cf 1 (4) 
where fo r  t h e  Sommer and Short reference temperature method and by Sutherland's 
formula fo r  v i scos i ty  following t h e  de f in i t i on  of f2( ) i n  the notation 

When specialized f o r  adiabat ic  wall conditions i n  air  i n  which 
TI  = T,(1 t 0.1142G2), equation (?a) becomes 

__ . . ._ .- . - - _. ­
2During the  f i n a l  preparation of t h i s  report ,  S iga l la  (ref.  39) presented 

a reference temperature equation similar t o  equation (4) f o r  ca l ibra t ing  sur­
face p i t o t s ,  except he replaced Ap i n  Cp with (1/2)p'Vs2 instead of 
(1/2)p,Vs2 or  4 = (y/2)pSs2 as the  author 's  did herein.  



COMPRl3SSIBILI'IY AND HlL4T-TRANSFER EFFECTS 
ON T�G3 PRESTON TUBE CALIBRATIONS 

Although it will be shown t h a t  t h e  ca l ibra t ion  fac tors  based on the  
reference temperature ( T ' )  given by Sommer and Short (eq. ( 4 ) )  completely 
collapse the supersonic Preston tube data  onto the  Preston incompressible 
curve, i n  some cases it may be desirable  t o  base the  ca l ibra t ion  fac tors  on 
wall conditions tha t  can be e a s i l y  measured.3 In the  development t h a t  follows, 
t he  estimated e f fec ts  of compressibil i ty and heat t r ans fe r  on the  ca l ibra t ion  
curve thus based w i l l  be indicated.  

Sharp Leading Edge 

If equation (4)i s  rewri t ten i n  i t s  expanded form containing the  
equivalent equation f o r  Mach number squared, 

then, assuming y = 1.4 f o r  air, we obtain 

Equation (7) can be simplified t o  

If the  flow propert ies  are assumed t o  be based on wall temperature, then 
equation (8) can be wr i t ten  as 

3For example, t h e  boundary-layer-edge conditions may be unobtainable as 
i s  the  case a t  hypersonic Mach numbers where the  boundary-layer edge may be 
obscurr?d by the  th ick  entropy layer  induced by leading-edge bluntness. 



l11111l1111llIIIIIIlIIIIllIIIllll1I1 Ill1 I I1 Ill1 Ill1 

where i f  t h e  equation of state is used 

If the  approximate v i scos i ty  equation ( B E )  i s  used with T, replaced by T’, 
equation (10) becomes 

It should be emphasized tha t  the  f ac to r  Fw can be calculated only i f  the  
l o c a l  Mach number a t  the  boundary-layer edge is  known. In t h e  discussion t o  
be presented here inaf te r  t he  e f f ec t  on the  ca l ibra t ion  of assuming t h a t  t h i s  
Mach number is  unknown and t h a t  t he  flow quant i t ies  are based on a known Tw 
(or Fw = 1.0  i n  eq. (9 ) )  w i l l  be shown. The Fw fac to r  i n  equation (9) can 
be considered dependent on Mach number and/or heat t r ans fe r  through t h e  fol low­
ing equation from reference 36 f o r  t he  reference temperature r a t i o  

i n  which Tw/T, i s  defined f o r  a turbulent boundary layer  by the adiabat ic  
recovery temperature equation (using a temperature recovery fac tor  of 0.88) 

It follows t h a t  t he  e f f ec t s  of Mach number and heat-transfer var ia t ions  on the  
Preston ca l ibra t ion  cwve when flow propert ies  are based on w a l l  conditions 
can be evaluated by multiplying the  F, fac tor  fo r  a par t icu lar  flow condi­
t i o n  t i m e s  the  ca l ibra t ion  fac tors  given by equation ( 4 ) .  

Blunt Leading Edge 

Provided the  leading edge i s  su f f i c i en t ly  blunt t h a t  t he  f u l l  bluntness 
e f f ec t  is  rea l ized  (see refs. 40 and 41), then the  reduced l o c a l  Mach number 
instead of t he  free-stream Mach number should be subst i tuted i n  equations (12) 
and (13).  This reduced Mach number can be computed by the  following equation 
which i s  given i n  reference 41 (eq. (A7)): 
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Again, the e f f ec t s  of bluntness, Mach number, and heat-tranfer var ia t ions on 
the  Preston tube cal ibrat ion,  when the flow propert ies  are based on w a l l  con­
d i t i ons ,  can be evaluated f romthe  e f fec ts  of these propert ies  on the  Fw
fac to r  (eq. (11)). 

RESULTS AND DISCUSSION 

Skin-friction equations f o r  the  theory of Wilson and of Sommer and Short, 
which w i l l  be used throughout t h i s  repor t ,  a r e  presented i n  appendix A. Some 
of t he  surface tube ca l ibra t ion  fac tors  which were used i n  the  past  are pre­
sented i n  appendix B. Equations f o r  obtaining the  maximum and minimum c r i t i ­
c a l  Preston tube diameters are given i n  appendix c. Equations used f o r  
deriving Cf from measured values of 0 as a function of longi tudinal  dis­
tance, when skin f r i c t i o n  i n  other  invest igat ions was not measured d i r ec t ly ,  
are given i n  appendix D. 

Preston Tube Calibrations 

Calibration curves f o r  Preston tubes obtained a t  subsonic speeds in  other 
investigations a re  presented4 i n  f igure  5. Complete ca l ibra t ion  curves are 
presented i n  f igures  6 ,  7, 8, and 9 on the  bas i s  of  the  functions contained 
i n  each of  the four ca l ibra t ion  functional equations (eqs.  (B6),  (2), (4),and 
( B l l )  ), respectively.  The l i n e a r  portions of the  present data  (approximately 
f2(T')Rd2Cf > l o4 )  are replot ted with the  Mach number and u n i t  Reynolds number 
ident i f ied  i; f igures  10 and 11 f o r  two of t he  ca l ibra t ion  f ac to r s .  The 
so l id  l i n e  on f igures  10 and 11represents a least-squares f i t  of a l l  t he  
present data  f o r  a pa r t i cu la r  ca l ibra t ion  fac tor  within the  l i n e a r  portion of 
t he  ca l ibra t ion  curve. The least-squares-f i t  equations f o r  t he  l i n e a r  pa r t  of 
a l l  the ca l ibra t ion  curves a r e  given, respectively,  on each f igure.  A l l  data  
presented i n  f igures  5 through 11a r e  a l so  l i s t e d  i n  t ab le s  I and 11. 

Subsonic Q2CP vs .  Q2Cf .- In  f igure 5(a) the  incompressible Preston tube 

curve of  Preston or  Hsu is compared w i t h  t he  Coles' functional data  curve. 
The l a t t e r  curve represents an average of several  experimental data  curves 
obtained from boundary-layer surveys and includes no displacement e f f ec t  due 
t o  tube s i ze .  The difference i n  these two curves can be considered, therefore, 
as being produced by the  displacement e f f ec t  of t he  Preston tube.  Both of 
these curves given in  f igure  5(a) w i l l  be presented on each Preston tube 
ca l ibra t ion  curve t o  help evaluate the  various ca l ibra t ion  fac tors .  Smith and 
Walker's Preston tube curve ( f i g .  5 ( b ) )  l i e s  below Coles' functional curve, 
thereby showing an opposite displacement e f f ec t  f r o m t h a t  of Preston. Head 
and Rechenberg's ca l ibra t ion  curve ( f i g .  5 ( c ) )  agrees with Preston's curve a t  

4Calibration r e s u l t s  presented herein are p lo t ted  on log-log paper f o r  
reasons set fo r th  by Preston (ref.  215). Preston found t h a t  it w a s  indecisive 
whether a "log" l a w  o r  a "power" l a w  bes t  represented the  l a w  of the w a l l  
equation from which h i s  ca l ibra t ion  fac tors  were developed. For c i rcu lar  
p i t o t s  he favored the "power" l a w .  
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Rd2Cp =" lo6 and with Smith and Walker's curve a t  w2CpE lo8 and shows a 
s l i g h t l y  d i f f e ren t  slope from a l l  the  other ca l ibra t ion  curves. 

Supersonic f2(Tw)Rd2Cp vs. f2(Tw)Rd2C f . - In f igure  6, it can be seen t h a t  

t h e  experimental results are considerably above the  Preston curve; therefore ,  
basing the  flow propert ies  on w a l l  temperature alone is  insuf f ic ien t  t o  col­
lapse the  experimental data  onto the  Preston incompressible curve. The Coles' 
curve i s  shown f o r  reference purposes only, representing the  incompressible 
case for  zero displacement e f f e c t .  

Supersonic f2(Tw)Q2(Ms/&)2 vs .  f2(Tw)Rd2Cf.- If fo r  a compressible 
f l u i d ,  the  measured pressure coef f ic ien t  Cp contained in  the  ca l ibra t ion  
fac tor  used i n  f igure  6 i s  replaced by the  equivalent incompressible fo rm 
Cpi = (Ms/&)2, then the  experimental data  obtained a t  supersonic Mach numbers 
move considerably closer  t o  but  s t i l l  s l i g h t l y  above the Preston incompressible 
curve as shown i n  f igure  7. 

. .Supersonic f2(T')Rd2(M~/&,)2 vs .  f 2 ( T ' ) Q 2 C f . - If the flow propert ies  a r e  
based on the  reference temperature (T '  ) given by Somer and Short (ref.  36 ) , 
t he  function f2(TW) becomes f 2 ( T ' )  and the experimental r e s u l t s  based on t h i s  
new function a r e  very close t o  the Preston incompressible curve as shown i n  
f igure  8 (a) .  It can a l s o  be observed i n  f igure 8(a) t h a t  even i n  the  nonlinear 
portion of the  curve t h i s  new function seems t o  collapse the  data ,  although 
fewer points were measured over t h i s  nonlinear range. Above a value of 
[f2(T')Q2]Cf of  about lo4 the  experimental points  f a l l  nearly on a s t r a igh t  
l i n e ,  t he  same r e s u l t  as f o r  t he  incompressible Preston cal ibrat ion.  Since 
the supersonic data  are so  close t o  the  Preston incompressible curve, it can 
be reasoned tha t  t he  displacement e f f ec t s  from the Preston tubes a re  almost 
t he  same a t  subsonic and supersonic Mach numbers when the  data a r e  based on the  
new ca l ibra t ion  fac tors .  This displacement e f f ec t  can be thought of as 
accounting f o r  t he  difference between the  Coles' functional values ( r e f .  30)  
and the  incompressible experimental curve of Preston ( ref .  2 5 ) .  

The supersonic Preston tube data  of Stalmach ( r e f .  6 )  have been recomputed 
on the  bas i s  of  the new T'  ca l ibra t ion  fac tor  given above with t h e  v iscos i ty  
computed by the  Sutherland formula (see eqs. (B13) and (B14)) and a r e  pre­
sented i n  f igure  8 ( b ) .  It can be seen t h a t  these data  also f a l l  near the  
l i n e a r  pa r t  of the Preston incompressible curve and therefore  agree with the  
present r e s u l t s  f o r  t h i s  pa r t  of the  curve. Compare f igures  8(a) and 8 (b ) .  
Within the  nonlinear pa r t  of the  ca l ibra t ion  curves, the Stalmach data  f a l l  
below the  Preston curve and near the Coles' functional curve, thereby indicat­
ing zero displacement e f f ec t .  Unt i l  the  nonlinear par t  of the  curve i s  sub­
s t an t i a t ed  by other experiments, it i s  suggested that  Preston tube diameters 
be chosen so t h a t  only the  l i n e a r  par t  of  the  ca l ibra t ion  curve is  used. 

Supersonic [f =(Tw)(Rd/&) s i n - l ( K  Vs/V,) l 2  vs. f2(Tw)Rd2Cf.- If the  
_ - ­

prese-ental data  a re  b a s e d  on the  Fenter-Stalmach ca l ibra t ion  
fac tors ,  then the  points f a l l  somewhat above the nonlinear pa r t  of t he  Preston 
curve then cross somewhat below the  l i n e a r  pa r t  of the  Preston curve as shown 
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i n  f igure  9(a) .  The slope of t he  l i n e a r  pa r t  of  t h e  supersonic curve is  
s l i g h t l y  l e s s  than e i t h e r  of t he  incompressible curves i n  f igure 9 (a ) .  

In  f igure  9(b) ,  Stalmach's Preston tube data ,  corrected for  v i scos i ty  
being based on the  Sutherland formula, f a l l  near ly  on the  Coles' funct ional  
curve a t  values of f2(Tw)Rd2Cf grea te r  than about 104, thereby indicat ing 
zero displacement e f f ec t .  A t  t he  smaller values of t h i s  function the  Stalmach 
data  f a l l  between t h e  Preston and the  Coles' functional curves. 

Detailed analysis  of t h e  l i n e a r  pa r t  of t h e  Preston tube cal ibrat ion.- In  
f igures  6 through 9 no attempt w a s  made t o  ident i fy  each da ta  point f o r  a 
spec i f ic  Mach number or unit  Reynolds number, since only a general  evaluation 
of t he  four d i f f e ren t  ca l ibra t ion  fac tors  w a s  made. A fur ther  analysis  w a s  
made, therefore ,  within the  l i n e a r  portions of two of t he  ca l ibra t ion  curves 
f o r  t he  new ca l ibra t ion  fac tors  based on reference temperature and the  Fenter-
Stalmach ca l ibra t ion  fac tors  by identifying the  Mach number and u n i t  Reynolds 
numbers, t he  results being presented i n  f igures  10 and I L ,  respectively.  The 
so l id  curves represent a least-squares f i t  of a l l  t he  experimental data  within 
t h e  l i n e a r  range fo r  a given ca l ibra t ion  fac tor .  It can be seen i n  f igures  10 
and 11t h a t  var ia t ion  i n  nei ther  Mach nuniber nor Reynolds number had any con­
s i s t e n t  e f f ec t  on the  ca l ibra t ion  curves and t h a t  any s m a l l  displacement of  
t h e  data  from t h i s  least-squares curve w a s  within the  experimental accuracy. 

The present data  presented on the  bas i s  of the  new ca l ibra t ion  fac tors  
based on reference temperature f a l l  very close t o  the  Preston incompressible 
curve but t h e  same data  presented on the  bas i s  of the  Fenter-Stalmach cal ibra­
t i o n  fac tor  f a l l  on a curve with a somewhat lesser slope than the Preston 
incompressible curve. Compare f igures  10 and 11. 

Selection of C r i t i c a l  Preston Tube Diameters 

Maximum tube diameter.- In  reference 6 an equation i s  given f o r  computing 
the  maximum diameter o f  Preston tubes for  which a s ingle  ca l ibra t ion  curve 
would be expected t o  be va l id .  A modified version of the  equation i s  given 
herein as equation (C7). This equation i s  represented i n  f igure l2 from which 
it i s  possible t o  s e l ec t  t he  maximum tube diameter for  a given Reynolds number 
and Mach number. An example for using f igure  12 i s  given below. 

Assumed flow conditions: 

1. = 3.0 

2. vJV, = 105/in. 

3 .  x = io3 in .  (Therefore, R, = lo8.) 

4. Tt = 360' R and adiabat ic  w a l l  
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For the  above flow conditions (dcr/x)max = 3.9XlO-3 from f igure 12. Therefore, 
t he  maximum c r i t i c a l  diameter becomes 

Minimum c r i t i c a l  size.- The curves f o r  se lec t ing  the  minimum c r i t i c a l  
Preston tube diameter, presented in f igure  13, are based on the  findings 
herein t h a t  t he  ca l ibra t ion  i s  l i n e a r  above a value of f 2 ( T ' ) Q 2 C f  = lo4 and 
t h a t  the  data  within the  l i n e a r  pa r t  of the  ca l ibra t ion  generally agreed with 
previous experimental r e s u l t s  ( ref .  6 ) .  See equation ( ~ 9 ) .  

An example f o r  using f igure 13  i s  given below. 

Assumed flow conditions: 

1. M, = 3.0 

2. V J V ,  = 105/in. 

3. x = lo3 in .  (Therefore, R, = lo8.) 

4. Tt = 560' R and adiabat ic  wall 

For t he  above flow conditions, (dcr/x)min = ~ . f s X l O - ~from f igure  13. There­
fore ,  the  minimum c r i t i c a l  diameter becomes 

= (7.5XL0-5)(103) = 0.075 in. 

It can be seen, then, t h a t  any Preston tube between 0.073 and 3.9 inches fo r  
t he  above assumed flow conditions would be a va l id  tube s i ze  f o r  remaining 
within a s ingle  l i n e a r  ca l ibra t ion  curve. 

Estimated Effects  of  Mach Nuniber and Heat Transfer 
on the  Preston Tube Calibration 

Sharp leading edge.- It w a s  shown i n  the  equation development sect ion 
t h a t  i f  the  f l o w  propert ies  i n  the  ca l ibra t ion  fac tors  a r e  based on w a l l  con­
d i t i ons  instead of t he  reference temperature conditions5 of Sommer and Short, 
t he  e f f ec t  of Mach number and heat t r ans fe r  is  given by JQ (eq. (ll)). This 
e f f ec t  has been calculated f o r  a sharp-edged f l a t  p l a t e  a t  Mach numbers of 3,
5, and 7 f o r  several  heat-transfer r a t e s  and i s  shown i n  f igure  14. 

It can be seen i n  f igure 14 t h a t  fo r  t he  adiabat ic  w a l l  case 
(T,/(Tw)ad = 1.0) with the flow conditions based on w a l l  temperature, t h a t  t he  
skin f r i c t i o n  given by the Preston curve would d i f f e r  l ess  than 10 percent 
from the  t rue  value. With heat t r ans fe r  and the  temperature r a t i o  (Tw/(Tw)ad) 

. .. - - ~=~ _ _ _ _  
5Provided the  flow conditions a t  the edge of the  boundary layer  can be-. 

defined, then it is  assumed t h a t  a ca l ibra t ion  based on f2(T')%2(Ms/&>2 
= Fh[f2(T')Q2Cf] w i l l  not be affected by changes i n  e i t h e r  Mach number or  
heat transfer. 
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of 0.6, t he  Preston curve f o r  Mach numbers from 3 through 7 would give the  
skin f r i c t i o n  t o  within about 5 percent of t h e  t r u e  value. For very low values 
of Tw/(Tw)ad (e.g., 0.2 as shown), l a rge r  e r ro r s  i n  skin f r i c t i o n  would be 
incurred if the  Preston incompressible curve were used, pa r t i cu la r ly  a t  the  
lower Mach numbers. 

Blunt leading edge.- When leading-edge bluntness is . incorporated i n  the  
design of a hypersonic vehicle,  an inviscid entropy layer  i s  formed having a 
v e r t i c a l  gradient of reduced Mach number near t he  leading edge which p e r s i s t s  
on t h e  surface in the  s t r e a m w i s e  d i rec t ion  u n t i l  t he  boundary layer  becomes 
th i ck  enough t o  envelop the  entropy layer .  If t h i s  entropy gradient i s  
comingled with a v e r t i c a l  gradient of s t a t i c  pressure emanating from a curved 
surface,  it becomes v i r t u a l l y  impossible t o  define even by measurement t h e  flow 
conditions a t  the  boundary-layer edge. For t h i s  reason, t h e  e f f ec t s  of Mach 
number and heat t r ans fe r  on the  Preston tube ca l ibra t ion  curve (based on 
measurable w a l l  conditions and t h e  Preston tube Mach number) w e r e  estimated f o r  
a surface having fu l l  leading-edge bluntness e f f e c t s  .6 

For t h e  adiabat ic  w a l l  case, it can be seen by comparing f igures  14  and 15 
t h a t  accounting f o r  full leading-edge bluntness s l i g h t l y  reduced the  e r ror  i n  
predicting the  skin f r i c t i o n  f r o m  the Preston curve f o r  Mach numbers from 3 
through 7. For the  intermediate value of  heat t r ans fe r  represented by 
Tw/(Tw)ad = 0.6, t he  Preston curve happens t o  give the  correct values of  skin 
f r i c t i o n  when bluntness is  included as shown i n  f igure  15. If heat t r ans fe r  
i s  la rge  (e.g. ,  Tw/(Tw)ad = 0 . 2 ) ,  then the  e r ro r  involved by using w a l l  condi­
t i ons  w a s  predicted t o  be even grea te r  fo r  t he  blunt edge than f o r  t he  sharp 
edge, but f o r  e i t h e r  case the  e r ro r  w a s ,  in general, so la rge  as t o  be 
nonacceptable . 

Stanton Tube Calibrations 

It should be mentioned again t h a t  the Stanton tube i n  the  present 
invest igat ion w a s  ca l ibra ted  in two d i f fe ren t  streamwise posi t ions r e l a t i v e  t o  
t h e  s t a t i c  o r i f i c e  over which it w a s  mounted as shown i n  f igure 1. The posi­
t i o n  cal led the  rearward posi t ion with the leading edge of the  blade coincident 
with the  leading edge of t he  o r i f i c e  corresponds c loses t  t o  the  configurations 
investigated by Bradshaw and Gregory and by Winter. 

2 2
f 2 ( T w ) Q  C vs .  f2(Tw)Rd Cf . - It can be seen i n  f igure 16 t h a t  the  posi­

t i o n  o f t h e  blade r e l a t i v e  t o  the  o r i f i c e  had a la rge  e f f ec t  on the  ca l ibra t ion  
curve and t h a t  basing the  ca l ibra t ion  fac tors  on w a l l  conditions and the  
Stanton tube pressure coef f ic ien t  did not collapse t h e  data  onto e i the r  of t he  
experimental incompressible curves. The supersonic curve of Winter falls  
c loses t  t o  the  data  f romthe  present invest igat ion with the  blade i n  the  rear­
ward posi t ion as would be expected from geometrical considerations. 

- . 

6Full leading-edge bluntness e f fec t  on Mach number w a s  computed by 
equation (14) following t h e  bluntness theory s e t  fo r th  i n  reference 40. 



f2(Tw)Ra2(Ms/%>' vs .  f2(Tw)Rd2Cf.- Ln f igure  17, the  Stanton tube data  

are presented with the  pressure coeff ic ient  replaced by i t s  equivalent incom­
press ib le  form, Cpi = (G/&)2(see eq. ( 2 ) ) .  By comparing f igure 17 with 
f igure 16, we can see t h a t  t h i s  ca l ibra t ion  fac tor ,  containing (Ms/&)2, 
s h i f t s  t h e  measured supersonic data  c loser  t o  t h e  incompressible curves a t  t h e  
low values of f 2 ( T W ) k 2 C f  but somewhat below Bradshaw and Gregory's curve a t  
the  high values of t h i s  ca l ibra t ion  fac tor .  Again, t h e  comparison with the  
incompressible curves should be only fo r  t he  present data  with the  blade i n  the  
rearward pos i t  ion. 

f2(T' )Rd2(Ms/&)2 v s .  f2(T')Rd2Cf .- When, i n  addition t o  replacing 
Cp 

with i t s  equivalent incompressible form Cpi = (M&&)2, the  flow propert ies  
are based on the  Sommer and Short reference temperature ( T ' ) ,  the  data  i n  
f igure 18 f o r  t h e  blade i n  the rearward posi t ion fa l l ,  i n  general, between the  
two incompressible curves a t  low values of f 2 ( T '  )Rd2Cf. A t  high values of 
t h i s  ca l ibra t ion  fac tor ,  t he  use of T '  i n  place of Tw tended t o  ro t a t e  the  
curves s l i g h t l y  so t h a t  slopes of  t he  present data  curves agree more closely 
with the  incompressible curve of Bradshaw and Gregory. Compare f igure 18 with 
f igure  17. 

[fl(Tw)(Q/fiw)sin-l(fiw Vs/V,)]2 vs .  f2(Tw)Q2Cf .- With the  data  
- ~ _ ~ _ _ 

presented on the  bas i s  of  t h e  Fenter-Stalmach ca l ibra t ion  fac tors  ( r e f .  27), 
it can be seen i n  f igure  19 t h a t  t he  data  f a l l  c loser  t o  the  Bradshaw and 
Gregory incompressible curve but have somewhat l e s s  slope than t h i s  curve. 

The present Stanton tube data ,  based on any of the  four ca l ibra t ion  
fac tors  ( f i g s .  16 through l9),indicate  t h a t  t he  blade posi t ion r e l a t i v e  t o  the  
o r i f i ce ,  over which it i s  mounted, has a la rge  e f f ec t  on the  ca l ibra t ion  curves. 
Also, a l l  of the  ca l ibra t ion  curves a r e  nonlinear, even at  the  higher coor­
dinates  where t h e  Preston tubes had l i n e a r  curves. For these reasons, espe­
c i a l l y  since it may be d i f f i c u l t  t o  match exact ly  the geometry of a given 
Stanton tube, Preston tubes appear t o  be superior devices f o r  making skin-
f r i c t i o n  measurements. 

Local Skin Frict ion 

The present experimental r e s u l t s  obtained by d i r ec t  measurement of skin 
f r i c t i o n  a re  presented i n  f igure 20. Local skin-friction data  obtained i n  
other investigations a r e  presented i n  f igure 21. In  both f igures ,  the  data  a r e  
presented on the  bas i s  of Cf vs .  Re. The use of Re avoids having t o  
es tab l i sh  the  v i r t u a l  o r ig in  of the  turbulent  boundary layer  fo r  each invest i ­
gat ion.  The majority of the  skin-fr ic t ion data  presented in f igure 21 were 
obtained by d i r ec t  measurement of  the  skin f r ic t ion ;  however, i n  a few cases 
it was necessary t o  derive the  l o c a l  skin f r i c t i o n  from a d i f f e ren t i a t ion  of 
t he  momentum thickness with respect t o  streamwise distance (x ) .  For t he  
l a t t e r  cases, t h e  equations and d i f f e ren t i a t ion  performed are  presented i n  
appendix D. For each experimental case, t heo re t i ca l  curves a re  presented f o r  
t he  theories  of Wilson (eq. (Al))and Somer and Short (eq. ( A 4 ) ) .  All t he  
skin f r i c t i o n  r e s u l t s  presented i n  f igures  20 and 21 are a l so  presented on a 

22 




generalized bas i s  of t h e  Sommer and Short theory (eq. ( A 5 ) )  i n  f igure  22 and 
of t he  Wilson theory (eq. (E))i n  f igure  23. The re la t ionship  between Re 
and R, as given by the  Sommer and Short method f o r  several  d i f f e ren t  Mach 
nwribers is given i n  f igure  24. In f igure 25, t h e  var ia t ion  i n  both the  average 
sk in- f r ic t ion  coef f ic ien t  and the  l o c a l  skin-fr ic t ion coef f ic ien t  with Reynolds 
number is  given f o r  several  d i f f e ren t  Mach numbers. Figures 24 and 25, which 
are based on the Sonmer and Short method, can be used t o  convert the data  
presented i n  f igures  20 and 2 1 t o  equivalent values of R, and CF. 

D a t a  From Present Investigation 

, The d i r e c t l y  measured skin-fr ic t ion data  from the  present investigation 
f a l l ,  i n  general ,  between t h e  two theore t ica l  curves a t  Mach numbers of 2.46 
and 2.96 as shown i n  f igure  20. A t  a Mach nmiber of 3.45, the  data  f a l l  c loser  
t o  the  Sommer and Short curve; however, t he  difference between the  two theories  
a t  any of  these Mach numbers i s  only about 10 percent. 

D a t a  From Past Investigations 

It can be seen i n  f igure  21(a) t h a t  t he  two theor ies  give e s sen t i a l ly  the  
same curves a t  M, = 0.06 ( the  incompressible case) ,  and both curves agree well 
with the  experimental r e s u l t s .  In  f igure  2 l ( n ) ,  a t  t he  highest Mach number 
investigated (l&, = 6.7 ( r e f .  9)), the  Sommer and Short theore t ica l  curve 
agrees well with the  measured Cf and the  Wilson curve is  considerably above 
the  measured C f .  A t  a s l i g h t l y  lower Mach nuriber (M, = 5 . 8 ) ,  t he  data  from 
Korkegi ( r e f .  11)l i e  on the  Wilson theo re t i ca l  curve and do not agree with 
the  curve estimated by the  Sommer and Short method. In  general, a t  supersonic 
Mach numbers of 4.2 and l e s s ,  and Re Z lo4,  t he  theory of Sommer and Short 
gave r e s u l t s  which agreed somewhat b e t t e r  with the  experimental results than 
did the  values from the  theory of  Wilson (e.g. ,  f i g s .  21(b) t o  21 (2 ) ) ,  but  a t  
t he  higher values of  Re 2 5XLO4 t he  reverse was t rue .  (See the  Moore-
Harkness data i n  f i g .  2 1 ( i ) . )  A t  t h e  higher Mach numbers ( M

00-
> 5 . 8 ) ,  where the  

r e s u l t s  from the  two theor ies  d i f f e r  the  most, da ta  a re  insuf f ic ien t  a t  a l l  
values of RQ t o  draw d e f i n i t e  conclusions regarding t.he adequacy of these 
theories .  7 

With the  skin-fr ic t ion data  presented on a generalized bas i s  (XS vs.  (Y&) 
from the  So-mer and Short theory (eq. ( A ? ) ) ,  it can again be seen i n  f igure  22 
t h a t  a t  values of (Ye), s l i g h t l y  l e s s  than 104 and Mach nunibers _< 4.2, tkiis 
theory i n  general  collapses t h e  data  onto the  incompressible curve. A t  values 
of 2 3XJ-04 and a t  Mach numbers close t o  3.0 both t h e  present r e s u l t s  
and the Moore-Harkness r e s u l t s  are s l i g h t l y  above t h e  theo re t i ca l  curve 
( f ig .  22(b) ) .  As  shown i n  f igure 23(b),  with the  skin-fr ic t ion data  presented 

~-~ 

71n a report  by Peterson ( re f .  50) i n  which t h e  experimental skin f r i c t i o n  
i s  compared with values from seven d i f fe ren t  theor ies  on the  bas i s  of equiva­
l e n t  length Reynolds numbers (Rx,v), it is  concluded the  Sommer and Short T’ 
method provides the  most accurate estimate of t he  ava i lab le  compressible turbu­
l e n t  skin f r i c t i o n ,  but  t h a t  fur ther  ver i f ica t ion  i s  required a t  the  higher 
Mach numbers (above M = 6) where data  are scarce and t he  theor ies  show t h e i r  
g rea tes t  differences.  
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on a generalized bas i s  (XH vs. ( Y 8 ) H )  from t h e  Wilson theory (eq. (E)),a t  
values of (Ye)H > 2 .4n04,  t he  Moore-Harkness da ta  f a l l  onto the  theo re t i ca l  
curve and t h e  present data  are s l i g h t l y  below t h i s  curve. A t  intermediate 
values of ( Y e ) H  E 5x103, t h e  experimental values of XH l i e ,  i n  general, 
below the  theo re t i ca l  curve a t  supersonic Mach numbers of 4.2 and l e s s  as shown 
i n  f igures  23. A t  t he  higher Mach numbers shown i n  f igure  23(c) (M -> 5.8)  
insuf f ic ien t  data  are avai lable  t o  assess t h e  two theories .  

CONCLUSIONS 

From an experimental invest igat ion of surface p i t o t  tubes f o r  measuring 
l o c a l  skin f r i c t i o n  and from an analysis  of ex is t ing  l o c a l  skin-fr ic t ion data  
fo r  turbulent boundary layers  on adiabat ic  f lat  p l a t e s  the  following 
conclusions can be drawn. 

1. It w a s  shown t h a t  a Preston tube can be used f o r  measuring l o c a l  skin 
f r i c t i o n  accurately,  provided the new compressible ca l ibra t ion  fac tors  pre­
sented herein a r e  employed and the tube s i z e  is  selected so  tha t  only the 
l i n e a r  pa r t  of t he  ca l ibra t ion  curve i s  used. The present ca l ibra t ion  curve 
agreed c lose ly  with t h a t  of  Stalmach only within the  l i n e a r  par t  of t he  
ca l ibra t ion  curve. 

2 .  With t h e  Preston tube data  reduced on the  bas i s  of  the new ca l ibra t ion  
fac tors  which include an equivalent incompressible pressure coef f ic ien t  and the  
flow propert ies  based on the  Somer and Short reference temperature, t h e  super­
sonic data  obtained from Mach numbers 2.4 through 3.4 f a l l  on the  Preston 
incompressible ca l ibra t ion  curve, even duplicating t h e  nonlinear pa r t  of the  
curve. 

3. It w a s  estimated t h a t  i f  a moderate amount of heat  t r ans fe r  i s  
encountered ( w a l l  temperature about 60 percent of the  adiabat ic  w a l l  tempera­
tu re )  and f u l l  leading-edge bluntness e f f e c t s  a r e  real ized,  then the  Preston 
tube ca l ibra t ion  based on w a l l  temperature and t h e  Mach number indicated by 
the  Preston tube would be almost i den t i ca l  with the  Preston incompressible 
cal ibrat ion.  Knowledge of t h i s  r e s u l t  may be useful i f  the  boundary-layer-edge 
conditions a r e  not measurable. For much l a rge r  amounts of heat t r ans fe r ,  the  
estimates indicate  t h a t  a ca l ibra t ion  curve based on w a l l  conditions does not 
f a l l  close t o  t he  Preston incompressible curve. 

4. The Stanton tube ca l ibra t ion  was nonlinear and was g rea t ly  affected 
by the  streamwise locat ion of t he  tube leading edge r e l a t i v e  t o  the  s t a t i c  
o r i f i c e  over which it w a s  mounted. For these reasons it i s  believed t h a t  a 
Preston tube, which i s  geometrically eas ie r  t o  duplicate than a Stanton tube, 
i s  a superior device for  measuring l o c a l  skin f r i c t i o n .  

5 .  Experimental skin-fr ic t ion data  from the  present investigation f e l l  
generally between the values predicted from the  theory of Somner and Short and 
t h a t  of Wilson a t  Mach numbers of 2.46 and 2.96 but tended t o  favor t h e  pre­
d ic ted  values from Somer and Short a t  a Mach number of 3.45; however, values 
from these theories  d i f f e r  by only about 10 percent a t  these Mach numbers. 
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6 .  Turbulent sk in- f r ic t ion  theor ies  of Wilson and of Sommer and Short, 
i n  general ,  bracketed a l l  the  skin-fr ic t ion data measured i n  past  investiga­
t ions .  Insuf f ic ien t  sk in- f r ic t ion  data  were avai lable  at the higher Mach 
numbers where these theor ies  d i f fe red  by a s  much as 25 percent t o  assess  the 
adequacy of t he  theor ies .  A t  Re s lo4 the  theory of Somer and Short gave 
skin-fr ic t ion values which agreed b e t t e r  with the experimental values than d i d  
the  values from the  theory of Wilson; however, a t  _> 5X7_04, the opposite 
occurred. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f . ,  Dec. 21, 1965 
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APPENDIX A 


SKIN-FIRICTION ESJUATIONS 


In this report only two theories were chosen for analyzing the skin-
friction data: the theory of Wilson (ref. 35)  and the reference temperature 
method of Somer and Short (ref. 36). Both the local and the average skin-

friction coefficients will be given in terms of the Reynolds number based on 

the momentum thickness for each of these theories. Only the skin friction on 

a flat plate with a turbulent boundary layer, zero pressure gradient, and 

adiabatic wall conditions will be considered. 


LOCAL SKIN FRICTION 


Wilson's Theory 


This theory is based on the assumption that Von K&r&n's differential 

equation for the velocity distribution in the incompressible boundary layer 

applies for compressible flow when the variation in density through the bound­

ary layer is taken into account (see ref. 35). In reference 8,Moore and 

Harkness give the skin-friction equation for this theory as 


or on a generalized basis as 


in which the constant term 2.78 was evaluated from available incompressible 
experimental data by Moore and Harkness in a manner consistent with the rest 
of Wilson's analysis. For incompressible flow, equation (Al) can be simplified 
to 
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Sommer and Short ' s  Reference Temperature Method 

In t h i s  method the  f l u i d  propert ies  such as densi ty  and v iscos i ty  a re  
asswned t o  be based on a reference temperature ( T I ) ,  t he  equation f o r  which 
was empirically derived i n  reference 36. Because of t h e  good agreement between 
t h e  experimental and the  Von drdn-Schoenherr  t heo re t i ca l  values of average 
skin f r i c t i o n  f o r  incompressible flow over a wide range of Reynolds numbers 
(from about 5 a 0 5  t o  XLO') shown i n  references 4 and 51, t h i s  incompressible 
theory was chosen f o r  applying t h e  Somer and Short reference enthalpy proper­
t i e s  f o r  compressible flow. The complete compressible equation f o r  l o c a l  skin 
f r i c t i o n  i n  terms of Reynolds nmber based on momentum thickness and the  
Von K&"-Schoenherr incompressible equation can be derived from equations (lo) 
and (U) of reference 52 as 

o r  on a generalized bas i s  as 

xs = 1 
1 7 . O 7 6 [ l o g , ( ~ ~ ) ~ l ~+ 25.112 l o g l o ( Y ~ ) s+ 6.012 

For incompressible flow, equation (A4) can be simplified t o  

Cf = 1 
17.O76(10glO Re)2 + 25. l l2  log lo  Q + 6.012 

AVERAGE S K I N  F R I C T I O N  

Wilson's Theory 

From equations (58)  and (60) of reference 28, and since 

R$!F = 2Re 

Wilson's equation for average skin f r i c t i o n  can be wri t ten as 
r 

(A7 1 




Sommer and Short ' s  Reference Temperature Method 

An equation, similar i n  form t o  equation ( A 8 ) ,  can be wri t ten f o r  t he  
Sommer and Short theory from the  Von K&&-Schoenherr incompressible equation 
(eq. (10)of ref. 32) as 

28 




APPENDIX B 

SURFACE PITOT-TUBE CALIBRATION FACTORS USED-INTKE PAST 

2 
f2(Tw)Q Cp vs .  f2(Tw)Q2Cf 

-

Correlation f ac to r s  which relate w a l l  shear stress t o  t h e  surface p i to t ­
tube pressure have been developed in the  past  from t h e  " l a w  of the  w a l l . "  For 
incompressible flow, it w a s  shown in  reference 33 t h a t  a universal  re la t ionship 
exists f o r  t he  pa r t  03 t he  ve loc i ty  p ro f i l e  near t he  w a l l  (commonly known as 
t h e  l a w  of t he  wall) t h a t  can be expressed as a function of w a l l  shear stress 
by 

In reference 25, Preston shows that  the  ca l ibra t ion  f ac to r  from a dynamical 
s imi l a r i t y  analysis  fo r  surface p i t o t s  when assuming the  universal i ty  of t he  
l a w  of t he  wall (e .g . ,  eq. ( B l ) )  i s  

apd2=f
4 p v 2  p \ 4Td2v 2  coco ' pco co 

I n  t h e  development of equation (B2) it i s  assumed t h a t  &I ( the difference 
between the p i t o t  pressure and the  s t a t i c  pressure) a c t s  a t  y = d/2; there­
fore ,  no displacement e f f e c t s  due t o  the  tube a re  assumed. For compressible 
flow, several  authors have used a compressible form of equation (Be) i n  which 
the  f l u i d  propert ies  (pw and v,) are based on w a l l  temperature i n  place of 
free-stream temperature. Following the  development of equation (B2) from ( B l )  , 
a similar equation can be wri t ten fo r  compressible flow 

@a2 
2 = FP (;d2 2)

4 P W V W  pw vw 

2
where u, i n  equation (Bl) i s  now defined by -T = %uT . Equation (B3) 
without t he  f ac to r  4 has been used by several  invest igators  as the  functional 
equation f o r  ca l ibra t ing  surface p i t o t s  a t  supersonic Mach numbers (e.g., see 
refs.  21  and 22 ) .  Another useful  form of equation (B3) ,  pa r t i cu la r ly  f o r  wind-
tunnel tests, i s  obtained when t h i s  equation i s  wri t ten in terms of pressure 
coef f ic ien ts ,  Reynolds number, and skin-fr ic t ion coef f ic ien t  
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and i n  a similar manner 

Td2 = f2(Tw)k2cf 
4Pwvw2 

where f2(Tw) i s  as defined i n  t h e  notation. Then, i f  equations (B4) and (B5) 
are subst i tuted i n  equation (B3) 

The constant l/8 was not used i n  p lo t t ing  the  data  herein,  so t o  r e l a t e  t he  
ca l ibra t ion  fac tors  t o  t h e  o r ig ina l  Preston fac tors ,  the  following relat ionship
is applicable 

(4"".) = f2(Tw)%2cp 
pwvw 


Using t h e  Sutherland equation f o r  l o w  temperatures (T, < 300' R )  as given i n  
reference 37 and the  equation of state i n  which t h e  pressure is assumed con­
s tant  through t h e  boundary layer ,  t he  viscosity-density fac tor  i n  equation (B4) 
can be wri t ten as 

(EJ(g) 

For adiabat ic  w a l l  conditions, i f  a temperature recovery f ac to r  of 0.88 i s  
assumed, equation ( ~ 8 )becomes 

A l l  data  presented herein a re  based on the  viscosity-density fac tor  given by 
equation (BY) . 

Fenter and Stalmach i n  reference 27 developed a functional equation fo r  
use i n  ca l ibra t ing  surface p i t o t  tubes a t  supersonic speeds by following 
Wilson's theore t ica l  approach f o r  skin f r i c t i o n  ( r e f .  33 and eq. ( A l )  he re in) .  
A form of the  resulting equation i s  given below. 

Note tha t  t he  right-hand s ide of equation (B10) i s  the  same as the right-hand 
s ide  of equation (�6)except f o r  t he  rad ica l .  If both s ides  of equation (B10) 
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are squared, then t h i s  equation w i l l  become another functional equation t h a t  
reduces in form t o  Preston's o r ig ina l  equation fo r  incompressible flow (see 
p .  7 of r e f .  2 3 ) .  The squared form of equation (B10) w a s  used f o r  t he  da ta  
presented here i n  order t o  be consistent with Preston's o r ig ina l  work. In t h i s  
form equation (B10) becomes 

L J 

wherein f l ( T w )  and f2(Tw) are as defined in  the  notation. In reference 6, t he  
approximate v i scos i ty  formula 

0 a 7 6 8  

h? 
(B121 

was used t o  compute t h e  functions f l(Tw) and f 2 ( T w ) ,  although the  free-stream 
s t a t i c  temperatures would be below the  acceptable minimum temperature (300' R )  
f o r  t h i s  formula. For t h i s  reason and t o  be consistent with the  presentation 
of t he  present r e s u l t s  which were reduced on the  bas i s  of the more exact 
Sutherland formula, the  data  from reference 6 presented herein were corrected 
by multiplying the ca l ibra t ion  functions f l ( T w )  and f 2 ( T w )  by the  following 

v iscos i ty
formula 

v i scos i ty
formula 

I 
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APPENDIX C 

CRITICAL PRESTON TUBE DWTERS 

MAXIMUM 

In  reference 27 an equation i s  given for calculat ing t h e  maximum Preston 
tube diameter f o r  which a s ingle  ca l ibra t ion  curve would be expected t o  be 
applicable.  This equation, which is based on the  maximum distance from the  
surface f o r  which the  l a w  of t h e  w a l l  was found experimentally t o  be applicable, 

For the  present invest igat ion t ( the  r a t i o  of inside-to-outside tube 
diameter) i s  0.6 and the  incompressible l o c a l  skin-fr ic t ion coef f ic ien t  was 
computed by S ive l l s  and Payne's approximate formula ( r e f .  54) which i s  shown 
i n  reference 32 t o  give accurately the  K&m&-Schoenherr skin-fr ic t ion values 
i n  the  range lo5 < Rx < lo9.  This formula  is: 

- o.088(10gl0 Rx - 2.3686) 
C f i  ­

(loglo Rx - 1.3)3 

The boundary-layer thickness f o r  compressible flow was computed as 

6, = = XCF 
(e/s), 2 ( m C  

i n  which CF was defined by the  Sivells-Payne approximate formula for  
average skin f r i c t i o n  ( r e f .  54) as 

and (0/S), was computed from reference 53 (eq. (24)) i n  which a l/T-power 
ve loc i ty  p ro f i l e  w a s  assumed. For the  computations herein, 50 terms were 
summed, so tha t  

i=50 

7 1 
~~ 

= 1+ 0 . 2 k 2  1 (8 + 2 i ) ( g  -t 2i)Ki
i=o 

where 
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where 

1 + 0.2G2 
K =  

0.&2 


and as 

Also, f o r  t h i s  boundary layer  

(y+)i= i 
therefore ,  by subs t i tu t ing  equations (C3) and (~6)i n  equation (Cl), we obtain 

MINIMUM 

I n  the  present invest igat ion it w a s  found t h a t  t he  Preston tube cal ibra­
t i o n  was l i n e a r  on a log-log p lo t  above a value of f 2 ( T f  )Q2Cf E l o4 .  For 
t h i s  reason and because o n l y  t he  present data  within the  l i n e a r  pa r t  o f  the  
ca l ibra t ion  curve agreed with values measured i n  reference 6, it was con­
sidered prudent t o  l i m i t  t he  Preston tube minimum s i ze  f o r  a given appl icat ion 
t o  f 2 ( T f ) k 2 C f  = lo4 .  From t h i s  assumption, t he  Reynolds number based on the  
minimum tube diameter becomes 

By employing the  approximate v i scos i ty  re la t ionship (eq. (B12) ) and the  
reference temperature of Somer and Short fo r  the  adiabat ic  w a l l  case 
[T' = T,(1 -t- 0.11k%2)] i n  equation (cS),we can obtain t h e  following equation 

= 102(1 -I-0.11k2Q2) 1'268(+)min RX &% 

For the f igures  presented herein,  the l o c a l  skin-fr ic t ion coef f ic ien t  ( C f )  i n  
equation (Cg) w a s  computed by the  compressible S ive l l s  and Payne equation 
( ref .  54) given below 
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APPENDIX D 

Cf DE3TVED FROM de/& 

In  several  of t he  repor t s  fo r  which l o c a l  skin-fr ic t ion data  are 
presented i n  f igures  21  through 23, t he  skin f r i c t i o n  w a s  not measured d i r e c t l y  
but  instead the  momentum thickness of t h e  boundary layer  was measured at 
various s t r e a m w i s e  locat ions.  It w a s  necessary, therefore ,  t o  derive the  l o c a l  
skin-fr ic t ion coeff ic ient  ( C f )  from a d i f fe ren t ia t ion  of t he  equation defining 
t h e  change i n  momentum thickness of t he  boundary layer with s t r e a m w i s e  d is­
tance. The usual equation f o r  zero pressure gradient r e l a t ing  Cf t o  momentum 
thickness given below was used i n  the  calculat ions 

c f = 2 -de 
dx 

Values of C f  f rom references 46 and 48 had already been derived from 
measured values of 8 .  Listed below are the  equations r e l a t ing  8 t o  5, the  
der ivat ive equations (de/&) and the  references from which the  equations
( e  = f ( x v ) )  were taken. The distance from the  v i r t u a l  o r ig in  of  the turbulent 
boundary layer  t o  t he  point a t  which 8 i s  measured i s  XV. 

. . ~ .... . .. . 
Refer- Equation for 0 = F(xv) Equation f o r  dO/dxvence -. 

44,45 

where + = x - 1, in .  

42 

47 

35 
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1.030X107 

1.612~107 

-c TABU I.- C A L I B R A T I O N  FACTORS AND FLOW C O N D I T I O N S  FOR THE P R E S E N T  DATA0 

1.015 0.1983 Preston .00142 5 . 5 0 6 ~ 1 ~ 3  1.021xlo8 
1.2o0no4 2.432X10e 
2 .  352XlO4 5 .O95XlO8 
5 .239X104 1.240x107I 5.285X104 8.048X10e 

.031 1 - .00142 1.418a03 i.821~~05 
,090 - 1.195a04 2 .390~~0 '  
.K6 - 2.343X104 5 .2O4x1Oe 
,250 - 9.224XlO4 2 .459X107 
.189 Forward I 5 .265a04 1 . ~ 8 ~ 1 0 7  
.031 - .0013C 2 .885x103 4.B69XL05
.o$ - 2 . 4 p ~ 2 . 0 ~  5 . 6 7 3 ~ ~ 0 0
. x 6  - 4. 766a04 1.254X107 
2 5 0  - 1.876X1O5 5 .  941x107 
.189 Forward 1 1 . 0 7 ~ 0 5  2 ,  348XlO7
.061 - 1.065a04 2 .  340XLOa.ow - 2.32oao4 5 . 3 6 1 ~ 0 ~  
.K6 - 4 .548X104 1 . 2 ~ ~ 1 0 ~  
.188 - 1.013X105 2.912%I07 
.l89 Rearwari 1 . 0 2 2 ~ ~ 0 5  1.743x107
.061 - 1.918X1O4 4 .ll8X1oe
.090 - 4. 180a04 1.013X107
. e 6  - 8 42x10~ 2.277n07
.la8 - 1.825X105 5.528X107 
.l89 Rearwari 1.841XLO5 3.044~10 
.031 - 5 .143X103 9.259XIO5 
.ow - J.."/l 4.335X104 
.c?6 - 1. K O  8 .4$x104 2 .268a07 
250 - 1.255 3. 344XLO5 1.l20X108 
.la9 Forward 1 1.024 1.909X105 4 .258nO7 
.031 - ,00131 O.9l.l 5.l23xL03 9.074X1O5 
.090 - 1.054 4. 318a04 1.M3X107 
. ~ 6  - 8 .  4 6 4 ~ 1 0 ~  z.229a07 
.e50 3 .332XJ.05 i . ~ 9 n o ~  
.0625 Rearward 2.082~104 3 .OMXlO' 
,061 . 0 0 ~ 6  1.027 2 .  945N.04 6.871nOe 
.ogo 1.083 6 .  419XLO4 1.665~I.O~ .c?6 1.143 1.258X105 3 . 6 3 7 ~ 1 0 ~  
.188 1.188 a .802a05 8.749M.O' 
,189 Rearward II ,878 2.827xL05 4.821xlO 
.031 .OOl27 ,943 7.628XLO3 1.494X1OS 
* 090 I 1.067 6.429a04 
. ~ 6  1.151 1.26oao5 3.676~107 
.250 1.265 4.961~105 1.748X108 
.189 Forward 1.038 2 .832X105 6. 7&%.07 
.031 .00130 .938 7.781XI.O' 1.465H.0' 
.090 1.059 6 .558ao4 1.574X1O7 
,126 1.143 1.285X105 3.593x10
.250 5.060~105 1.802X108 

3.270 2627 Preston .061 .OOl27 1.061 4 .944X104 1.2wao7 
.090 1.078~10~ 2.742X2.0 
.l26 1.167 2 ..u2a05 6 .216ao7 

.1517 Stanton 
.188 
.189 Rearward 

1.221 4.704~2.0~ 
4.747X105 

1.515X10e 
7.851XlO 

J372 Stanton .0625 Rearward 3 .162n04 4 .685noe 

2 .  924x10' 
6 .426nOa 

2 .699xloe 

6.4~2X108 

1.4RXlO 

3 .252X107 

7 * 795x10 

4.461X10' I 




1.301XlO' 

i .269~lo8  

1.043X107 

1.074X108 

2.753x107 

4 . 5 2 8 ~ 1 0 ~  

1.217XI.05 

l.241X103 

5.046XlP 
1.521X105 

2.732XlO' 

2 . 6 6 3 ~ 1 0 ~  

1 . 2 1 2 X l O ~  

1.106~107 

3.885N.07 

3.466X107 

TABLE I.- C A L I B M T I O N  FACTORS AND FLOW C O N D I T I O N S  FOR THE PRESEJ!IT DATA - Continued 

2 . 3 6 1 ~ 1 0 ~  4.404x105 4.676~3.0~ 2.2O3XlO52.935 161 

2.937 169I I 

2.906II168 

2.940 256 

2.973 353 

2.946 349 

2.961 445I I 


1.007 0.1497 Preston 
.1R5 I 

\1 ,1232 Stanton 
552 510 1.010 .0768 Preston 

.17M I 

.250 ­
550 508 I .lpOStanton ,169 Forward 

.0°u.5'
I I 

1.om .Op1Preston .op ­
.1618 .090 - (.O0+3) 
.1g10 .G6 - I 
2539 .250 ­

565 522 .0816 Stanton .0625 RearwardI I 
1.501 .lo97 Preston .ou - .ooll2 

,090
. ~ 6  -I 1 

1
I ,2824 .e50 

-

­
564 521 .1765 Stanton . la9 Forward 

.l&j Preston .03i ­

.le25 .090 ­

.2167 . v 6  

.2822 I .250 
-
­

2.003 ,0566 Stan on .0625 Rearward'Y; 
,1326 Preskn .031 - .OOU3 
.2019 ,090 ­
.2197 . ~ 6  ­
.3073 I .250 - II .1@6861Stanton ,189 Forward 

.OOll41.557 	 .I320Preston . O g  ­
.I954 .o$l ­
.2359 .l26 
.295a I .250 -

­

.lo54 Stanton .0625 Rearward I
2.456 .1912 Preston ,061 - .colll 

.ogo ­

. v 6  ­

.iGb -

.lag Rearward 
2.454 	 .031 - .oollo 

.ogo ­

. v 6  ­

.e50 -I 
I
I 

.la9 Forward I
I 

2.415 	 .031 - .OOll5 
.ow ­
. v 6  ­
.250 ­
.0625, Forward 4

! 
2.439 .OOll3 

J 
I 


1.O74XlO6 1.0lgXlO4 5 .291X1O5 
2 . 3 6 1 ~ ~ 0 8  1.998X104 1.143XlO6 
5 .853X106 4 .45OxlO4 2 .782XlOS 
3 .597XlO' 4.48gxL04 1.841X108 
6 .546X104 i.02pao4 3 .493X104 

5.316XI05 
2 .420X108 2 .ouno4 1.17lXlO8 
1.143X107 7.921X104 5 ,359XI.O'
4. 76gno6 4.522X104 2.359X108 

6 .269X104 1.046~104 3 .3536XlO4 

1.048Xl08 5 .252X105 

2. 342XlOe 2 .051X1O4 1.153XlO' 

1.159X107 8.O74XlO4 5 * 480XlO8 

2 .85OXlO5 1.0lgX1O5 

1.966a05 2.441nP 

2 .549X108 2.O57XlO4 1.25oao8 

5.7O3XIO8 4.O33XlO4 1.268~107 

1.O77XlO7 1.587X105 


9.O62XlO4 5.299XlO6 
1.885X105 2.379Xl05 9.aogn04 
2 .466x106 2.005a04 
5 .544x108 3.930XIp 1.247X107 
2 .7O3XlO7 1.547X105 
7.O46XlO5 9.667~103 3.699X105 
3 . 9 9 "  4.271XlP 2 .w1x105 
4. 714XI06 3.60oaO4 2 .274X108 
9.888m.08 7.O55XlO4 4.713X108 
5 .llgXL07 2. 777XLO5 2. 31OXlO7 
l.945XlO7 1.585X105 9.486XIO' 
3. 915X105 4.ap6x103 1.99W05 
i . owa07  	 3. 5b2X104 2.dWXlO8 

6 . 9 2 a 0 4  

5. 755X105 
1.266~108 

2 .  3%x104 3.13anoe 
2 .  407X104 1.92gXlO'
6.546~102 3 .517X104 
5.518Xle 5.  776X105 

1.134 1.765~10" 1.081n04 
1.242 8.724X106 4.257X104 6 .i43x108 
1 . 6 2  3.372XlO' 2 .431X104 2 .563no8 

.730 3.8pX104 6. yon@ 3.3agn.04
1.0'28 7.?22XlO5 5 65x103 5 .663X105 
1.099 
1.231 

,772 
886 

1.099 
1.174 
1.300 
1.076 

.874 
1.089 
1.166 
1.298 

.a38 

.966 
1.144 
1.183 
1.357 
1.107 

,957 

i.695~106 1.109X104 

8 . 8 6 6 ~ l o ~  4. 364X104 6 .266x106 


1.540X1051.781~~052 . ~ 8 ~ 1 0 ~  
1 .281~10~1.113x103 1.058X105 
1.835X108 1.i07n04 1.372XlO' 
4.241X10' 2 .169~10~ 3.068Xl06 
2.145XLO7 a .540~lo4 1.481~107 
7.653~10" 4.675X104 5. 781Xl06 
1.225X105 1.2a0~1.e 1.O15X1O5 
1.766xlo' 1.079X104 1.panos
4.111n06 2 .l15X104 2 .  94X108 
2.1O7XlO7 a .  p 6 n 0 4  1.455XlO 
4310x105 5.203~103 3. 793n05 
2 . 6 8 6 ~ 1 0 ~  2.289x1.P 2 .139X105 
3.446X106 1.93OX1e 2 .527X108 
7.352X10' 3.762~l04 5 .299XlO6 
4.O48XlO7 1.48gX105 2.  744X107 
1.400~10~8 . 4 9 3 ~ ~ 1 ~  
2.639X105 2.27a~lo3 2 . u o a o 5  

1.121 7.294X108 1.920~104 
1.209 j.fp~106 3.763no4 
1.326 3.847X107 i.4trin05 

.E71 8.566xL05 9 .257X103 
1 . ~ 62.2ggao6 1.330X104 
1.156 5 . 4 3 2 ~ 1 0 ~  2.900~104 
1.209 1 . 2 0 1 ~ 1 0 ~5.684~104 
1.288 3.123X107 1.266a05 

.939 1 . 4 4 2 ~ ~ 0 71.277X105 
1.003 4.87an05 3.567a03 
1. E 9  5 .534XlO8 3.0'23xl.04 
1.225 1 . 3 2 8 ~ 1 0 ~  5.925Xl04 
1.371 6.880~107 2.333Xl05 
1.102 2.294X107 1.332X105 

.997 4. 324X1O5 3.331M-03 
1.147 5 .164%o6 2 .a08n04 
1.199 1.132XLO7 5.5O3XlO4 
1.364 6 .1O3XlO7 2 .166no5 
.91 1.687XlO' 	 1.354X104 

3.55OXlO31.001 4 . 6 ~ ~ 1 0 ~  
1.147 5.460XlO' 2 .  992X1O4 
1.213 1.23OXlO7 5 .@64x104 
1.340 6.183X107 2. 3O9XlO5 

.882 1.379X10e 1.443X104 

2.441XIoe 
5.563xLOs 4.90;?x10B 
2 . 6 3 5 ~ 1 0 ~  4.888X107 2.749XlO' 2 .237X107 
7.1O4XlO5 1.aanos 1.71.8~~04 6.877X105 
1.708~108 3 .174X108 2 .473)(104 1.548XlOS 
3. 994x10' 7 .423XlOe 5. 390n04 3.580~10s 
a.563noe 1.591X107 1.056no5 7 .552X10e 
2.165XlO' 4.M3XLO7 2.353X105 1.5362~~07 
1 . 1 6 1 ~ 0 ~  2 .158X107 2.374XLO5 

3.a2mo5 7.047X105 6.614xW 3.569X105 

4.08OXIO6 7 .520XlO6 5 .575X104 3 . 6 8 3 ~ 1 0 ~  

9 .417XI08 1.737X107 1.Og3XlO5 8.254X108 

4.643Xl07 8.564~l.07 4. 3O1XlO5 

1.712~107 3.157Xl07 2 .455X105 1 .55a~lo7  

3 .393x105 6 .3i5a05 6.201~1.03 3 .179X1O5 

3. 783x10' 7.Ok2XlO6 5.227XLO4 3 .397X106 
8.105~108 1.509Xl07 1.0'24X105 7 . 1 6 6 ~ ~ 0 ~  
4.l29XLO7 7.685X107 4.O33XlO5 1.254XlO' 
1.335XLO6 
3.616x105 

2.485X106 
6 .6%no5 

2.52OXlO4 
6.572n@ 3. j8OXlO5 

4.00LxlO8 
8.770XlO' 

7.40gXlO6
1.624H.O' 

5.539X104 
1.086X105 

4.213K1.0~ 
1.140Xl08 

7.802XlO7 
2.mno8 

4.274X105 
2 .671~04 

'See footnote, page 42. 
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1.806~10~ 

TABLE I.- CALIBRATION FACTORS AND l?LOW CONDITIONS FOR THE PRESENT DATA - Concluded 

1.486n07 

.1& 2.O77X1O5 3.935X107.189 2.096~105 l.8g6x107
.061 2 .  9S9X1O2 1.112~10~
.090 6.45~0" 3.876~104 

.957 i.Lonmn5 i .120n051 , .14ti8 J. .126 -
- 1 .1.082 3.190no5

,0667Stanton 1.651X105 

-
0.061 2.183XZO4 2 .*8Xloe 5 .546X10e 
.OW 4.759X104 6.787~10~ 1.260~107
.126 9.328X104 
 2.758X107 


7.3O6X1O7 

3.520XlO7 

2 .186n04 

7.618n04 

2 .2o1ao5 

6.269X105 5.534~103 

3.244X105 5.584x103 ,

1.676~10~ 2.377~103 

4.435X105 . 5.182X1O3 

1.001~10~ ' i.016~10~ 

2.683noB , 2.262~104 

1.576X16 ' 2.283~104 

4.441X105 4.71OX1O3 

1.104X108 l.02pJ.04 

2 .466nP 2.OEXLO~ 

2.68ox1oe 1 
6.O42X1Oe 
1.295X107 
3.311X107 


1.644X105 
7.986~10~ 
2 .063X1OS 
4.562X105 
1.184X16 
7*533X105 
2.032X105 

4.952X105 
1.082xloB 
2.660X10e 



TAEiLE 11.- CALIBRATION FACTORS" FOR DATA FROM REFERENCE 6 

2.480 546'1.100~ 0.012 ' 1 . 0 2 8 ~ 1 0 ~  9 .633a05
~ 

: 	 2.468 1.065 
2.737' ~ 1.167 
2 *719 
2.71-1. 
2 $31 
2.966 
2. 941 
3.196 
3 -159 
3 *135 
3.375 
3 -372 
3 0368 
2.490 
2.483 
2.484 
2 739 
2.728 
2 729 
2 9949 

i .492ao4 
4. 794X103 

3.161 3. 796=04 
3.168 1.482XL04 
3.166 3 . 3 7 6 ~ ~ 0 3  
3.389 2 .645%o4 
3.402 1.141X104 
3.400 
2.502 

aSee footnote, page 44. 

2 .  390X1O5 
2 .742Xi06 
6 . 7 g ~ o 7  
1.741X105 
1 . 7 2 2 ~ ~ 0 6  
4 .223XLO5 
9 . 8 9 0 ~ 1 0 ~  
1.316~106 
4 .O56XLO5 
7.06 9x1-04 
9. 4 3 4 ~ ~ 0 ~  
3 .283a05 
4. 977XL04 
1.24OXLO7 
3 .147X1O6 
8 . 4 1 7 ~ 1 0 ~  
g .264a06 
1.68gao6
6.  388~1-0~ 
6 .012~10~ 

1.737X104 ' 1.753X106 
5 .865nO3 4 . 3 8 6 ~ ~ 1 ~  
4. 5O4X1O4 5 .352XLO6 
1.360~104 1.325~106 
4.456~l.03 3 .117X105 
3 ~ 8 9 x 1 0 ~  3.655a06 
9 . 4 3 7 ~ ~ 0 ~8 . 6 8 4 ~ 1 0 ~~ 

3.102~103 ' 
2.623XL04 

I 9.744~J-O~' 2 . 6 3 2 ~ ~ 0 3  
2 .06ox1o4 

i 	 4.775XL04 
1.558X104 

2 .885XL04 
6 .568a03 
5 .  35OXLO4 

I 

i .gg4a05 ~ 

2.917X10'3 j 

8.733~J.O" 
1.420X105 
2. 117XL06 

5.9O2X1O6 
1.6o9no6 

3 .285ao6 
6 .463a05 
7. 322XL06 

2. 3 1 3 ~ 1 0 ~  2 .587n06 
5.34lX1O3 4.528aO5 



-F TABLE 11.-CALIBRATION FACTORSa FOR DATA FROM REFERENCE 6 - Concluded
F 

i
i Tube 

MS leight , 
in .  

2.486 
2.482 

1.341 0 .c 9 .0g6>c104 
L .462 3 . 0 2 1 ~ 1 0 ~  

2.729 1.461 
2.719 1.386 
2.704 1.410 
2 -978 1.279 
2.882 1.441 
2.968 1.556 
3 -205 L .617 
3.162 1.532 
3.122 1.538 
3 -399 1.601 
3.383 10550 
3.385 1.630 

2 .187X105 
6 .6 9 6 ~ 1 0 ~  
2 .215X104 
1 . 4 0 2 ~ ~ 0 ~  
5 .O79X1O4 
1.334XL04 
1.063aO5 
4 . 0 3 8 ~ 1 0 ~  
1.146X104 
8.013~104 
3 . 6 8 1 ~ 0 ~  
8 . i 0 ~ n o 3  

2.498 1.364 .( 9 .8O9X1O5 
2 -477 1.501 2.996~105 
2.471 1*592 i.011~10~ 
2 713 1.616 7 757n05 
2.702 1*555 2 .  331U05 
2.700 
2.962 

1e575 
1.715 

7 .68gao4
5 .  o18no5 

2.898 
2 -935 

1.605 
1.857 

1.68gno5
4.98 7X104 

3 el58 1.727 4 . 0 6 2 ~ 0 ~  
3 -155 1.682 1 . 3 8 8 ~ 0 ~  
3.142 
3.414 

1.72e 
1 . 8 0 ~  

3. 78gU04
2 . 6 8 0 ~ 1 0 ~  

3.402 1.712 1.O98X1O5 
3 -403 1.87; 2 .681x104 

1.19oao7 

3 .561u06 
3.487XJ-07 
8.469~106 
2.  3O7X1O6 
2 .113X1O7 
6 . 3 2 5 ~ 1 0 ~  
1.379X106 
1.537X107 
4. 909x106 
1.142X106 
1.116x1-o7 
4 .639a06 
7 .637U05 
1.8 6 4 ~ 1 0 ~  
4 .688u07 
1.356X107 
1 . 4 6 2 ~ 1 0 ~  
3 . 5 8 4 ~ ~ 1 ~  
9 .612a06 
8 . 7 2 3 ~ 1 0 ~  
2 .456U07 
6.873~10s 
6 . 6 9 3 ~ 0 7  
2 .  329>c107 
4. 4O4X1O6 
4.403U07 
1.513U07 
3.063~10s 

‘ 2 0 ’  )Rd2Cf 

~ ~~~ 

1.539X105 2 .  308x1-o7 
5 . 1 0 6 ~ 1 0 ~  7.2 32XL06 
3. 9O3X1O5 7.360~107 
1.193X105 1.761XL07 
3 933ao4 4. 731X106 
2 .634X105 4. 937X107 
9. 368Xi04 1.370X1O7 
2 .503X1O4 3 . 1 5 6 ~ ~ 0 6  
2 .082x1-o5 3 . 7 8 6 ~ 0 7  
7 . 8 5 2 ~ 1 0 ~  1.174>(10’7 
2 .212n04 2.644~105 
1.623~1-O5 2.792XL07 
7. , 4 3 7 ~ l O ~  1.1O7X1O7 
1.638>a_04 1 . 9 3 8 ~ 1 0 ~  
1 . 6 6 4 ~ 1 0 ~  3. 9 0 6 ~ ~ 0 ~  
5 .059XLO5 9. 5 2 6 ~ 1 0 ~  
1.7O5UO5 2 .831X107 
1 . 3 8 0 ~ ~ 0 ~3 .242XL08 
4 .137U05 7 .819X107 
1 . 3 6 4 ~ J - 0 ~  2 .064=07 
9.  401Xl.Q5 2 .101xlo8 
3 .126a05 2 .635XL07 
9 .295U04 1.’731~J-07 
7 .892nO5 1 . 6 8 6 ~ 0 8  
2 .696n05 1 . 9 5 5 ~ ~ 0 ~  
7 339n04 1.088~107 

1.173XL085 . 4 4 3 ~ ~ ~ ~  
2 .225a05 3.945N-07 
5 .434U04 8.37 4 ~ 0 6  

“Sutherland’s formula w a s  used instead of the approximate viscosi ty  formula f o r  computing 
the viscosi ty  i n  the  cal ibrat ion factors; therefore,  the values shown i n  table  I1 d i f f e r  some­
what from those presented i n  reference 6 .  See equations (Bl3) and (B14) fo r  t he  corrections 
tha t  were applied. 



I 


-
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0.0625 l'ooo - 1 
r L . E .  thickness 10.001 

Section A - A 

Rearward position 

Stanton tube 

Note: All dimensions are in inches 


This part of tube was reamed to maintain the same ratio
\ f 2 = 0.60 f o r  all Preston tubes 

Shim for 

adjusting tube 


height
r 

Section B - B 
Forward position 


2.000 -4 
Circular tube 

This part of tube was i 
to keep tube end in con 
tunnel wall 

Preston tube 

Figure 1.- Geometry of  the  Stanton tube and the  Preston tube. 

45 



Note: A l l  dimensions a r e  i n  inches  

I 

I I -Skin- f r ic t ion  ba lance  

0.250 diam 

Figure 2.- Relative locat ions of the boundary-layer probes and the skin-
f r i c t i o n  balance mounted on the s ide  w a l l  of the Ames 8- by 7-Foot 
Supersonic Wind Tunnel. 
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Top view 
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D e t a i l  A 
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Side view 


7" 

0.013 0.009 LI-- 0.25 -I,-+ 
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Detail A 


Figure 3.- Geometry of traversing probe. 
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Top view 
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m
4 
f 

f 

N

I 	 Y 

t 

Side view 

Figure 4.- Geometry of the ?-inch boundary-layer rake.  
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---- 
Preston or Hsu, exp., refs. 25 and 261 

Zero displacement, from Coles' 

functions, ref. 30 


(a) Preston or Hsu (exp.) and Coles' functions. 


Figure 5 . - Incompressible calibration curves f o r  Preston tubes. 
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- - - - -  LPreston, exp.,  r e f .  25 
Smith and Walker, exp., 

io5 


( b )  Preston (exp. ), and Smith  and Walker (exp. ) . 
Figure 5 . - Continued. 

r e f .  4 

lo6 


Y 

t 



--- / Preston, exp., r e f .  25 
Head and Rechenberg, exp., r e f .  32 

( c )  Preston (exp.) ,  and Head and Rechenberg (exp.). 

Figure 5.  - Concluded. 
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Zero displacement, from Coles 
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Figure 6.- Preston tube calibration based on the functional equation (�36).

Present supersonic data. 
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-Present supersonic data 

Preston, Incompressible exp., ref. 25 

Zero displacement, from Coles' 

functions, ref. 30 
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Figure 7.­

-
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Preston-tube calibration based on the functional 

Present supersonic data. 
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equation (2). 
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-Resent supersonic 

.--
data 

Reston, incompressible exp., ref. 25 
Zero displacement, from Coles' cE-­
functions, ref. 36 - I 

-1081- ?it for iinear part of curve: 
Ms/&J21=1.132 log,, 

3/ 

io410F 
io3 io4 5 106 

(a) Present supersonic data. 


Figure 8.- Preston tube calibration based on the new functional equa­

tion developed herein (eq. (4)). 
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__O___ Stalmach's supersonic data, ref. 6 
- - - - - Preston, incompressible exp., ref. 25 

Zero displacement, from Coles' 

loE func ti01 5 ,  ref. 30 
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SQ 


1c / 

I / /  
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1( 
32 io3 10 

Stalmach's supersonic data. 


Figure 8.- Concluded. 
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Zero displacement, from Coles functions, ref. 30 
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Present supersonic data. 

Figure 9.- Preston tube calibration based on the functional equation (B11). 



Stalmach's supersonic data, ref. 6 
Preston, incompressible exp., ref. 25 
Zero displacement, from Coles' 
functions, ref. 30
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LO2 103 os 10 

(b) Stalmach's supersonic data. 


Figure 9.- Concluded. 
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i 

Least-squares  f i t  of all d a t a  
i n  f i g .  10 

loglo [fz(T')R:(Ms/&)2] = 1.132 loglo 

[f2(T')RzCf] + 1.517 
-- - -	Preston,  incompressible  exp., 

r e f .  25 

lo4 lo6 

( a )  v,/v, = 1.0~10~per f o o t .  

F igure  10 . - Reynolds number and Mach number e f f e c t s  on t h e  l i n e a r  po r t ion  
of t h e  Pres ton  tube  c a l i b r a t i o n  based on t h e  new f u n c t i o n a l  equat ion  
developed he re in  (eq. ( 4 )  ) . Presen t  supersonic  da t a .  
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M, 
0 2.4 
A 	 2.9 

3.4 

-1 


Least-s quares fit of all data 

in fig. 10 

Preston, inconpressible exp., 

ref. 25 


lo6 


(b) V,/V, = 1.5x106 per foot. 

Figure 10.-Continued. 
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Least-squares  f i t  of a l l  d a t ;  

i n  f i g .  10 

Pres ton ,  incompressible  exp. ,  

ref.  25 


f z (T '  )RzCf 

( e )  v,/y, = 2.0~10~per  f o o t .  

F igure  10.- Continued. 
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Least-squares fit of all data 

in fig. 10 

Preston, incompressible exp., 

ref. 25 


_ _  - .. 

io5 
fn(T'  )RzCf  

(d) V ~ V ,  = 2.5X106 per foot. 

Figure 10.-Continued. 
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Least-squares f i t  of all datt 

in fig. 10 
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ie> v&, = 3.2~10~per foot. 


Figure 10.-Concluded. 
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M,
2.4 

2.9 
3.4 

4 
Least-sauares fit of all data 


10'
io4 

(a) vJV, = 1x10~per foot. 

Figure 11.-Reynolds number and Mach number effects on the linear portion 

of the Preston tube calibration based on the functional equation (B11). 

Present supersonic data. 
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Least-squares fit of all da! 
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ref. 25 


(b) V,/V, = l.5X106 per foot. 

Figure 11.- Continued. 
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Least-squares fit of all data 

in fig. 11 


__-- Preston, incompressible exp., 
ref. 25 

. -. . .

io5 lo6 

(c) v J ~ ,= 2 . 0 ~ 1 0 ~per foot. 


Figure 11.- Continued. 
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in fig. ll 
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( d )  V,/y, = 2.5~10~per foot. 

Figure 11.- Continued. 
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Least-squares f i t  of all datz 

in f i g .  ll 

Preston, incompressible exp., 

r e f .  25 


f2( TT.7 1R?Cf 

( e )  v,/V, = 3 .2x106 per foo t .  

Figure 11.- Concluded. 
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Figure 12 . - Ef fec t  	of Mach number and Reynolds number on t h e  maximum c r i t i c a l  tube diameter f o r  
which t h e  Preston tube c a l i b r a t i o n  i s  expected t o  be va l id .  



.. _.. 

X 

Figure 13.- Effec t  of Mach number and Reynolds number on t h e  m i n i m u m  c r i t i c a l  tube diameter f o r  
which t h e  Preston tube c a l i b r a t i o n  i s  l i n e a r .  
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incompressible 

ref. 25) 
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27d2 

Figure 14.-Estimated effect of heat transfer on the Preston tube cali­

bration at several Mach numbers when the calibration factors are 

based on wall conditions; sharp leading edge. 
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Figure 14.- Concluded. 
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0.6 (Also, Preston's 


incompressible 

exp., ref. 25) 
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I 

G 
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10 105 


Figure 15.- Estimated effect of heat transfer on the Preston tube cali­

bration at several Mach numbers when the calibration factors are 

based on wall conditions; blunt leading edge. 
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exp., ref. 25) 
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Figure 15.- Continued. 

74 




- - - - -  
lo8l

I 1.0 
0.6 (Also, Preston's I 

incl oressible 1 
exP -ref. 2 5 )  I 

1 

i/ I
/ 

1 

'/
/ 

/ 

I 

M, 7.0.  

Figure 15.- Concluded. 
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- - - -  

. .  

Present supersonic +Rearward posi t ion[+ firward pos.itionI_.	Bradshaw and Gregory, incompressible exp., ref. 20 
Winter, incompressible exp., unpublished 
Winter, M, = 2.8, unpublished exp.

I -

A i 
I 

Rearward positior: 
Hopkins and Keene: 

710' I--1 

KO :ins and Keen 

Bradshaw and ;regor: 

FTs 
Winter 

-

10" I5 lo6 

Figure 16.- Stanton tube ca l ibra t ion  based on the funct ional  equation (~6). 
Present supersonic data .  
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Figure 17.- Stanton tube ca l ibra t ion  based on the  funct ional  equation (2) .
Present supersonic data.  
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Winter, incompressible 

I .  r I I I I I I  I I I I U I I  

Rearward posi t ion 
Hopkins and Keener 

Drward posi t ion 
kins and Keener 

, 
I 

/ 
/,/ 

/
/' 

/*' 

10 10 


exp., unpublished 

d 

4 


/ 

? 

Bradshaw and Gregor: 

I	I 1 - 1  I !  
Winter 

10 10 


Figure 	18.- Stanton tube ca l ibra t ion  based on the  new functional equa­
t i o n  developed herein (eq.  (4)) . Present supersonic data  
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Figure 19.- Stanton tube calibration based on the functional equation (B11).

Present supersonic data. 
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Theory 
Sommer and Short T', 

i ref. 36 
Wilson, ref. 35 

.- __- . . .  - . . i  . . . *  

10 8-by 7-foot W.T. data 

10 8-by 7-foot W.T. data 
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~ I 
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io3 

Figure 20.-Variation of local skin-friction coefficient with Reynolds

number based on momentum thickness. Present data. 
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Theory 

Sommer and Short T', ref. 36 

Wilson, ref. 35 


0 Exp., Schultz-Grunow, ref. 1
A Exp.,  Ashkenas and Riddell, ref. 42 

M, = 0.22, Tt = 5 2 g " R I z  3 0 Exp., Smith and Walker, ref. 4 
. - I
---I­

o-­


-

M, = 1.50, Tt = 580°R] O E x p . ,  Hakkinen, ref. 5I
io5lo-'io3 io4 


(a) = 0.06, 0.22 and 1.50. 

Figure 21.-Variation of local skin-frictioncoefficient with Reynolds

number based on momentum thickness. Data from other sources. 
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ref. 36 

Wilson, ref. 35 


0	Ekp., Shutts, Hartwig 
and Weiler, ref. 43 

Exp., Shutts, Hartwie 
and Weiler, ref. 43 

0 Exp., Shutts, Hartwig 
and Weiler, ref. 43 
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lo6 

(b) Q = 1.63, 1.68 and 1.73. 

Figure 21.- Continued. 
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Figure 21.- Continued. 
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Figure 21 . - Continued. 
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( e )  M, = 2.00, 2.01 and 2.11. 

Figure 21.- Continued. 
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Continued. 
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Figure 21. - Continued. 
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(i) M, = 2.68, 2.72 and 2.80. 

Figure 21.-Continued. 
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Figure 24.-Relationship between Rx and Re at various Mach numbers as 
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