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I '  

EXPERIMENTAL LAMINAR, TRANSITIONAL, AND 

TURBULENT BOUNDARY-LAYER PROFILES ON A WEDGE  AT LOCAL 

MACH NUMBER 6.5 AND COMPARISONS WITH THEORY 

By Michael C. Fischer  and  Dal V. Maddalon 
Langley  Research  Center 

SUMMARY 

In order  to  provide test cases  for  computation  methods  and  to  examine  the  structure 
of laminar,  transitional, and  turbulent  hypersonic  boundary  layers,  pitot  surveys  were 
obtained on a wedge  placed at 10' total  incidence  in  helium  flow at a nominal  free-stream 
Mach number of  20. The tests were  conducted  over a range of local  unit  Reynolds  num- 
ber  per  centimeter of 0.056 X lo6 to 0.255 X lo6 at near-adiabatic wall  conditions  with  the 
total  temperature  varying  slightly  from 345O K to 354O K and  with a ratio of wall  temper- 
ature  to  total  temperature of about 0.85. The  local Mach number  varied  from 6.2 to 6.7. 

Mach number,  density,  and  velocity  profiles  computed  from  the  pitot  surveys  and 
the  assumption of a Crocco  relation  between  total  temperature  and  velocity  indicate  that 
the  boundary layer varied  from  laminar  to  fully  turbulent  along  the wedge surface  for all 
but  the  lowest of four  unit  Reynolds  number  test  cases  (%/cm = 0.056 X lo6 to 0.255 X lo6). 
For the  lowest  unit  Reynolds  number  case,  the  boundary  layer was  still in a transitional 
state  near  the rear of the  wedge.  Experimental Mach number,  density,  and  velocity  pro- 
file  shapes  along  the  wedge at the lowest  and  highest  unit  Reynolds  number  test  cases 
showed fair agreement  with  profiles  predicted by a finite-difference  computation  method. 
Agreement of predicted  and  experimental  boundary-layer-thickness  parameters  was not 
so good. These  comparisons show that a need  exists  for  improved eddy viscosity  models 
through  the  transition  region  to  represent  better  the  high-intensity  turbulent  fluctuations 
which  apparently  exist  in  this  region at hypersonic Mach numbers.  Theoretical  predic- 
tions of laminar  displacement  and  momentum  thickness  were  approximately 30 percent 
and 35 percent,  respectively, below experimental results. The  downstream  effect of a 
finite  leading-edge  thickness  on  boundary-layer-profile  shape  and  growth  may  have  caused 
this  discrepancy. 

INTRODUCTION 

The  development of a boundary  layer  from  laminar  to  turbulent  flow  has  received 
considerable  attention  both  experimentally  and  theoretically  in  the  past. In recent  years, 



nonsimilar  computation  methods  have  been  developed  which can compute  the  downstream 
development of transitional  and  turbulent  compressible  boundary-layer  flows  with  initial 
laminar  profiles  and  pertinent  free-stream and local  conditions as inputs (refs, 1 and 2). 
In order  to  model  the  turbulence  terms  in  the  transition  region,  the eddy viscosity  func- 
tion is biased  with a streamwise  intermittency factor which var ies   f rom 0 to 1.0 through 
the  transition  region. To test and to  improve  the  accuracy of these  and  other  computa- 
tion  methods  (refs.  3  to 5) require  accurate  experimental test cases. However,  only a 
limited  number of test cases have  been  obtained  on  axisymmetric or two-dimensional 
bodies at hypersonic  Mach  numbers (Me > 5) and  these test cases  typically  include  only 
a few  surveys  in the transitional  and  turbulent  regime. (See refs. 6  to 16.) 

This  need  gave  impetus  to  initiation of the  present  investigation  to  provide  detailed 
test cases  for  the  development of computation  methods  and  the  examination of the  struc- 
ture of a hypersonic  boundary  layer  developing  from a laminar  to a turbulent state. 
Boundary-layer  pitot  surveys  were  obtained  at  numerous  stations  on a 5' half-angle  wedge 
with  the test surface  placed at 100 incidence  to a nominal  Mach 20 helium  free-stream 
flow. Local  unit  Reynolds  number  per  centimeter  varied  from 0.056 x lo6 to  0.255 X lo6 
for a range of stagnation  chamber  pressure  from 3.55 to 20.79 MN/m2. Stagnation tem- 
perature was essentially  constant,  varying only  between 345' K and 354' K. 
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SYMBOLS 

skin-friction  coefficient 

diameter of circular  pitot  probe 

height of oval  pitot  probe 

Mach number 

Prandtl  number 

pressure 

Reynolds  number 

Reynolds  number based on momentum  thickness 

temperature 



U local  velocity  in  the  x-direction 

X distance  along  wedge  surface  from  leading  edge 

Y perpendicular  distance  from wedge surface 

r intermittency  function  (used  in  computation  method of ref. 1) 

6 boundary-layer  thickness  determined  from  pitot  profile,  dptY2/dy = 0 

6 *  boundary-layer  displacement  thickness 

E angle  between  shock  wave  and free stream 

0 boundary-layer  momentum  thickness 

I-1 viscosity 

P density 

Subscripts: 

2  behind  normal  shock 

E, t r  end of transition 

e  conditions at boundary-layer  edge 

i initial  conditions at x = 0 

1 local  conditions  within  boundary  layer 

t stagnation  conditions 

S, tr start of transition 

W wall 

cb free stream,  ahead of shock 
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TEST  FACILITY 

The  experimental  investigation  was  conducted  in  the  Langley  22-inch  helium  tunnel 
which has  an  axisymmetric  contoured  nozzle  and a nominal  test-section Mach number 
of 20. The  diameter of the test section is 55.9 cm  and  the  free-stream Mach number 
var ies  with  stagnation  pressure  from  about 16.1 at 0.517 MN/m2 to 21.7 at 20.79  MN/m2. 
For  this  pressure  range  in  unheated flow, the  free-stream  Reynolds  number  per  centi- 
meter  varies  from 0.020 X lo6 to  0.556 X lo6. Free-stream  stagnation  temperature  can 
be  varied  over  the  range of 300° K to 450° K. A detailed  description  and  calibration of 
the  facility is presented  in  reference 17. 

MODELS 

Two separate  models  were  used  in  this  investigation: a pressure model  and a 
boundary-layer  survey  model. Both models  were  fabricated  from  inconel with a 
0.0051-cm  leading-edge  thickness;  the  skin  tlticknesses of the  pressure  and  survey 
models  were 0.160 cm  and 0.076 cm,  respectively.  The  pressure  model  was a smooth 
50 half-angle  wedge  with a width of 27.94 cm  and a length of 40.64 cm  and  was  instru- 
mented  with 12 pressure  orifices  along  the  model  center liile. The  orifice  tubing of 
0.152 cm  outside  diameter (0.d.) and 0.102 cm  inside  diameter (i.d.) was  stepped up to 
tubing of 0.317 cm 0.d. and 0.229 cm i.d. a short  distance  from  the  surface. A detailed 
measurement of the  surface of the  pressure  model  revealed a local  depression  in  the 
center-line  region  beginning at about  x = 30.5 cm  and  ending at about x = 38.1 cm. 
The  maximum  depth of this  depression was about 0.038 cm.  The  effect of this  depression 
on the  pressure  measurements is discussed  in a later section.  The  initial  boundary- 
layer  survey  model  was  identical  in  external  geometry  to  the  pressure  model and was 
instrumented  with  thermocouples  along  the  center  line.  Heat-transfer  studies  indicated 
that  the  boundary  layer  did not become  fully  turbulent  on  the  40.64-cm-long  wedge  model; 
therefore, a 20.32-cm-long  extension was added for a total  length of 60.96 cm.  Boundary- 
layer surveys  were  obtained  at  three  stations  on  the  40.64-cm-long wedge, and  surveys 
were  also  obtained at four  stations on the  rearward half of the 60.96-cm  wedge  configura- 
tion. Measurements of the  surfaces of the  40.64-cm  and  60.96-cm  wedge  survey  models 
indicated  excellent  surface  uniformity. In an  effort  to  maintain  uniform  two-dimensional 
flow on the  model  surface,  swept  end  plates  were  used  and  the  wedge  models  were  side 
mounted  to  the  tunnel wall. A sketch of the 60.96-cm survey  model mounted  in  the  tunnel 
is shown  in figure l(a), and  the  locations of the  survey  and  pressure  measuring  stations 
are presented  in  figure  l(b). 
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TEST CONDITIONS, PROCEDURE, AND INSTRUMENTATION 

Pitot  pressure  surveys  through  the  boundary  layer  were  obtained  in a heated free- 
stream flow  with  near-adiabatic  model  wall  conditions,  Tw/Tt, oo % 0.85. A total of seven 
stations  were  surveyed  along  the  40.64-cm-  and  60.96-cm-long  wedge  surfaces  from 
x = 9.91 cm  to x = 59.94 cm.  Surveys at x = 9.91 cm, 18.03 cm,  and 22.86 cm  were 
obtained on the 40.64-cm wedge  while  surveys at x = 43.18 cm, 48.26 cm, 53.34 cm, 
and 59.94 cm  were  obtained  on  the  60.96-cm  wedge  configuration.  Local  unit  Reynolds 
number  per  centimeter  varied  from 0.056 X 106 to 0.255 X 106 for a range of stagnation 
pressure  from 3.55 to 20.79  MN/m2. Free-stream Mach number on the tunnel center 
line  varied  from 19.1 to 21.7, depending  on  the  unit  Reynolds  number.  Stagnation  temper- 
ature  was  essentially  constant  with  values  between 345O K and 354O K. Details of the test 
conditions a r e  given  in  table 1. 

Boundary-layer  pitot  surveys  were  conducted  with two different  size  probes.  For 
the  40.64-cm-long  wedge, a 0.102-cm-o.d.,  0.051-cm-i.d.  probe was  used  to  survey 
the  boundary  layer at three  stations: x = 9.91 cm, 18.03 cm,  and 22.86 cm. For  the 
60.96-cm-long  wedge  configuration  (20.32-cm-long  extension  added  to  40.64-cm-long 
wedge), a 0.229-cm-o.d., 0.178-cm-i.d.  probe was  used  to  survey  the  boundary layer at 
four  stations: x = 43.18 cm, 48.26 cm, 53.34 cm,  and 59.94 cm.  Details of the  survey 
apparatus  are given  in  figure 2. Once the  pressures  settled  out at any given  station  and 
a reading was obtained,  the  probe was traversed  to a new position at that  station.  Typical 
run  time was about 30 sec.  During  this  test  run  time,  the  model  wall  temperature  varied 
a maximum of about 4O K. Additional runs  were  made  to  obtain  wall  static  pressure on 
the  40.64-cm-long  wedge  pressure model. Pressure  transducers with a capacitive 
sensing  circuit  were  used  to  measure  pressures  less  than  about 6000  N/m2, with  an 
accuracy of about 4 . 0  percent of f u l l  scale;  whereas all pressures  greater  than about 
6000  N/m2 were  measured  with  strain-gage  diaphragm-type  pressure  transducers, with 
an  accuracy of *0.25 percent of f u l l  scale.  Tunnel  total  pressure  was  measured  in  the 
settling  chamber  with  both  strain-gage  diaphragm-type  pressure  transducers  and a 
Bourdon  gage. Free-stream  total  temperature was measured  in  the  test  section  with a 
0.317-cm-0.d. shielded  iron-constantan  total-temperature  probe.  Corrections  to  the 
temperatures  measured  with  this  probe  were  insignificant  since  the  recovery  factor was  
approximately 1. 

DATA REDUCTION  PROCEDURE 

Corrections  to  Pitot  Data 

The  measured  pitot  data  were  analyzed for possible real gas,  viscous  interaction, 
and  rarefaction  effects.  Viscous  interaction  and  rarefaction  effects  may  be  significant 
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in  low-density  regions  within  the  boundary  layer, as shown in reference 18. The  mag- 
nitude of the  viscous  and  rarefaction effects depends  primarily  on  the  local Mach number 
and  local  Reynolds  number based on probe  diameter.  For  this  investigation,  the  smallest 
local  Reynolds  number in the  boundary  layer based on  probe  diameter  was Rz ,d = 44 
which  occurs at M1 = 0.74. B the  viscous  interaction  and  rarefaction  correction  curves 
presented by Beckwith,  Harvey,  and Clark (ref. 19) for nitrogen  and air test gases are 
assumed  to be roughly  applicable  to  the  present  helium  case,  the  corrections  to  the  pitot 
data  near  the  model  wall of the  present  study  were less than 2 percent  and are therefore 
neglected.  Probe  interference  effects  are  discussed  in a later section of this  report. 

Real-gas  effects  are a function of the  total-pressure  and  total-temperature  level. 
Local  total  pressures  at  the  boundary-layer edge are small  because of the  strong wedge 
shock.  The  real-gas  corrections  to  the  pitot data near  the  boundary-layer  edge  were 
therefore less than 1 percent  (ref. 20) and are considered  negligible. 

Static  Pressure 

The  measured  values of wall  static  pressure are presented  in  figure 3. As  pre-  
viously  mentioned,  the  wedge  pressure  model  was  only 40.64 cm long. From  the  pres- 
sure  distributions  in  figure 3, it is evident  that  the  surface  depression  near  the  rear of 
the pressure model,  discussed  in a previous  section,  causes the pressure  expansion  and. 
subsequent  compression  measured  near  the  rear of this model. 

Measured  surface  pressures  were  considerably  higher  than  inviscid  predicted  val- 
ues (fig. 3). The  laminar  viscous  interaction  predictions of Bertram (ref. 21) are gen- 
erally  in good agreement  with  the  measured  pressures at the two  highest  unit  Reynolds 
numbers.  Pitot  pressure  profile  data  obtained at each of the four unit Reynolds  numbers 
were  reduced  to Mach number  profiles  with  constant  static  pressure  across the boundary 
layer  being  assumed.  Static  pressures  used  for  this  purpose  were  obtained  from faired 
curves (shown in fig. 3) through the measured  pressure  data  ignoring  the last three  mea- 
sured wall  pressures, which were  apparently  affected by the  surface  depression.  These 
fairings  were  extended  to x = 59.94 cm,  which  was the last boundary-layer  survey  station. 

Boundary-Layer  Profile  Parameters 

As stated, Mach number  profiles were calculated  from  the  measured  pitot data by 
using  the  static  pressures  obtained  from  fairings  through the measured  wall  static  pres- 
sures.  Velocity  and  density  profiles  were  computed  from  the  calculated Mach number 
profiles by assuming a Crocco total-temperature-velocity distribution 
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since  this  type of distribution is typical of zero-pressure-gradient  flows  with  constant 
wall  temperature (refs. 3  and 22). The  edge of the  boundary  layer was taken as the  loca- 
tion  where dpt 2/dy = 0. A  summary of the  free-stream  and  local test conditions  and 
the  computed bAundary -layer  parameters 6* and 6 are given  in  table 1. Free-stream 
unit  Reynolds  numbers were calculated  from  the  measured  stagnation  conditions  and  the 
viscosity  corrected  for  quantum  effects  (ref. 23). Local  unit  Reynolds  numbers at the 
boundary-layer  edge  were  calculated by using  the  measured  pitot  pressure at the  edge of 
the  boundary  layer  and  the  faired  wall  static  pressure.  For  each of the  four  unit  Reynolds 
number test cases,  the  local  pitot  pressure at the  boundary-layer  edge  varied  slightly 
with x as did  the wall pressure so that  the  local  computed  values of Mach number  and 
Reynolds  number  also  varied  slightly.  Average  values of local Mach  number  and  Reynolds 
number  are  presented  in  table 1 for  simplicity. However, table 2 presents  the  profile  data 
at every  station  for  each of the  four  unit  Reynolds  numbers  and  also lists the  actual  local 
Mach number  and  Reynolds  number  for  each  survey  station.  The  boundary-layer  dis- 
placement  thickness and momentum  thickness  were  calculated from the  expressions 

6* = s," (1 - E ) d y  Pe'e 

f3= l6 0 PeUe E(l - x ) d y  ue 

RESULTS AND DISCUSSION 

Mach number,  density,  and  velocity  profiles  calculated  from  the  pitot  surveys 
obtained  at  Re/cm = 0.056 X lo6 a r e  shown  in  figure 4. Also shown are  theoretical 
laminar  profiles  obtained by the  method of reference 1. All experimental  data  have  been 
normalized by the  experimentally  determined  displacement  thicknesses,  whereas  the  theo- 
retical  solution  results  were  normalized by the  theoretical  displacement  thicknesses. 

In figure  4(c) a 1/15-power-law  velocity  profile is shown  which is typical of velocity 
profiles at the  end of transition  for  the  local  Reynolds  number, Mach number,  and  wall 
temperature  ratio of this  investigation.  (See ref. 24.) The  N-power-law  velocity  profile 
typically  peaks  in  value at the  end of transition  and  then  decreases  downstream of this 
location as the  boundary  layer relaxes (ref. 24). The  boundary  layer  apparently  was  lam- 
inar at the first three  stations for this  lowest  unit  Reynolds  number  case (fig. 4), with 
transition  occurring  after 22.86 cm.  The  start-of  -transition  location  determined  from 
heat-transfer  data  for  this  unit  Reynolds  number  (reported  in ref. 25) is 25.40 cm,  which 
agrees with  the  location  indicated by the  profile  data.  The  velocity  profiles  measured at 
the  most  rearward  stations are in  reasonable  agreement  with  the  1/15-power-law  turbulent 



profile  in  the  outer  part of the  boundary  layer.  Hence,  the  outer  part of the  boundary 
layer at these  stations is apparently  near  fully  turbulent  conditions. 

For the  next  unit  Reynolds  number test case,  Re/cm = 0.101 X lo6, shown in  fig- 
u re  5, comparison of the  profiles  indicates  that  the  boundary  layer  was  laminar at the 
first station,  and  the  beginning of transitional flow occurred  near x = 18.03 cm.  This 
result is in  agreement  with  the  heat-transfer data of reference 25  which  further  indicate 
that  the end of transition  occurred at x = 51.60 cm.  Once again  the  velocity  profile  data 
at the  rearward  stations show reasonable  agreement  with  the  1/15-power-law  turbulent 
profile. 

Boundary-layer  profiles  obtained  at  the  highest  unit  Reynolds  numbers, 
l&/cm = 0.149 X lo6 and  Re/cm = 0.255 X lo6, are shown  in  figures  6  and 7. The 
profiles  at both  unit Reynolds  numbers  indicate a laminar  boundary  layer  at only the  f irst  
survey  station, x = 9.91 cm,  and a fully  turbulent  boundary  layer  over  the last half of the 
wedge surface. As  with  the  previous  test  cases,  the  approximate  location of the  start  and 
end of transition  determined  from  the  profiles  agreed  with  the  transition  locations  deduced 
from  the  heat-transfer  data of reference 25. In addition,  the  1/15-power-law  turbulent 
velocity  profiles  again  display  reasonable  agreement  in  the  outer  part of the  boundary 
layer with  the  computed  velocity  profiles  (figs.  6(c)  and  7(c)). Note, however, that  the 
velocity  profiles  measured at the last three  survey  stations at +/cm = 0.255 x lo6 are 
less f u l l  than  those  measured  at  the last three  survey  stations  at Re/Cm = 0.149 X lo6. 
In  both cases, the  three  surveys  were  obtained  in a fully  turbulent  boundary  layer, but for 
the h / c m  = 0.255 X lo6 case the  last  three  velocity  profiles are farther  downstream of 
the end of transition  location so that  the  turbulent  boundary  layer  has  relaxed  somewhat 
(higher Re, 0) with a subsequent  reduction  in  the  N-power-law  profile. (See ref. 24.) 

The  distribution of the  experimentally  determined  displacement  and  momentum 
thickness  along  the  wedge  surface  for  each of the  four-unit  Reynolds  number  test cases 
is presented in figure 8. Displacement  and  momentum  thickness  obtained  from  the  data 
on the 60.96-cm  wedge  configuration show a continuation of the  trend  obtained  from  the 
data  measured on the 40.64-cm  wedge  configuration. 

Assessment of Probe  Interference  Effects 

Numerous  factors could  be  adversely  influencing  the  measured  pitot  pressures. 
The  effects of viscous  interaction and rarefaction (low Reynolds  and Mach number  effects) 
as well as real-gas  effects  were  analyzed  for  the  present  test  conditions  in a previous 
section of this  paper  and found to  be  negligible. With a probe  placed  in a boundary  layer, 
there  will be some  disturbance to the  flow  and a resulting  error  in  pitot  pressure  regard- 
less of how small  the  probe. Such effects are generally  largest  near  the  wall  (possible 
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boundary-layer  separation)  and are evident  in  the  laminar  velocity  profile  data  closest  to 
the  wall  (solid  symbols  in  figs.  4(c),  5(c),  and 6(c) ) .  As a check  on  the  determination of 
the  boundary-layer  thicknesses,  the  laminar  boundary-layer  velocity  profiles at the  low- 
est unit  Reynolds  number (fig. 4(c)) were  recomputed by  neglecting  the  pitot  data  near  the 
wall  (solid  symbols  in  fig.  4(c))  and  fairing  the  pitot  profile  into  the  measured  wall  static 
pressure value.  The  resulting  effect  on 6* and 8 was  negligible. 

If the  pitot  probe  diameter is large  compared  with  the  boundary-layer  thickness, 
distorted  boundary-layer  profiles  will  result  and  an  overshoot or  peak  in  pitot  pressure 
occurs at the  boundary-layer  edge (refs. 26 to 28). The  distortion  in  the  measured  profile 
may  cause 8 and 6* to  be  greater  than  the  true  value (refs. 26 to  28) and the  over- 
shoot or peak  in  pitot  pressure at the  boundary-layer  edge  may  be  accompanied by an 
apparent  increase  in 6 (ref. 26). The  magnitude of the  increase  in 6*  and 8 from 
the  true  value  depends  primarily on the  ratio of the  probe  height h or diameter  d  to 
the  boundary-layer  thickness 6. Results of reference 29 indicate  that,  with  an  oval  probe 
of height  h  and  width 5h, the  ratio of probe  height  to  boundary-layer  thickness h/6 
could  be as large as 0.22 without adversely  affecting  the  pitot  pressure  reading  in  the 
laminar  boundary  layer on a hollow cylinder at M, = 2.41. Blue  and Low (ref. 28) 
showed  that on a flat  plate  at M, = 3 accurate  surveys  could  be  obtained  with an  oval 
probe of height  h  and  width 5h with h/6 up to 0.26. Monaghan (ref. 26) analyzed 
the  data of Blue  and Low and  formulated a correction  for 8 and 6 *  of the  form 

Substituting  the  values of d/6  for  the  present  investigation  indicates  that  the  measured 
values of 6 *  and 8 could  be  from 3 percent  to  8  percent  greater  than  the  true  values 
due  to  probe  size  effects. One questions  the  applicability of this  correction  factor  to  the 
present  hypersonic  results  since  the  formulation was based  on  supersonic  results with 
oval-shaped  probes;  therefore, no corrections of this  type  were  made  to  the  integral 
parameters 6 *  and 8. However,  the  boundary-layer  surveys of the  present  investiga- 
tion  did  exhibit  overshoots or peaks  in  pitot  pressure at the  boundary-layer  edge  when 
d/6 2 0.19; thus,  the  presence of either  probe  effects or a nonuniform  inviscid flow due 
to  viscous-inviscid  interaction is indicated.  Based  on  the  study of reference 26, the  pitot 
pressure  profiles of this  investigation  were  faired at the  boundary-layer  edge  to  eliminate 
these  peaks as shown in figure 9. For the  lowest  unit  Reynolds  number test case,  only 
the  pitot  profile at the first survey  station  was  faired at the  boundary-layer  edge.  Pitot 
profiles at both the first and  second  survey  stations  were  faired for the  three  remaining 
unit  Reynolds  number  test  cases. 
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Comparison of Experimental  Profiles With Results of Numerical  Solutions 

The  pitot  profiles  measured  along  the wedge surface  provide test cases for  nonsim- 
ilar finite-difference  computation  methods  which  predict  the  development of a boundary 
layer  through  the  laminar,  transitional,  and  turbulent  regions  given  initial  laminar  pro- 
files and  downstream  boundary  conditions.  The  finite-difference  computation  method of 
Harris (ref. 1) was used  to  compute  profiles  for  the  lowest  and  highest  unit  Reynolds  num- 
ber cases. This  method  uses a two-layer  eddy  viscosity  model. In the  inner  region of 
the  boundary layer, the  conventional  Prandtl  mixing  length  slope of 0.4 is used  in  conjunc- 
tion  with  the  van  Driest  damping  function  evaluated at wall conditions;  the eddy viscosity 
in  the  outer  layer is based  on  the  Clauser  model. An intermittency  function r biases 
the eddy viscosity  through  the  transition  region.  Inputs  required  for  this  computation 
method are given  in  table  3  and  include  the  measured  wall  pressure  distribution,  the  ini- 
tial edge Mach number  (computed  from  pitot  pressure  data),  and  transition  locations 
determined  from  heat-transfer  data of reference 25. A  subroutine of the  program  cal- 
culates  similar  laminar  profiles which a r e  then  used as initial  profiles at the  origin. 

The  numerical  method  underpredicted 6, 6*, and 8 in  the  laminar  region. In 
order  to  match  the  predicted 6 *  and  the  experimental 6 *  at  the  last  laminar  profile 
station,  laminar  numerical  solutions  were  obtained  over  the  entire  length of the wedge 
for both  unit  Reynolds  number  cases. An x-coordinate  system  was  then  established  for 
the  numerical  method so that  the  predicted 6* and  the  experimental 6* at the last 
laminar  survey  station  were  equal.  The  resulting  increases  in  the  lengths of laminar 
flow for  the  numerical  method  were 10.6 cm  and 11.6 cm  for  the low  and high Reynolds 
number  cases,  respectively.  The  pressure  distributions  in figure 3  were not shifted  to 
match  the new coordinate  system  since  the  pressure  gradients  are  small  in  the  regions 
where  the  profiles are compared. 

In the  reduction of the  experimental  profiles, a Crocco  total-temperature-velocity 
relationship,  which  implies Npr,t = 1.0, was assumed,  whereas  the  predicted  results 
(ref. 1) were  computed  both  with a Rotta turbulent  Prandtl  number  distribution (ref. 30), 
N p r , t  = 0.95 h - 0.5(y/S)q,  and  with Npr , t  = 1.0 to  provide  some  indication of the  effect 
of turbulent  Prandtl  number  on  profile  shape. 

The  experimentally  determined Mach number,  density,  and  velocity  profiles at 
Re/cm = 0.056 X lo6 are  compared  with  the  predicted results of the  computation  method 
in  figure 10. The  experimental S *  is used  to  normalize both experimental  and  pre- 
dicted  results so that  the  comparisons  are  made  on a y-dimensional  basis.  The first 
profile shown is laminar,  where  the  theoretical  and  experimental  values of 6* were 
matched.  Transition was initiated at x = 25.4 cm (fig. 4(c))  which  corresponds  to 
x = 36.0 cm  in  the  calculation.  Since  there  was no established  end of transition  location 
for  this low unit  Reynolds  number  case, it was assumed  in  the  computation  method  that 
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XE,tr/XS,tr = 1.35. This  ratio is lower  than  normally  encountered  but is not completely 
unreasonable  and  was  used  because it resulted in good comparison of predicted  and  exper- 
imental 6* along  the wedge. The  prediction  with  the  variable N p r  t is shown for all 
the  experimental  stations. For comparison,  two  additional  predictions are presented at 
the last survey  station;  the first with  the  same  transition  zone  length  but  with Npr,t = 1.0, 
whereas  the  second  case  has Npr , t  = 1.0 but a longer  transition  zone  length  with 
xE,tr/xS,tr = 2.4. In general,  the  predicted  profiles are in fair agreement  with  the  mea- 
sured  profiles.  The Mach  number  and  density  profiles  are not predicted  too well in  the 
inner  and  outer  portions of the  boundary  layer (figs. lO(a) and lO(b)) with  too low a pre- 
dicted  boundary-layer  thickness at the  downstream  stations.  The  predicted  velocity  pro- 
files are either  somewhat  too  full or not full  enough  in  the  lower half of the  boundary 
layer (fig. lO(c)). Predicted results at the last survey  station  with xE,tr/xS,tr = 1.35 
and Npr,t  = 1.0 and  with XE,tr/XS,tr = 2.4 and Npr,t = 1.0 indicate  that  increasing 
the  transition  zone  decreases  the.agreement  between  prediction  and  experiment  because 
of the  reduced  growth of 6*  and 6 along  the  surface.  The  use of Npr,t = 1.0 instead 
of Rotta's Npr, t  distribution  contributes  only  slightly  to  the  increased  disagreement  and 
had a. negligible  effect  on  the  velocity  profiles. 

The  highest  unit  Reynolds  number  test  case (fig. 11) shows  worse  agreement  with 
the  predicted Mach number,  density,  and  velocity  profiles  than  the low unit  Reynolds  num- 
ber  case.  The  predicted  growth of 6*  and 6 along  the  wedge is somewhat  different 
from  the  experimental results, especially  in  the  transition  region, so that  on a dimensional 
basis  the  predicted  profiles  exhibit  considerable  disagreement.  (See  figs. ll(a) to  ll(c).) 
The  length of the  transition  zone, or the  ratio XE tr/xS tr = 2.85, used as an  input  to  the 
prediction  method  was  obtained  from  heat-transfer  data (ref. 25). 
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Also shown at the last survey  station  are  results  from  the  computation  method  with 
XE,tr/XS,tr = 2.85 and Npr,t = 1.0 which  indicate  that  the  choice of turbulent  Prandtl 
number had little effect  on  the Mach number  and  density  profiles  and  negligible  effect  on 
the  velocity  profiles.  The  predicted  values of 6* and 8 are compared  with  the  exper- 
imental  results  for both  unit  Reynolds  number test cases  in  figure 12. In each  case,  the 
predicted 6* was  matched  with  the  experimental 6* at the first station.  The  disagree- 
ment  between  experiment  and  prediction is clearly  evident as well as the  weak  effect of 
turbulent  Prandtl  number  on  boundary-layer  development. A possible  cause  for  the  dis- 
agreement  between  the  predicted  and  experimental  profile  shapes  and  integral  parameter 
thicknesses  along  the wedge  may  be  the  finite  leading-edge  thickness  and  the  subsequent 
curved  shock-boundary-layer  interaction.  These  effects are discussed  in a later section 
of this  report. 

The  results of the  comparisons of experimental  and  predicted  profiles in figures 10 
and 11 suggest  that  the  computation  method  needs  some  modifications  to  give fuller pro- 
files through  the  transition  region  accompanied by an increase  in  the  growth rate of the 
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boundary  layer. In the low  Reynolds  number  computation  prediction,  this  modification 
was accomplished  by  shortening  the  transition  region or zone  somewhat  unrealistically. 
Preferably,  the  eddy  viscosity  model  could  be  altered as discussed by Bushnell  and 
Morris (ref. 31) who show that  in  the low local  Reynolds  number  inner  portion of a hyper- 
sonic  transitional  boundary  layer,  the eddy viscosity  can  be  very  large.  This  increase 
in eddy viscosity  accounts for the  high  intensity  turbulent  fluctuations  which  occur  in  the 
transition  region (ref. 31). The  growth of 6*, 6, and 8 should also be  more  pro- 
nounced if the  modified  eddy  viscosity  models of reference  31 are used. 

Leading-Edge  Effects 

The  theoretical  predictions of laminar 6* were 25 percent  to 30 percent below 
the  experimental  values,  whereas  the  predicted  laminar  momentum  thickness  was  from 
30 percent  to 40 percent below experimental  values.  As  previously  discussed,  the  final 
predicted (fig. 12) and  experimental  values of 6* were  matched at the last laminar  pro 
file  survey  station by  extending  the  lengths of laminar  flow  in  the  calculations. At pres-  
ent,  the  source of the  discrepancy  between  the  former  predicted  and  experimental-values 
of 6* and 8 in  the  laminar flow region is not clear,  but a possible  cause  may  be  the 
finite  thickness of the  leading  edge.  Because of the finite leading-edge  thickness,  the 
boundary  layer  near  the  leading  edge  develops  under  the  influence of a detached  curved 
shock  (even  for  the  small,  0.0051-cm,  leading-edge  thickness of the  present  investigation), 
A viscous-induced  pressure  gradient  exists  over  the  forward  portion of the wedge as 
shown in  figure 3. The  distribution  and  magnitude of the  pressure  in  the  vicinity of the 
leading  edge  are unknown. Calculations  indicated  that  the first survey  station  was down- 
stream of the  variable  entropy  region  for  each  unit  Reynolds  number  case.  The  free- 
stream Reynolds  number  based  on  Ieading-edge  thickness  varied  from 0.495 X lo3 to 
2.52 X 103. 

Strong  evidence  supporting  the  conjecture  that  the  finite  leading-edge  thickness  can 
significantly  affect  the  growth of 6, 6*, and 6 can  be  found  in  reference 27, where the' 
leading-edge  thickness of a flat  plate at M, = 3.05 was  increased  from 0.00076 cm  to 
0.0150 cm  and  finally  to 0.0297 cm.  The  effect of the  change  in  leading-edge  thickness 
from 0.00076 cm  to 0.0150 cm was twofold: the  laminar  boundary-layer  thickness 
increased by a factor of about 2, and  the  velocity  profile  decreased  in  slope  near  the wall 
(decrease  in  skin  friction)  while  becoming  less f u l l  in  the  outer  part of the  boundary  layer. 
A  further  increase  in  leading-edge  thickness  from 0.0150 cm  to 0.0297 cm  produced no 
noticeable  change  in  the  velocity  slope  near  the  wall but did  result  in less profile  fullness 
in  the  outer  part of the  boundary  layer  with  an  approximate  30-percent  increase  in  the 
laminar  boundary-layer  thickness.  The  effect of small  changes  in  leading-edge  thickness 
on  downstream  velocity  profile  shape  just  described  (from ref. 27) may  have  influenced 
the  growth of 6, 6*, and 8 in  the  laminar  boundary  layer of the  present  investigation 
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in a similar  manner.  The results of reference 27 indicate  that a slight  increase  in 
leading-edge  thickness  decreases  the  velocity  slope  near  the wall at a downstream sta- 
tion  and  thus  decreases  the  skin  friction.  Since for a two-dimensional  shape  with  zero 
pressure gradient 

a decrease  in Cf should  produce a corresponding  decrease  in e. However, the  corre- 
sponding  increase  in  experimental  boundary-layer  thickness  due  to a finite  leading-edge 
thickness would tend  to  increase  the  momentum  thickness  since  the  momentum  thickness 
is proportional to the  boundary-layer  thickness for a given  profile  shape.  Therefore,  the 
net  effect of leading-edge  thickness  on  momentum  thickness would be  trade-off  between 
these two opposing  factors.  This  same  reasoning would also  apply  to  the  displacement 
thickness; a reduction  in  the  velocity  profile  slope  near  the  wall  due  to a finite  leading- 
edge  thickness  and a subsequent  reduction  in  profile  fullness  in  the  outer  part of the 
boundary  layer  together  with  an  increase  in  boundary-layer  thickness would tend  to 
increase  the  experimental  displacement  thickness  over the theoretical  zero  leading-edge 
thickness  predicted  displacement  thickness. 

CONCLUSIONS 

Detailed  boundary-layer  pitot  surveys  were  obtained  near  adiabatic  wall  conditions 
on a 50 half-angle  wedge  placed at 10' incidence  in a nominal Mach 20 helium  free-stream 
flow with a local Mach  number of about 6.5. The  following  conclusions  can  be  made: 

1. Mach number,  density,  and  velocity  profiles  indicate  that  the  boundary  layer 
varied  from  laminar  to  fully  turbulent  along  the wedge surface  for all but the  lowest of 
four  unit  Reynolds  number test cases  (Re/Cm = 0.056 X lo6 to  0.255 X lo6). 

2. Comparison of experimental Mach number,  density,  and  velocity  profiles at the 
lowest  and  highest  unit  Reynolds  number test cases  with  profiles  predicted by a finite- 
difference  computation  method  indicated  the  need  for  improved  eddy  viscosity  models  to 
represent  better  the  higher-intensity  turbulent  fluctuations which occur  in  the  transition 
region. 

3. Theoretical  predictions of laminar  displacement  and  momentum  thickness  were 
approximately 30 percent  and  35.percent,  respectively, below the  corresponding  experi- 
mental  results.  A  possible  source of this  discrepancy  may  be  the  downstream  effect of 
a finite leading-edge  thickness  on  boundary-layer-profile  shape  and  growth. 

Langley  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Hampton, Va., August 24, 1971. 
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TABLE 1.- SUMMARY OF FREE-STREAM AND LOCAL TEST CONDITIONS AND 

COMPUTED BOUNDARY-LAYER PARAMETERS 
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.01638 

.020 14 

.02 167 

.02433 

.00582 

.00711 

.007 16 

.01621 

.01920 

.0206 5 

.0048a 

.00709 

.00673 

.01612 

.0192G 

.0213€ 

Re, e 

1.49 X 103 
.63 
.68 

1.03 
1.22 
1.32 
1.48 

.68 

.9 1 

.92 
1.65 
2.03 
2.19 
2.46 

.87 
1.06 
1.07 
2.42 
2.86 
3.08 

1.24 
1.81 
1.72 
4.11 
4.90 
5.45 
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TABLE 2.- TABULATED PROFILE DATA 

(a) pt, = 3.55 m / m 2  

Y/6 * 't, 2APt, 2)e 

0.080 0.000 0.854 0.000 0.000 0.000 

x = 9.91 cm; Me = 6.1; 6* = 0.34 cm; ( P ~ , ~ ) ~  = 36.82 kN/m2; pw = 0.673 kN/m2; Fb/cm = 0.054 X lo6 
p/pe Ulue Tt/Tt, M/Me 

.158 .025 .115 .9  10 .386 

.380 .932 .990 .575 .335 .980 

.335 .917 .987 .531 .287 .950 

.298 .goo .985 .492 .247 .927 

.240 .863 .980 .423 .185 .E67 

.199 .822 .974 .366 .141 .821 

.147 .729 .960 .280 .086 .746 

.119 .633 .946 219 .056 .678 

.104 .543 .933 .175 .040 .588 

.093 .447 .919 .136 .029 .467 

.090 .411 .914 .123 .027 .354 

.088 .386 .910 .115 .025 .219 

.088 

1.002 .387 .619 .992 .945 .429 
1.032 .451 .669 .993 .957 .488 
1.055 .522 .721 .995 .967 .555 
1.085 .577 

.962 .998 .999 .979 .959 1.356 

.917 .996 .999 .954 .910 1.259 

.890 .995 .999 .938 .881 1.213 

.841 .992 .998 .910 .830 1.191 

.797 .989 .998 .884 .781 1.168 

.734 .985 .997 .844 .715 1.138 

.672 .980 .997 .804 .649 1.108 

.606 .973 .996 .758 

~ _ _ _ _ .  . 

" . " 

1.470 
1.598 

.985 
1.000 

.999 
1.000 

x = 18.03 cm; Me = 6.1; 6* = 0.43 cm; kN/m2; pw = 0.662 kN/m2; F b k m  = 0.054 X lo6 

0.000 0.000 

.411 .941 .991 .603 .370 .991 

.357 .926 .989 .553 .312 .961 

.276 .890 .984 .468 .225 .889 

.220 .847 .978 .397 .165 .824 

.179 .796 .970 .336 .121 .758 

.147 .734 .962 .282 .087 ,692 

.128 .674 .953 .241 .066 .627 

.108 .578 .939 .190 .045 .537 

.091 .436 .919 .131 .028 .364 

.084 .324 .903 .094 .022 .167 
0.079 0.000 0.857 0.000 

1.027 .428 .650 .993 .953 .465 
1.056 .483 .691 .994 .962 .515 
1.092 .564 .748 

1.000 1.000 1.000 1.000 1.000 1.546 
.974 .998 .999 .985 .974 1.361 
.943 .997 .999 .968 .941 1.301 
.907  .995 .999 .948 .go1 1.265 
.850 .993 .999 .915 .E41 1.230 
.800 .990 .998 .886 .787 1.194 
.728 .985 .997 .E40 .711 1.164 
.648 .978 .996 .787 .624 1.122 
.592 .972 .996 

~ . . .  -~ ~" 

~ ~~ .~ - " _  ~ 

18 



TABLE 2.- TABULATED PROFILE DATA - Continued 

(a) pt,- = 3.55 MN/m2 - Continued 

YI6* ~ I P t , ~ / ( P t , z ) ~  "I M/Me I Tt/Tt,- I u/ue PI "e 

x = 22.86 cm; Me = 6.2; 6* = 0.49 cm; ( P ~ , ~ ) ~  = 37.32 kN/m2; pw = 0.659 kN/m2; Re/cm = 0.056 x 106 

~- 

0.000 
.171 
.331 
.460 
.589 
.672 
.I65 
.806 
.843 
.884 
.925 
,967 
1.008 
1.049 
1.096 
1.137 
1.173 
1.220 
1.256 
1.308 
1.391 
1.478 

0.000 
.023 
.024 
.028 
.039 
.059 
.097 
.138 
.163 
.207 
.263 
,324 
.416 
,510 
,594 
. IO2 
,794 
.E42 
,903 
.94 1 
,983 
1.000 

x = 43.18; Me = 6.2; 6 .  = 0.63 c m  
." 

0.000 
,179 
,374 
,553 
. 6 59 
,773 
,882 
,960 
1.033 
1.078 
1.110 
1.187 
1.261 
1.338 
1.464 
1.639 
1.923 
2.200 

0.000 
,027 
,068 
,119 
.179 
.237 
,310 
,388 
.456 
,511 
,566 
.665 
.I61 
,830 
,907 
,963 
,978 
1.000 

0.000 
.lo3 
.111 
.129 
.175 
.225 
.299 
.362 
.395 
.449 
.507 
.564 
.640 
,722 

,768 
,836 
.888 
,916 
,949 
.969 
.990 
1.000 

0.858 
.so9 
.912 
.919 
.936 
.950 
.965 
.974 
.978 
.983 
.987 
.990 
,993 
.995 
.996 
.997 
,998 
.999 
.999 
,999 
.999 
1.000 

~~ 

0.000 
.357 
.379 
.434 
.550 
.650 
.I58 
.a22 
.848 
.882 
.910 
,931 
,952 
,968 
.976 
,984 
,990 
,993 
,996 
,997 
,999 
1.000 

0.077 
.084 
.085 
.089 
.102 
.119 
.155 
.194 
.216 
.2 59 
.311 
.361 
.452 
.555 
.620 
,721 
,805 
,851 
,907 
.943 
.982 
1.000 

" 

@t,z), = 35.49 kN/'m2: pw = 0.622 kN/m2; Re/cnl = 0.054 X lo6 

0.000 
.124 
,244 
.333 
.415 
,479 
,551 
.6 19 
,672 
. I 1 1  

,749 
,813 
.87 1 
,910 
,951 
.981 
.989 
1.000 

0.869 
,923 
.958 
.973 
,981 
,986 
,990 
,992 
,994 
.995 
,996 
.997 
.998 
,999 
,999 
,999 
.999 
1.000 

0.000 
,415 
,678 
.I93 
,859 
.a95 
,925 
,945 
,958 
.965 
,912 
.981 
.988 
,992 
.996 
.998 
.999 
1.000 

.~ 

- 
0.078 
,089 
,129 
,177 
.233 
.286 
,355 
,428 
,492 
,542 
,593 
.686 
.177 
,841 
.9 12 
.965 
.979 
1.000 
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TABLE 2.- TABULATED PROFILE .DATA - Continued 

(a) pt,.. = 3.55 MN,'m2 - Continued 

0.000 0.000 
.185  .030  .144  .090 
.318  .038  .170  .942  .098 
.404 .082 .273  .966 
.517  .137  .361  .978 
.623 .188  .983  ,238 
.I32  .255  .908 
.E31  .319 .560 ,931  .361 
.930  .397 .627 .993  ,436 
1.010 ,476 .687 .995 
1.089  .546  .737  .996 
1.169 .630  .792  .997 
1.232  .697  .998 
1.325  .998 ,784 , 

1.437  .919  .999 
1.540  .945  .999  .995 ,900 
1.672  .933  .966  .999  .997 
1.785  .960  .980  .999 ,998 
1.964  .981  .990  .999  .983 
2.116  1.000  1.000  1.000 1.000 1.000 

x = 53.34 cm; Me = 6.3; 6 *  = 0.78 cni; ( P ~ , ~ ) ,  = 36.67 k N / m 2 :  p, = 0.617 k N / m 2 ;  Re/cnl = 0.058 X lo6 
" ~ - ~. "" ~ "" ~ 

1 
__ ~ .. ~ ~ -__  

0.000 0.000 0.000 
.157  .031  .144 
.241  .053  .211  .630  .112 
.316  .094  ,294 
.382  .131  .352 
.453  .167  .400  .982  .219 
.519  .194  .434  .984  .245 
.581  .224  .467  .987  .273 
.675 .260 .504  .989  ,910  ,307 I 
.I63 .304  .546  .991  ,926  ,347 
.a54 

.452 .994  ,953 .641 .4  16 .943 

.404 .993  ,942 .599 .X4 

1.024 .471  .684 ,995 ~ .962 .505 
1.112 .540 .733 .996  .971 ,569 
1.177 .597 .771 .997  .976 ,623 
1.233 

.977  .999  .999 .987 .976 1.937 
,952  .998  .999 .973 .949 1.813 
.908 .996  .999 .949 .903 1.673 
.a73 .994  .999 .929 .E64 1.569 
,834 ,892  .999 .906 .E23 1.484 
,783 .989  .998 .E75 .I69 1.393 
.124 .985  .998 .E38 .707 1.314 
.668 .997 I .981 .a02 ,646 

"~ -~ 

2.081 

1.000 1.000 1.000 1.000 1.000 2.218 
.991 .999 .999 .995 .990 

- . ~ ~ .  ~. . 
~ " - . - "_ ~~~ I "~ . ~~ ~" . 
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TABLE 2. - TABULATED  PROFILE DATA - Continued 

(a) pt,- = 3.55 MN/m2 - Concluded 

0.000 
.I32 
.246 
.316 
.418 
.506 
.519 
.687 
.EO4 
.918 
.982 

1.023 
1.158 
1.222 
1.310 
1.400 
1.511 
1.587 
1.116 
1.909 
2.125 

- ~. . 

0.000 
.030 
.061 
.113 
.170 
.214 
.252 
.294 
.340 
.390 
.444 
.509 
.541 
.613 
.614 
.I37 
.I97 
,861 
.910 
.971 

1.000 

0.000 
.144 
.231 
.325 
.424 
.457 
.496 
.537 
.580 
.621 
.664 
.711 
.731 
,181 
,820 
.a57 
.E92 
,928 
.9 54 
.986 

1.000 

0.869 
.932 
.956 
.912 
.903 
.985 
.988 
.990 
.991 
.993 
.994 
.995 
.996 
.997 
.991 
.998 
,998 
.999 
.999 
.999 

1.000 

0.000 
.479 
.667 
.792 
.a11 
.E89 
.go0 
.924 
.937 
.949 
.958 
.967 
.972 
.978 
.983 
.901 
.991 
.994 
,996 
.999 

1.000 

~~ 

0.074 
.090 
.119 
.168 
.236 
.264 
.299 
.338 
.383 
.428 
.479 
.540 
.574 
.637 
.696 
.753 
.a09 
.a71 
.917 
. 9  74 

1.000 
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0.000 
.209 
.313 
.446 
.589 
.665 
.I4 1 
.I60 
.807 
.855 
.912 
.931 
.950 
.978 

1.007 
1.035 
1.083 
1.111 
1.149 
1.168 
1.197 
1.225 
1.253 
1.310 
1.396 
1.481 
1.567 
1.690 

0.000 
.023 
.024 
.027 
.037 
.056 
.084 
.098 
.131 
.169 
2 2 2  
.259 
.298 
.356 
.408 
.465 
.595 
.649 
.IO4 
.776 
.840 
.896 
.937 
.960 
.978 
.989 
.996 

1.000 

" 

______." 

0.000 
.lo1 
. lo7 
.123 
.165 
.225 
.275 
.301 
.351 
.403 
.465 
.503 
.540 
.592 
.634 
.678 
.768 
.803 
.837 
.879 
.915 
.945 
.967 
.979 
.989 
.993 
.996 

1.000 
" .  . . 

~- - 
0.834 

.891 

.894 

.go2 

.920 

.940 

.953 

.959 

.968 

.975 

.981 

.984 

.986 

.989 
.991 
.993 
.995 
.996 
.997 
.998 
.998 
.999 
.999 
.999 
.999 
.999 
.999 

1.000 

0.000 
.344 
.362 
.408 
.518 
.642 
.721 
.I55 
.807 
.849 
.887 
.905 
.920 
.937 
.948 
.958 
.975 
.980 
.984 
.989 
.992 
.995 
.997 
.998 
.999 
.999 
.999 

1.000 
.~ 

0.081 
.087 
.088 
.091 
.101 
.122 
.145 
'. 159 
.189 
.225 
.275 
.308 
.345 
.399 
.446 
.500 
.621 
.671 
.123 
.790 
.850 
.g01 

.940 

.962 

.979 

.988 

.994 
1.000 

0.000 
.237 
.371 
.438 
.519 
.623 
.690 
.I34 
.808 
.838 
.875 
.905 
.942 
.979 

1.009 
1.038 
1.075 
1.105 
1.142 
1.179 
1.201 
1.231 
1.268 
1.305 
1.342 
1.379 
1.483 

0.000 
.023 
.030 
.038 
.048 
.076 
.098 
.130 
.173 
.198 
.223 
.257 
.297 
.340 
.383 
.435 
.495 
.552 
.616 
.693 
.746 
.824 
.905 
.948 
.972 
.985 

1.000 
~ ~. " ~ 

~ 

0.000 
.099 
.138 
.169 
.198 
.261 
.300 
.350 
.408 
.438 
.466 
.502 
.539 
.579 
.615 
.657 
.IO1 
.740 
.I84 
.830 
.862 
.907 
.951 
.973 
.985 
.992 

1.000 

~- 
0.843 
.896 
.914 
.926 
.936 
.953 
.961 
.969 
.977 
.980 
.982 
.985 
.987 
.989 
.991 
.992 
.994 
.995 
.996 
.997 
.998 
.998 
.999 
.999 
.999 
.999 

1.000 

0.000 
.339 
.450 
.527 
.592 
. IO2 
.I54 
.807 
.853 
.872 
.887 
.905 
.920 
.933 
.943 
.954 
.963 
.970 
.977 
.983 
.987 
.992 
.996 
.997 
.998 
.999 

1.000 

0.081 
.086 
.094 
.102 
.112 
.138 
.158 
.188 
.229 
.252 
.275 
.308 
.344 
.3 84 
.424 
.474 
.529 
.581 
.643 
.113 
.162 
.836 
.912 
.951 
.974 
.985 

1.000 , 

22 



TABLE 2.- TABULATED PROFILE DATA - Continued 

(b) pt,.. = 7.00 hQim2 - Continued 

~ 

0.000 
.233 
.428 
.533 
.630 
.683 
.753 
.788 
.840 
.E93 
.945 
.998 

1.050 
1.111 
1.163 
1.208 
1.253 
1.313 
1.366 
1.418 
1.516 
1.628 

. -  

0.000 
.024 
.038 
.054 
.OB3 
.I04 
.127 
.167 
.209 
.260 
.322 
.398 
.483 
.574 
.679 
.742 
.E23 
.goo 
.942 
.971 
.998 

1.000 

I 0.000 
.I10 
.I69 
.213 
.276 
.310 
.346 
.400 
.450 
.503 
.563 
.627 
.692 
.755 
.822 
.860 
.907 
.948 
.970 
,985 

1.000 
1.000 

0.853 
.907 
.930 
.944 
.959 
.965 
.971 
.977 
.982 
.986 
.989 
.992 
.994 
.996 
.997 
.998 
.998 
.999 
.999 
.999 

1.000 
1.000 

0.000 
.371 
.529 
.622 
.723 
.766 
.803 
.847 
A79 
.SO5 
.958 
.947 
.961 
.973 
.982 
.987 
.992 
.995 
.997 
,998 

1.000 
1.000 

0.080 
.088 
.102 
.117 
.145 
.164 
.186 
.223 
.262 
.309 
.368 
.439 
.518 
.602 
.700 
.759 
.836 
.906 
.945 
,974 

1.000 
1.000 

- 
x = 43.18 cm; Me = 6.6; 6 * =  0.54 cm; ( P ~ , ~ ) ,  = 62.86 kN/n12; pw = 0.986 kN/rn2; R,/cm = 0.103 x lo6 

" 

0.000 
,211 
.328 
.432 
.530 
.633 
,751 
,845 
.920 
.985 

1.070 
1.140 
1.225 
1.300 
1.370 
1.450 
1.576 
1.759 
2.008 
2.351 
2.585 

0.000 
.046 
.loo 
.158 
.208 
,257 
.310 
.367 
.419 
.467 
.534 
.590 
.649 
.704 
.763 
.EO9 
.E71 
.923 
.959 
.987 

1.000 

0.000 
.195 
.304 
.388 
.450 
.500 
.552 
.602 
.643 
.680 
.728 
.766 
.803 
.E37 
.872 
.E98 
.932 
.960 
.978 
.993 

1.000 

0.859 
.943 
.967 
.978 
.983 
.987 
.989 
.991 
.993 
.994 
.995 
.996 
.997 
.997 
.998 
.998 
.999 
.999 
.999 
.999 

1.000 

0.000 
.594 
.766 
.844 
.E83 
.SO7 
.927 
.942 
.953 
.961 
,969 
.975 
.981 
.985 
.989 
.991 
.994 
.996 
.998 
.999 

1.000 

- 
0.076 
.107 
.157 
.211 
.259 
.304 
.355 
.407 
.455 
.501 
.563 
.6  16 
.670 
.722 
.778 
,821 
.E78 
.927 
.960 
.988 

1.000 
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TABLE 2.- TABULATED  PROFILE  DATA - Continued 

0.000 
.206 
.352 
.437 
.529 
.628 
.742 
.841 
.941 
1.039 
1.121 
1.208 
1.292 
1.373 
1.454 
1.538 
1.619 
1.111 
1.828 
1.951 
2.111 
2.284 

_ ~ _ _ _ .  

0.000 
.051 
.072 
.146 
.204 
.251 
.311 
.370 
.426 
.481 
.555 
.620 
.683 
.751 
.803 
.850 
.886 
.920 
.948 
.911 
.988 
1.000 

". 

0.000 
.208 
.255 
.373 
.445 
.501 
.554 
.605 
.650 
.695 
.I43 
.I86 
.825 
.866 
.894 
.921 
.941 
.959 
.974 
.984 
.993 
1.000 

0.853 
.945 
.957 
.976 
.983 
.986 
.989 
.991 
.993 
.994 
.996 
.991 
.997 
.998 
.998 
.999 
.999 
.999 
.999 
.999 
.999 
1.000 

~" 

0.000 
.628 
.708 
.838 
.885 
.911 
.930 
.945 
.956 
.965 
.973 
.979 
.984 
.988 
.991 
.994 
.995 
.997 
.998 
.998 
.999 
1.000 

_ _ _ ~  
0.074 
.110 
.129 
.198 
.253 
.302 
.354 
'.409 
.462 
.518 
.583 
.645 
.703 
.167 
.814 
.860 
.894 
.925 
.953 
.972 
.988 
1.000 

0.000 
.162 
.246 
.320 
.390 
.464 
.563 
.612 
.I17 
.876 
.978 
1.087 
1.157 
1.238 
1.326 
1.414 
1.498 
1.586 
1.688 
1.840 
2.008 
2.156 
2.318 
2.533 

0.000 
.046 
.073 
.123 
.169 
.211 
.268 
.312 
.351 
.391 
.450 
.511 
.563 
.612 
.689 
.740 
.788 
.a31 
.a86 
.934 
.970 
.981 
.991 
1.000 

- 

0.000 
.203 
.256 
.341 
.404 
.460 
.512 
.554 
.589 
.626 
.668 
.712 
.748 
,781 
A29 
.859 
.887 
.914 
.94 1 
.965 
.985 
.991 
.995 
1.000 

" ~. ~ 

0.864 
.948 
.960 
.974 
.981 
.985 
.988 
.990 
.992 
.993 
.994 
.995 
.996 
.997 
.997 
.998 
.998 
.999 
.999 
.999 
.999 
.999 
.999 
1.000 

0.000 
.621 
.711 
.812 
.86 1 
.893 
.916 
.931 
.941 
.951 
.960 
.968 
.974 
.979 
.984 
.988 
.990 
.993 
.995 
.997 
.998 
.999 
.999 
1.000 

0.073 
.107 
.129 
.117 
.220 
.265 
.313 
.354 
.391 
.433 
.484 
.540 
.589 
.636 
.108 
.755 
.b02 
.847 
.894 
.936 
.972 
.983 
.991 
1.000 

~___"_I 
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TABLE 2. - TABULATED  PROFILE  DATA - Continued 

(b) pt, ~ = 7.00 MN/m2 - Concluded 

y i * -  ~ 1 Pt,2/(Pt,2), , I M/M, I Tt/Tt,- I u/.e PIP, 

x = 59.94 cm; M, = 6.7; 6* = 0.80 cm; ( P ~ , ~ ) ~  = 65.03 kN/m2; pw = 0.974 kN/m2; %,cm = 0.106 X lo6 

0.000 
.141 
.221 
.268 
.310 
.368 
.422 
.495 
.569 
.668 
.I83 
.889 
.965 
1.048 
1.109 
1.176 
1.263 
1.342 
1.432 
1.521 
1.636 
1.755 
1.918 
2.087 
2.289 
2.544 
" 

0.000 
.041 
.061 
.094 
.128 
.166 
.199 
.240 
.275 
.309 
.354 
.405 
.446 
.469 
.535 
.572 
.623 
.676 
.I45 
.I99 
.863 
.903 
.956 
.981 
.990 
1.000 

0.000 
.180 
.233 
.296 
.348 
.400 
.440 
.484 
.520 
.551 
.590 
.633 
.664 
.697 
.I29 
.I53 
.I87 
.821 
,861 
.893 
.929 
.950 
.977 
.969 
.995 
1.000 

0.850 
.935 
.950 
.964 
.972 
.978 
.982 
.985 
.987 
.989 
.991 
.992 
.993 
.994 
.995 
.996 
.996 
.997 
.998 
.998 
.999 
.999 
.999 
.999 
.999 
1.000 

0.000 
.569 
.672 
.I62 
.816 
.856 
.E81 
.903 
.918 
.929 
.941 
.952 
.959 
.965 
.971 
.974 
.979 
.983 
,988 
.991 
.994 
.996 
.998 
.999 
.999 
1.000 

0.074 
.loo 
.120 
.151 
.182 
.218 
.249 
.287 
.320 
.352 
.394 
.442 
.480 
.522 
.564 
.597 
.646 
.696 
.160 
.811 
.673 
.g09 

.958 

.980 

.991 
1.000 

~ "__ 
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TABLE 2.- TABULATED  PROFILE  DATA - Continued 

( c )  pt,- = 10.45 M N / d  

Y/6 * 
-~ - 

M/Me I Tt/Tt,- 

( -" 

. 

x = 9.91 cm; M, = 6.5; 6* = 0.24 em; pt,2)e = 92.60 kN/m2; p, = 1.478 kN/m2; %/em = 0.148 X lo6 
" 

0.000 

.407 .939  .991 .600 .365 .979 

.327 .913  .987  .522 .297  .948 

.278 .E89 .984 .469 ,227 .906 

.237 .E59 .979  .418 .182 .E75 

.206 .E29 .975  .376 .149 .E33 

.175 .?E5 .969 .329 .116 .EO2 

.153 .742 .963 .291 .092 .?E1 

.126 .659  .951 .234 .063 .708 

.103 .533 .933 .171  .039 .604 

.088 .378 .911 .112 .025  .458 

.085 .311 .go1 .090 .022 .354 

.084 .299 .E99 .087 .021  .229 
0.000 0.080 0.000 0.857 0.000 

1.010 .429 .650  .993  .952 .466 
1.042 .510 .710 .995  .965  .541 
1.073 ,582 .760 .996 .973 

1.000 1.000 1.000 1.000 1.000 1.739 
.997 .999  .999  .998 .999 1.666 
.988 .999 .999 .993  .991 1.542 
.979 .999 .999  .988 .978 1.427 
.965 .998 .999 .981  .963  1.323 
.948 .997 .999 .971 .945 1.250 
.E95 .995  .999  ,941 .E88 1.208 
,815  .990  .998 .E94 .EO2 1.177 
.753 .986 .998 .E56 .737 1.135 
.685 .981 .997 .E12 .663 1.104 
.610 

x = 18.03 cm;  Me = 6.5; 6* = 0.26 c m ;   ( P ~ , ~ ) ,  = 88.40 kN/m2; pw = 1.420 kN/m2; Re/cm = 0.141 X lo6 

~- . ~ 

" . "" - " . ~. . 

0.000 
~ ~~ ~ ~. - - 

0.000 0.081 0.000 0.000 

.413 .940 .991 .605 .370 .958 

.353  .922  .988  .548 .306 .929 

.320 .go9 .987 .515 .271 .E80 

.285 .E92 .984 .477 .234 .E31 

.242 .E63 .980 .424 .187 .782 

.213 .E36 .976 .387 .157 .724 

.185 .600 .971 ,344 .126 .675 

.166 .767 .966 .312 . lo5  .626 

.148 .728 .961  .281 .086 .567 

.132 .677 .953 .246 .069  .518 

.106 .551  .935 .180 .042 .401 

.090 .396 .913  .119 .026 .274 
0.857 

1.017 .412  .638  .992  .949  .451 
1.056 .481 .690 .994 .961 .515 
1.105 .534 .728  .995 .968 

1.000 1.000 1.584 
.988 .999 .999 .993 .988 1.496 
.968 .998 .999  .982 .966 1.418 
.928 .996 .999  .960 .924 1.359 
.E75 .994 .999 .930 .E68 1.320 
.E22 .991 .998 .E98 .E10 1.281 
.755  .986 .998 .E57 .738 1.232 
.694 .981 .997 .E18 .672 1.193 
.640 .976 .996 .?E1 .615 1.144 
.565 

1.000 I 1.000 1.000 

~ ., ~. .. "~ 

." . ." ~- . . ~  - ~~ - - 
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TABLE 2.- TABULATED PROFILE DATA - Continued 

(c) pt,- = 10.45 MN/d - Continued 

" 

0.000 
.313 
.401 
.460 
.538 
.607 
.685 
.754 
.a22 
.go1 
.950 

1.028 
1.106 
1.165 
1.253 
1.312 
1.390 
1.459 
1.605 

J 

~ 

0.000 
.029 
.045 
.061 
.082 
.lo8 
.139 
.184 
.226 
.286 
.366 
.441 
.542 
.623 
.739 
.a43 
.927 
.984 
1.000 
-__ 

~ 

0.000 
.135 
.191 
.229 
.273 
.318 
.363 
.422 
.468 
.530 
.601 
.661 
.I34 
.787 
.859 
.917 
.962 
.992 
1.000 

__ - ... .- 

0.851 
.917 
.936 
.947 
.958 
.966 
.972 
.979 
.983 
.987 
.990 
.993 
.995 
.996 
.998 
.998 
.999 
.999 
1.000 

0.000 
.440 
.574 
.648 
.717 
.772 
.a17 
.E60 
A87 
.915 
.939 
.954 
.969 
.977 
.986 
.993 
.996 
.999 
1.000 

" 

- -- "- 

= 0.1: 

0.000 
.219 
.293 
.359 
.424 
.498 
.568 
.643 
.717 
.792 
.E71 
.946 
1.029 
1.067 
1.150 
1.234 
1.313 
1.388 
1.467 
1.514 
1.593 
1.737 
1.882 
2.105 
2.380 
2.757 

." - 

" . ~ ~ _ _ _ _ _  

0.000 
.054 
.083 
.129 
.172 
.219 
.255 
.295 
.334 
.380 
.415 
.455 
.503 
.543 
.591 
.650 
.714 
.?IO 
.799 
.E26 
.E50 
.E96 
.923 
.949 
.972 
1.000 

" 

T 0.000 0.851 
.. .. 

.216 

.276 

.350 

.407 

.462 

.500 

.539 

.574 

.613 

.641 
,672 
.IO6 
.735 
.767 
.EO5 
.a44 
.E76 
.go1 
.go9 
.925 
.947 
.960 
.974 
.986 
1.000 

.946 

.960 

.972 

.979 

.984 

.986 

.988 

.990 
,992 
.993 
.994 
.995 
.995 
.996 
.997 
.997 
.998 
.998 
.998 
.999 
.999 
.999 
.999 
.999 
1.000 

" 

0.000 
.640 
.735 
.E17 
.E61 
.E92 
.go9 
.924 
.936 
.947 
.953 
.960 
.967 
.971 
.976 
.981 
.986 
.989 
.992 
.992 
.994 
.996 
.997 
.998 
.999 
1.000 

~ 

0.081 
.094 
.110 
.125 
.145 
.169 
.198 
.240 
.278 
.335 
.409 
.479 
.573 
.649 
.757 
.a54 
.931 
.985 
1.000 

jl X 106 
- 

0.075 
.113 
.141 
.183 
.224 
.268 
.302 
.340 
.375 
.419 
.4  52 
.489 
.534 
.572 
.617 
.672 
.732 
.783 
.E26 
.E38 
.E67 
.904 
.928 
.952 
.974 
1.000 
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TABLE 2.- TABULATED  PROFILE  DATA - Continued 

(c) pt,- = 10.45 MN/m2 - Concluded 

0.000 
.218 
.340 
.381 
.432 
.480 
.532 
.580 
.647 
.717 
.787 
.861 
.931 

1.001 
1.071 
1.112 
1.167 
1.241 
1.286 
1.356 
1.419 
1.496 
1.581 
1.692 
1.825 
1.969 
2.099 
2.283 

~ ". 

. ~ .~ 

0.000 
.051 
.om 
.114 
.149 
.la1 
.210 
.243 
.282 
.315 
.350 
.385 
.424 
.469 
.510 
.548 
.590 
.638 
.681 
.733 
.777 
.a15 
.875 
.914 
.947 
.969 
.986 

1.000 
~ . "" 

0.000 
.224 
.261 
.321 
.377 
.418 
.450 
.486 
.525 
.556 
.587 
.6 16 
.646 
.681 
.710 
.I37 
.765 
.795 
.E22 
.a53 
.878 
.goo 
.933 
.953 
.970 
.982 
.991 

1.000 

" 

0.859 
.953 
.962 
.912 
.978 
.982 
.984 
.981 
.989 
.990 
.992 
.993 
.994 
.994 
.995 
.996 
.996 
.997 
.997 
.998 
.998 
.998 
.999 
.999 
.999 
.999 
.999 

1.000 

- - "~ 

0.000 
.661 
.I33 
.EO3 
.E46 
.a73 
.a91 
.908 
.923 
.934 
.943 
.950 
.957 
.964 
.969 
.913 
.917 
.981 
.984 
.988 
.990 
.992 
.995 
.996 
.998 
.998 
.999 

1.000 
. _ _ _  

0.010 
.113 
.132 
.166 
.198 
. 2  29 
.255 
.286 
.323 
.354 
.387 
.420 
.455 
.499 
.537 
.573 
.6 12 
.657 
.697 
.745 
.786 
.E22 
.a80 
.914 
.945 
.967 
.983 

1.000 

x = 53.34 cm; Me = 6.8; 6*  = 0.68 cm; ( P ~ , ~ ) ,  = 92.30 kN/m2; pw = 1.335  kN/m2;  Re/cm = 0.155 X lo6 

T7 
___ 

0.000 
.134 
.228 
.269 
.340 
.403 
.47 1 
.534 
.613 
.695 
.788 
.E74 
.971 

1.050 
1.117 
1.19 1 
1.262 
1.345 
1.397 
1.449 
1.505 
1.576 
1.658 
1.744 
1.871 
2.002 
2.133 
2.211 

. . .  - "  
0.000 

.052 

.064 

.094 

.134 

.171 

.202 

.238 

.280 

.321 

.364 

.401 

.443 

.490 

.533 

.586 

.630 

.680 

.723 

.I56 

.793 

.E39 
.El6 
.915 
.946 
.963 
.981 

1.000 

0.000 
.212 
.237 
.295 
.357 
.405 
.442 
.482 
.523 
.562 
.599 
.629 
.662 
.696 
.721 
.763 
.792 
.E22 
.E49 
.E68 
.E89 
.914 
.935 
.955 
.97 1 
.980 
.992 

1.000 
.. .~ - 

~~~ 

0.857 
.948 
.954 
.966 
.915 
.980 
.983 
.986 
.988 
.990 
.992 
.993 
.994 
.995 
.995 
.996 
.991 
.991 
.998 
.998 
.998 
.999 
.999 
.999 
.999 
.999 
.999 

1.000 

0.000 
.631 
.682 
.764 
.a26 
.a61 
.E84 
.904 
.920 
.933 
.944 
.9E2 
.959 
.965 
.971 
.916 
.980 
.984 
.987 
.989 
.991 
.993 
.995 
.996 
.998 
.998 
.999 

1.000 

. .  ~ .- 

0.073 
.110 
.121 
.149 
.1a7 
.220 
.250 
.285 
.322 
.362 
.402 
.436 
.416 
.520 
.561 
.611 
.652 
.697 
.139 
.170 
.a05 
.E41 
.E83 
.918 
.941 
.964 
.986 

1.000 
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TABLE 2.- TABULATED  PROFILE DATA - Continued 

(d) pt, Do = 20.79 hlN/mZ 

- 
0.000 

2 9 0  
.403 
.491 
.554 
.630 
.680 
.731 
.781 
.844 
.869 
.907 
.932 
.970 
.982 
1.008 
1.045 
1.083 
1.108 
1.171 
1.222 
1.272 
1.323 
1.348 
1.486 

~ ~~ 

0.000 
.022 
.023 
.027 
.032 
-041 
.os 
.079 
.lo8 
.156 
.215 
.251 
.304 
.361 
.415 
.475 
.543 
.583 
.642 
.725 
.828 
.923 
.961 
.979 
1.000 

0.000 
-086 
.088 
.118 
.146 
.177 
.213 
.266 
.316 
.386 
.457 
.495 
.547 
.597 
.64 1 
.686 
.735 
.760 
.799 
.851 
.go9 
.961 
.980 
.986 
1.000 

0.850 
.893 
A94 
.908 
.919 
.930 
.941 
.955 
.964 
.974 
.981 
.984 
.987 
.990 
.992 
.993 
.995 
.995 
.996 
.997 
.998 
.999 
.999 
.999 
1.000 

~ _ _  
0.000 
.289 
.297 
.385 
.461 
.537 
.610 
.700 
.I64 
.830 
.877 
.a97 
.919 
.935 
.948 
.958 
.968 
.972 
.978 
.985 
.991 
.996 
.998 
.999 
1.000 

- ~ ~~~ - 

0.085 
.088 
.089 
.094 
.loo 
.109 
.121 
.144 
.171 
.216 
.271 
.305 
.355 
.407 
.457 
.512 
.576 
.612 
.667 
.146 
.840 
.929 
.964 
.979 
1.000 

1 
0.000 
.318 
.406 
.483 
.582 
.669 
.I57 
.a34 
.933 
1.021 
1.076 
1.174 
1.251 
1.339 
1.438 
1.515 
1.602 
1.690 

0.000 
.048 
.077 
.loo 
.130 
.162 
.206 
.258 
.325 
.399 
.483 
.586 
.678 
.838 
.947 
.978 
.991 
1.000 

" 

0.000 
.196 
.262 
.303 
.350 
.394 
.446 
.501 
.566 
.628 
.691 
.762 
.821 
.915 
.972 
.988 
.996 
1.000 

~~ ~ ~~~ 

0.843 
.933 
.951 
.960 
.968 
.974 
.979 
.984 
.988 
.991 
.993 
.995 
.997 
.998 
.999 
.999 
.999 
1.000 

~ "~ 

0.000 
.574 
.692 
.I46 
.797 
.a34 
,870 
.898 
.925 
.944 
.959 
.972 
.981 
.992 
.997 
.999 
.999 
1.000 

0.086 
.116 
.144 
.165 
.193 
.223 
.263 
,311 
.375 
.442 
.519 
.615 
.700 
.851 
.949 
.979 
.994 
1.000 
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TABLE 2.- TABULATED  PROFILE  DATA - Continued 

(d)  pt, ~ = 20.79 MN/d - Continued 

0.000 
.352 
.364 
.412 
.497 
.582 
.667 
.764 
.861 
.946 
1.043 
1.116 
1.201 
1.286 
1.370 
1.467 
1.552 
1.746 
2.086 
2.426 
2.947 

0.000 
.074 
.loo 
.125 
.158 
.191 
.233 
.275 
.328 
.391 
.457 
.547 
.632 
.712 
.822 
.882 
.925 
.953 
.977 
.989 
1.000 

. .  

0.000 
.256 
.303 
.343 
.389 
.430 
.476 
.518 
.568 
.622 
.673 
.737 
.793 
.842 
.904 
.939 
.962 
.977 
.988 
.995 
1.000 

. 

0.841 
.948 
.959 
.966 
.972 
.977 
.981 
.984 
.987 
.990 
.992 
.994 
.996 
.997 
.998 
.999 
.999 
.999 
.999 
.999 
1.000 
~. . ~ 

0.000 
.677 
.I43 
.786 
A27 
A57 
.884 
.go4 
.924 
.941 
.954 
.967 
.976 
.983 
.991 
.994 
.996 
.998 
.999 
.999 
1.000 
-~ ~ 

0.088 
.142 
.166 
.190 
.220 
.251 
.289 
.328 
.378 
.437 
.497 
.580 
.659 
.733 
.a33 
.a91 
.931 
.958 
.979 
.990 
1.000 

x = 43.18 cm; Me = 6.6; 6 * =  0.48 cm; (pt 2) = 154.2 kN/m2; pw = 2.420 kN/m2; R,/cm = 0.246 X lo6 
, e  

0.000 
.240 
.320 
.395 
.443 
.528 
.597 
.667 
.715 
.784 
.864 
.981 
1.083 
1.152 
1.221 
1.280 
1.360 
1.429 
1.499 
1.568 
1.637 
1.744 
1.920 
2.064 
2.219 
2.33 1 
2.480 

0.000 
.068 
.095 
.128 
.156 
.208 
.247 
.293 
.332 
.373 
.425 
.4s5 
.517 
.562 
.612 
.658 
.716 
.754 
.796 
.a42 
.a75 
.917 
.950 
.967 
.982 
.996 
1.000 

~~ " ". - 

0.000 
.243 
.295 
.347 
.385 
.448 
.49 1 
.536 
.572 
.606 
.648 
.618 
.7  17 
.747 
.780 
.eo9 
.a45 
A66 
.a91 
.917 
.934 
.957 
.973 
.983 
.991 
.998 
1.000 

0.842 
.946 
.958 
.967 
.972 
.979 
.983 
.986 
.988 
.990 
.991 
.993 
.994 
.995 
.996 
.996 
.997 
.997 
.998 
.998 
.999 
.999 
.999 
.999 
.999 
.999 
1.000 

"- . -~ 

0.000 
.661 
.736 
.I94 
.827 
.E71 
.a93 
.913 
.926 
.937 
.949 
.956 
.964 
.969 
.975 
.979 
.984 
.987 
.989 
.992 
.994 
.996 
,997 
.998 
.999 
,999 
1.000 

~- 

~ -. ~ _" 
0.087 
.135 
.161 
.191 
.216 
.265 
.301 
.344 
.381 
.418 
.467 
.502 
.552 
.594 
.640 
.683 
.737 
.770 
.a10 
,853 
.884 
.923 
.952 
.970 
.985 
.997 
1.000 

-~ 
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TABLE 2.- TABULATED  PROFILE  DATA - Concluded 

(d) pt, = 20.19 MN/m2 - Concluded 

Tt/Tt,- - I - T e . - l p l p ,  ~~ 

x = 48.26 cm; Me = 6.8; 6' = 0.62 cm; ( P ~ , ~ ) ,  = 166.5 kN/rn2; pw = 2.406 kN/m2; Re/crn = 0.211 X IO6 

0.000 
.245 
.356 
.438 
.519 
.581 
.638 
.I24 
.818 
.904 
.965 

1.030 
1.084 
1.153 
1.221 
1.284 
1.353 
1.431 
1.501 
1.607 
1.711 
1.832 
1.915 
2.143 
2.335 

0.000 
.066 
.083 
.125 
.174 
.216 
.255 
.312 
.352 
.404 
.446 
.490 
.530 
.581 
.636 
.683 
.I42 
.I87 
.835 
.886 
.921 
.948 
.961 
.986 

1.000 

0.000 
.240 
.216 
.343 
.409 
.457 
.500 
.554 
.589 
.632 
.665 
.698 
.726 
.I60 
.795 
.825 
.859 
.885 
.912 
.940 
.959 
.973 
.982 
.993 

1.000 

0.854 
.952 
.960 
.911 
.918 
.983 
.986 
.989 
.990 
.992 
.993 
.994 
.995 
.996 
.996 
.991 
.998 
.998 
.998 
.999 
.999 
.999 
.999 
.999 

1.000 

0.000 
.611 
.725 
.802 
.855 
.884 
.904 
.926 
.937 
.949 
.956 
.963 
.968 
.974 
.919 
.983 
.987 
.990 
.992 
,995 
.996 
.997 
.998 
.999 

1.000 

0.079 
.128 
.145 
.183 
.229 
.268 
.305 
.358 
.395 
.444 
.484 
.525 
.562 
.6 10 
.659 
.704 
.151 
.800 
.a44 
.893 
.926 
.951 
.968 
,988 

1.000 

I 

0.000 
.118 
.296 
.383 
.481 
.560 
.635 
.I34 
.821 
.904 
.983 

1.046 
1.121 
1.112 
1.239 
1.302 
1.365 
1.421 
1.484 
1.547 
1.618 
1.105 
1.807 
1.946 
2.096 
2.257 

- .~ 

0.000 
.059 
.081 
.118 
.166 
.201 
.250 
.296 
.336 
.381 
.431 
.4? 5 
.532 
.514 
.622 
.669 
. I 22  
.I11 
.816 
.853 
.goo 
.933 
.966 
.964 
.991 

1.000 

~ .. 

~ 

" - - 
0.000 

.225 

.270 

.333 

.399 

.448 

.494 

.538 

.575 

.613 

.653 

.686 

. I26 

. I55 

.I86 

.815 
A48 
.811 
.go1 
.923 
.941 
.965 
.982 
.992 
.998 

1.000 

- - 
0.846 

.944 

.955 

.967 

.975 

.980 

.984 

.981 

.989 

.991 

.992 

.993 

.995 

.995 

.996 

.997 

.991 

.998 

.998 

.999 

.999 

.999 

.999 

.999 

.999 
1.000 

- ." 
0.000 

.639 

.710 

.787 

.843 

.815 

.e99 

.917 

.930 

.942 

.952 

.959 

.961 

.912 

.917 

.981 

.985 

.988 

.991 

.993 

.995 

.991 

.998 

.999 

.999 
1.000 

0.083 
.124 
.144 
.179 
,223 
,262 
.302 
.344 
.382 
.424 
.410 
.512 
.563 
.603 
.648 
.690 
.142 
.181 
.826 
.864 
.905 
.936 
.961 
.985 
.991 

1.000 
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TABLE 3 . . INPUT FOR THE FINITE-DIFFERENCE COMPUTATION 

METHOD OF HARRIS (REF . 1) 

Case 1 
Parameter I Re/cm 0.056 X lo6 

M. . . . . . . . . . . . . . . . . .  19.1 

Me. i . . . . . . . . . . . . . . . .  6.2 

~ , . ~ / p ,  . . . . . . . . . . . . . . .  

PeIP, 

8.93  TeIi/T, . . . . . . . . . . . . . .  
3.58 

. . . . . . . . . . . . . . .  Figure  3 

Tt.,. OK . . . . . . . . . . . . . .  
Npr . . . . . . . . . . . . . . . .  
Npr.t . . . . . . . . . . . . . . . .  
pt. od m / m  2 . . . . . . . . . . . .  .. deg . . . . . . . . . . . . . . .  
xS.tr. cm (ref . 25) . . . . . . . . .  
XE.tr. cm (ref . 25) . . . . . . . . .  

345 

0.688 

0.95L . 0.5(y/6)q or 1.0 

3.55 

15.5 

25.40 

34.3 or 61.0 

Case  2 
Re/cm = 0.255 X IO6 

21.7 

6.6 

3.65 

10.6 

Figure  3 

354 

0.688 

0.951 . 0.5(y/6)4  or 1.0 1 
20.79 

14.6 

11.69 

33.3 
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r Tunnel wall mounting p la t e  

Free-stream 
flow - L .Measuring  surface 

(a) Model  mounted in  tunnel. 

Figure 1.- Sketch of basic  wedge  model. 
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6( 

5( 

40 

Re/ cm 

0 0.056~ 10 - 6 Bertram's viscous 
7,- 

\ 
\ 
\ 

- 4 \  

1 
i n t e r a c t i o n   ( r e f .  21) 

Extrapola t ion  of f a i r i n g  
through  pressure   da ta  

Ex t rapo la t ion   t o   l ead ing   edge  
used as input  to conputat ion 
method  of  Ref. 1. invisid I* 

Figure 3. - Measured pressure distribution. 
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B 

Laminar  finite-difference 
solution  (ref. 1) 

Me = 6 . 5 ,  TWITt,, = 0.84 

0 ___I I I I 
0 .2 .4 .6 .e 1.0 

MIM,  

(a) Mach number  profiles. 

Figure 4.- Measured  boundary-layer  profiles at Re/cm = 0.056 X lo6. Solid 
symbols  represent  data  possibly  distorted by wall. 
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2.4 

2.0 

1.6 

y/6* 1.2 

.8 

.4 

0 

x,cm e,8 

El 18.03 0.63 
0 22.86 0.68 

R 

0 9.91 0 . 4 9 ~  10 3 

b 43.18 1.03 
b 48.26 1.22 
0 53.34 1 - 3 2  
0 59.94 1.48 

P/P, 

(b) Density profiles. 

Figure 4. - Continued. 
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( c )  Velocity  profiles. 

Figure 4. - Concluded. 
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2 .8  

2.4 

2.0 

n 53.34 2.19 
Q 59.94 2.46 

1.6 

Laminar   f in i te -d i f fe rence  
solution ( r e f .  1) 

M~ = 6.5, T ~ / T ~ , ~  = 0.84 
1.2 

.8 

.L( 

0 

(a) Mach number profiles. 

Figure 5.-  Measured  boundary-layer  profiles  at  %/cm = 0.101 X lo6. Solid 
symbols  represent  data  possibly  distorted by wall. 
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R 
3 

8 22.86  0.92 18.03 0.91 

2.0 [1 43.18 1.65 

n 53.34 2.19 

0 
48.26 2.03 

0 59.94 2.46 

1.6 
Laminar  finite-difference 

solution  (ref. 1) 
Me = 6 . 5 ,  Tw/Tt,m = 0.84 

1.2 

.8 

.4 

0 

P I P ,  

(b) Density  profiles. 

Figure 5. - Continued. 
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2 .8  

2.4 

2.0 

1.6 

y,i6+ 1.2 

. E  

. L  

oi 

x,cm 

0 59.94 

R 
e ,0  3 

0.68 x 1 0  
0.91 
0.92 

2 . 0 3  
2.19 

1.65 

2.46 

X S,tr  = 19.05 cm 

%,tr = 51.60 cm 

(From hea t - t ransfer   da ta ,   re f .   25)  

Laminar f in i te -d i f fe rence  
so lu t ion   ( r e f .  1) - 

.2 .4 .6 .a 1.0 

d u e  

(c)  Velocity  profiles. 

Figure 5. - Concluded. 
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x,cm 
0 9.91 

18.03 
0 22.86 
tl 43.18 
b 48.26 n 53.34 

R 
e,B 
0.87 x 1 0  
1.06 
1.07 

3 

2.42 
2.86 
3.08 

0 

0 1 I I I I 
.2 .4 .6 .8 1.0 

M/M, 

(a) Mach number  profiles. 

Figure 6.- Measured  boundary-layer  profiles at Re/cm = 0.149 X lo6. Solid 
symbols  represent  data  possibly  distorted by wall. 
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1.6 

y/W 1.2 
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x, cm R 
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0 9.91 0.87 x 10 
18.03  1.06 8 22.86 1.07 

b 43.18 2.42 
b 48.26  2.86 
0 53.34 3.08 

In 
P I P ,  

(b) Density profiles. 

Figure 6. - Continued. 
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2.4 

2.0 

1.6 

Y!6* 1.2 

.8 

. L  

0 
.2 .4  .6 .8 1.0 

" h e  

( c )  Velocity profiles. 

Figure 6. - Concluded. 
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D 53.34 

1.81 
1.72 
4.11 
4.90 
5 .45  

8 
14 

.2 .4 .6 .E 1.0 

MI Me 

(a) Mach number profiles. 

Figure 7.- Measured boundary-layer  profiles at Re/cm = 0.255 X IO6. 
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x ,cm 
0 9.91 

18.03 
0 22.86 
h 43.18 
b 48.26 
0 53.34 

R 

1.24 x 10 
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1.81 
1.72 
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4.11 
4.90 
5.45 

L a m i n a r   f i n i t e - d i f f e r e n c e  
s o l u t i o n  ( r e f .  1) 

Me = 6 . 5 ,  TWITt,, = 0.84 

0 k I I 

0 
I I 

.2 .4 .6 .8 1.Q 

P I P e  

(b) Density  profiles. 

Figure 7. - Continued. 
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e,e  
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I X = 11.69 cm 
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(From heat-transfer  data,  ref. 2 5 )  

Me = 6.5, TWITt = 0.84 

( c )  Velocity profiles. 

Figure 7. - Concluded. 
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4 x 
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a 
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4 x 10-3 
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0 --- 

A"- 0-255  

6 
0.101 

Q-- 0.149 
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1- I I I I I 
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Figure 8. - Variation of displacement  and  momentum  thickness  along wedge. Flagged 
symbols  represent  data  obtained  on 60.96-cm  wedge  configuration. 
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‘experimental  

F a i r i n g  t o  
e l i m i n a t e   p e a k  

Peak  assumed  due t o   l a r g e   v a l u e  
of  d/6 a f t e r   r e f .  26 
( p r o b e   e f f e c t )  

4c 

35 

25 
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t Y2 

20 
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10 
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x = 9.91 c h0 9 ‘experimental  

0 0  d/& = 0 . 1 5 4 ,  no  f a i r i n g   r e q u i r e d  
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O U  
O n  
O O  

0 
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O n  
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n Qp C&Qy I I I I 

0 .2 .4  .6 .8 1 . 0  

Yycm 

Figure 9. - Typical  fairing of pitot  data  at boundary-layer  edge when d/6 2 0.19, 
h / c m  = 0.056 X lo6. 
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x, cm 
22.86 
43.18 
48.26 
53.34 
59.94 

- 
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[1 n 

(a) Mach number profiles. 

Figure 10.- Comparison of predicted and experimental  profiles at Re/cm = 0.056 X lo6. 
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y l b  1.0 
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PI P, 

(b) Density  profiles. 

Figure 10. - Continued. 
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(c) Velocity  profiles. 

Figure 10. - Concluded. 



0 .2 .4 .6 .8 

MIM, 

(a) Mach number  profiles. 

Figure 11.- Comparison of predicted  and  experimental  profiles at Re/cm = 0.255 X lo6. 



(b) Density profiles. 

Figure 11. - Continued. 
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(c) Velocity  profiles. 

Figure 11. - Concluded. 
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(a) Q / c m  = 0.056 X lo6. 

Figure 12.- Comparison of predicted and experimental  integral  parameters 
along  the  wedge  surface. 
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Figure 12. - Concluded. 
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