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ENGINEERING PREDICTION O F  TURBULENT SKIN FRICTION 

AND HEAT TRANSFER IN HIGH-SPEED FLOW 

By Aubrey M. Cary, Jr., and Mitchel H. Bertram 

Langley Research Center 

SUMMARY 

A large collection of experimental turbulent-skin-friction and heat-transfer data 

for  flat plates and cones was used to determine the most accurate of s ix  of the most pop- 

ular engineering-prediction methods; the data represent a Mach number range from 4 to 

13 and ratio of wall to total temperature ranging from 0.1 to 0.7. The Spalding and Chi 

method incorporating virtual-origin concepts was found to be the best prediction method 

for Mach numbers l e s s  than 10; the limited experimental data for Mach numbers greater  

than 10 were not well predicted by any of the engineering methods except the Coles 

method. 

Engineering predictions of turbulent boundary-layer skin friction and heat transfer 

in  high-speed flow a r e  needed for  the development of flight vehicles since the structural 

and thermodynamic design, as well as the aircraf t  performance, depends upon knowledge 

of surface heating and drag. Available engineering prediction methods a r e  empirical in 

nature, and their reliability can only be a s  good a s  the experimental data used to formu- 

late the methods. Through the years  various correlations of turbulent-skin-friction and 

heating data for two-dimensional and conical flows have met with mixed success.  Earl ier  
correlations extended into the supersonic range but were based primarily on data for 

adiabatic o r  near -adiabatic wall conditions. In recent years ,  the increased capability of 
hypersonic wind tunnels has provided experimental turbulent-skin-friction and heating 

data through a wide range of Mach number, wall cooling, and Reynolds number. Thus, 

with these newer data i t  is now possible to evaluate more definitively the available pre- 

diction methods. Finite-difference solutions to the turbulent-boundary-layer equations 

will eventually eliminate the necessity for  engineering prediction methods; however, sig- 

nificant advances must be made in  turbulence modeling before these numerical procedures 

can accurately predict skin friction and heating in nonadiabatic, hypersonic flows. 

Some evaluations of turbulent prediction methods (refs. 1 to 9) suffer from compari- 

sons with insufficient experimental data and, in many cases ,  lack of generality and consis- 



tency in applying the prediction methods. In addition, parameters  in  any of the engineer- 

ing prediction methods (such a s  virtual-origin location, Reynolds analogy factor,  and 

recovery factor) provide a sizable range of possible predictions for specific experimental 

data. A good engineering prediction method should be simple to apply in  a consistent 

manner and should predict correctly the effects of Mach number, Reynolds number, and 

the ratio of wall to adiabatic-wall temperature. 

In the present investigation, a large body of skin-friction and heat-transfer data 

(two-dimensional and conical) obtained i n  high-speed wind-tunnel flows a r e  used to evalu- 

ate which of the more promising engineering prediction methods most accurately and con- 

sistently correlates  the data. The questions of the existence of a unique relationship 

between momentum-thickness Reynolds number and skin friction in  turbulent-boundary- 

layer flow and the choice of virtual origin a r e  discussed in light of the experimental 

results.  Since many popular methods successfully predict adiabatic, supersonic skin 

friction and heating (refs.  5 and 8), only experimental data with significantly low rat ios  of 

wall to total temperature (Mach numbers from 4 to 13) have been included. Two- 

dimensional, zero-pressure-gradient flows with negligible wall-temperature gradient a r e  

emphasized, and an extension to conical flow is illustrated. 

SYMBOLS 

f skin-friction coefficient based on local flow conditions 

Fc,F%,FR functions defined by equations (1) to (3) 
i3 

u 2 
B total enthalpy , h + - 

2 

h static enthalpy 

M Mach number 

N number of data points 

N ~ r  Prandtl  number 

*st Stanton number, s 
p e u e ( ~ a w  - ~ w )  

n exponent defined by equation (A5) 

2 



wall heat- transfer rate 

Peue local unit Reynolds number, - 
pe 

local Reynolds number based on distance from leading edge o r  cone tip 

local Reynolds number based on distance to "best" virtual origin 

local Reynolds number based on distance from virtual origin on cone 

local Reynolds number based on distance to minimum heating near beginning of 
transition 

local Reynolds number based on distance to virtual origin 

local Reynolds number based on distance to peak heating near end of transition 

local Reynolds number based on distance from virtual origin, Rx - RX,, 

PeUe energy- thickness Reynolds number (eq. (38)), - 
Pe 

momentum-thickness Reynolds number based on local flow conditions 

momentum-thickness Reynolds number a t  best virtual origin (eq. (44)) 

momentum- thickness Reynolds number at location of minimum heating near 
beginning of transition 

momentum- thickness Reynolds number at virtual origin 

momentum-thickness Reynolds number at peak heating near end of transition 

Reynolds number based on incremental growth of momentum thickness in tur- 

bulent flow, Re - R 
6 ,o 

recovery factor 



S 
2*st Reynolds analogy factor, ------ 

f 

T temperature 

u velocity 

x distance along flat plate o r  cone measured from leading edge or  cone apex 

Y local cone radius 

Y distance normal to surface 

energy thickness, Jo  
peuepw - He)'' 

Y ratio of specific heats 

6 boundary- layer thickness 

momentum thickness, l 6  - t ) ( v ) d y  for cone, ~"(l - -$dy 
0 Pe e 0 PeUe 

for  flat plate 

I.1 dynamic viscosity 

P density 

@ cone half - angle 

IL' angle of attack 

Subscripts: 

aw adiabatic wall 

c cone 



e based on local flow conditions 

exP experimental 

fp flat plate 

H t heat transfer 

N ~ t  derived from Stanton number data 

Sf skin friction 

s reference condition defined in equation (30) 

T turbulent 

t total o r  stagnation conditions 

th theoretical 

w wall conditions 

00 free-stream conditions 

Superscripts: 

* based on reference temperature conditions 

E index, E = 0 for flat plate and E = 1 for cone 

A bar over a symbol indicates incompressible flow. 

PREDICTION METHODS 

The general approach used here to compare flat-plate experimental data with ana- 

lytical prediction methods is to transform the data to the incompressible plane (according 

to each prediction scheme) and then compare the transformed data with classical incom- 

pressible predictions. By using this approach, experimental data covering a wide range 

of Mach number and ratio of wall to total temperature can be collectively compared with 



a single incompressible prediction. The assumed relationships between the compressible 
and incompressible variables for references 3 and 9 to 12 can be expressed as: 

- 
Cf = FCCf (1) 

D 

= F  R Re R~ 6 (2) 

and 

The parameters FR F and Fc a r e  functions of Mach number, ratio of wall to 
8' Rx' 

total temperature, and recovery factor only. In reference 13 where Fc and FR a r e  
- 8 

also dependent on x, one must perform an integration to determine Rg. 
A description of each of the two-dimensional prediction methods will be given below. 

These particular engineering methods were chosen because of their success in predicting 
some experimental data (as reported in  the literature) and/or because they a r e  the most 
frequently used engineering predictors in practice. 

Eckert (ref. 10) 



where 

where 

and 

White and Christoph (ref. 9) 



Moore (ref. 11) 

where  

Van D r i e s t  I1 (ref. 12) 

Z = 0.9212 exp 

F, = l e  
2 

(sin- ' a + sin-' p) 

0.0706 1 - - ( 



where 

and 

Note that equations (18), (21), and (22) a r e  modified as in  reference 6 to account for non- 

unity Prandtl  number. 

Spalding and Chi (ref. 3) 

(sin-' a + sin- ' p) 



where 

Taw Tw - - -  

Coles  (ref .  13) 

where  



- 
Since FC = = ) from equation (28) and since p, is a function only of Ts, 

cf 
- 

then equations (28) and (30) can be solved by iteration for  the two unknowns Cf and Ts 

(Cf is known from experiment). 

For all  the prediction methods the gas was assumed to be ideal and the viscosity 

was calculated by the Keyes formula (ref. 14). Therefore, for a i r  

and for  helium 

where T is in K and p is in ~ - s / m ~ .  

Incompressible Prediction 

The incompressible equations of Spalding and Chi (ref. 3) were  chosen for evalua- 

tion of all skin-friction methods (the Spalding and Chi equations a r e  explicit). As shown 

in reference 8, the incompressible predictions of Kkrmkn-~choenherr  (ref. 15) and Sivells 

and Payne (ref. 16) show good agreement with the Spalding and Chi resul ts  over a wide 

Reynolds number range B Hg lo5 . The Spalding and Chi incompressible relations 

a r e  



where 

K = 0.4 

E = 12 

and 

Reynolds Analogy Factor 

Since all of the methods described herein a r e  skin-friction prediction methods, it is 
necessary to define a Reynolds analogy relating skin friction to heat transfer for compar- 

ing experimental heat-transfer data with predictions. For Mach numbers l e s s  than 

approximately 5 and near-adiabatic wall conditions, it appears from references 17 and 18 

that 

adequately represents the available experimental wind-tunnel data. However, for turbu- 

lent flow with significant wall cooling and for Mach numbers greater than 5 a t  any ratio of 

wall to total temperature the Reynolds analogy factor is ill defined. An analysis of avail- 

able experimental data for Mach number greater than 5 (ref. 18) found that ~ & r m & n ' s  

expression for Reynolds analogy best represented the general level of the data; however, 

more recent data from references 19 and 20 indicate that for local Mach numbers greater 

than 6 and Tw Tt less  than approximately 0.3 the Reynolds analogy factor scat ters  1 
around a value of 1.0 (nearly 10 percent less  than ~ & r m & n ' s  prediction for these condi- 

tions). Thus, two definitions for the Reynolds analogy factor were used herein; the f irs t  
is ~ k r m & n ' s  value expressed a s  



with Npr = 0.725, and the second is 

which corresponds to equation (36) with Npr = 1.0. 

Momentum Thickness 

Unfortunately, corresponding measurements of momentum thickness a r e  not avail- 

able for most of the experimental skin-friction and heat-transfer data. Therefore, for  

the data used in  the present analysis, the momentum thickness was obtained by integrating 

heat-transfer distributions over the plate o r  cone to obtain an  energy thickness and 

relating this energy thickness to momentum thickness through a Reynolds analogy factor 

(this procedure is completely outlined in  ref. 5). From integration of the energy-integral 

equation and by assuming uniform wall temperature,  the energy-thickness Reynolds num- 

ber  is expressed as 

where E = 0 for a flat plate and E = 1 for a cone. Obviously, the experimental heat- 

t ransfer  distribution q must be known from the laminar region of the boundary layer 

through the transition region and into the turbulent region of interest  i n  order  to define 

Rr. F o r  laminar flow ahead of the f i r s t  measuring station, R r  was calculated by 

assuming q - x - ' / ~ .  By assuming a uniform Reynolds analogy factor and recovery fac- 

to r ,  momentum-thickness Reynolds number is calculated by 

where 



The recovery factor r was assumed to vary linearly in  the transition region from a 

value of 0.845 near the beginning of transition (minimum heating) to a value of 0.89 near 

the end of transition (maximum heating). Although the transitional distribution of recov- 
e ry  factor is more like a Gaussian distribution rather  than linear,  this assumption intro- 

duces insignificant e r r o r  in the Re calculations. Obviously, the accuracy of predicting 

Re  will depend on a knowledge of the Reynolds analogy factor S which, a s  discussed 

ear l ier ,  is not well defined by available data. 

One s e t  of experimental data exists which allows a comparison between values of 

R f rom measured boundary-layer profiles and values obtained f rom integrating heat- e 
transfer distributions (eqs. (38) and (39)). The profiles and resulting Re  values were 

obtained from reference 21, and the corresponding heat-transfer distributions (unpub- 

lished) were  obtained from T. E. Polek of NASA Ames Research Center. The experi- 

ments were for local Mach numbers from 6.3 to 7.8 and ratios of wall to total temperature 

from 0.26 to 0.45. The comparisons a r e  made for three values of S i n  figure 1 where 
Re from heat transfer (Polek) is plotted against Re from profiles (ref. 21) with the line 

of perfect agreement shown in each case .  These data indicate that the best agreement 

between the two approaches for determining Re  is obtained when ~ L r m h n ' s  Reynolds 

analogy is used and the worst agreement is for S = 1.0. This resul t  was unexpected 

since skin friction measured simultaneously with this heat-transfer data indicated that 

the Reynolds analogy factor was nearer  to 1.0 than to ~ a r m k n ' s  values (ref. 119); however, 

the assumptions necessary to convert heating distributions to momentu~n thickness could 

account for a portion of this disagreement. At any rate,  i t  is obvious from figure 1 that 

integration of heat-transfer distributions can provide an adequate.representation of the 

momentum-thickness Reynolds number. Fo r  the purpose of this investigation the Re  
values from heat-transfer distributions a r e  considered sufficiently accurate since a small  

e r r o r  in  Re will cause an even smaller  e r r o r  in skin-friction o r  heating predictions 

(error in  Cf o r  NSt would only be approximately 1/4 the e r r o r  in  R . 
0) 

Virtual-Origin Concepts 

Each of the prediction methods discussed herein assumes that the flow is fully tur- 

bulent and that the origin of turbulent flow is a t  x = 0. In low-speed flow, where transi- 

tion Reynolds numbers a r e  generally low, transition can occur very near the leading edge, 

and the assumption of turbulent flow from x = 0 may be plausible. However, boundary- 

layer transition in  high-speed flow does not, in  general, occur very near the leading edge 

and in fact may occur far  downstream for high Mach numbers. The turbulent boundary 

layer which resul ts  f rom a laminar boundary layer having undergone transition far  down- 
s t r eam of the leading edge will obviously have a hypothetical origin xT = BT = 0) not cor- ( 
responding to x = 0; this origin has commonly been called the virtual origin. If this  vir-  

tual origin is defined correctly, predictions of Cf o r  NSt based on either a length or  



momentum-thickness Reynolds number measured from the virtual origin should be con- 

sistent and equally valid. 

Perhaps the most common means of obtaining a virtual origin for turbulent flow is 

to assume that the skin-friction coefficient (heat-transfer coefficient) is a unique function 

of the momentum-thickness Reynolds number; then backward extrapolation from a value 

of R e  in  the turbulent region to zero  yields the virtual-origin location. In several  

investigations (e.g., refs .  6 and 8) the use of this approach is. defended by the asser t ion 

that an  arbi t rary definition of the origin of turbulent flow does not have to be made; how- 

ever,  by assuming that Cf var ies  uniquely with Re  an equally arbi t rary definition of 

the virtual origin is specified. The integral momentum equation shows that skin friction 
varies  uniquely with the slope of Re with Rx; this, however, does not imply that Cf 
i s  a unique function of Re  itself. In references 22, 23,  and 24, Coles discusses the 

question of uniqueness and concludes that for turbulent flow the tes t  of uniqueness will 

depend upon experiment and not analytical considerations. 

In the present investigation, virtual origins a r e  chosen by using both the assumption 
that Cf is unique in  Re and that it is not. When it is assumed that Cf is not a unique 

function of Re, then Re i n  turbulent flow can be defined as 

where R is the value of Re a t  the virtual-origin location and R is the turbu- 
e,o e,T 

lent contribution downstream of the virtual origin (see illustration in  fig. 2). Obviously 
R will be composed of the laminar o r  laminar and transitional-momentum deficit and 

090 
will probably depend on all the variables that affect transition Reynolds numbers (ref. 25). 

In a s imi la r  manner Pt, is defined a s  

Both R and %,, a r e  defined a t  the virtual origin where R and R 
0,') @,T x,T 

equal 

zero  (see fig. 2 for a graphical description of these Reynolds numbers). Also, both R 
@ 90  

and %,o a r e  independent of x for a given flow case (i.e., they depend on the virtual- 

origin location which is a t  a constant x-value). When equations (41) and (42) a r e  differen- 
tiated the conventional integral momentum equation is preserved a s  



Numerous investigations have assumed equation (42) to be valid (e.g., re fs .  26 and 27) in 

analyzing experimental turbulent skin friction and heating with RXto evaluated at the 
location of peak heating o r  shear  near the end of transition. For the present investigation 

the location of R 
x70 

(and thus R is not specified a priori ,  but large quantities of 
e,o) 

experimental data a r e  utilized for an empirical definition of the best and most  consistent 

location for the virtual origin. 

EXPERIMENTAL DATA 

As stated ear l ie r ,  turbulent predictions for  two-dimensional subsonic and low- 

supersonic adiabatic flows a r e  well in  hand for both engineering methods (ref. 5) and 

finite-diff erence methods (ref. 28). For  this investigation a comprehensive l i terature 

survey was made for data in  the region where turbulent-boundary-layer predictions a r e  

more questionable (M > 4 and flows with significant heat transfer).  The available skin- 
friction and heat-transfer data for two-dimensional turbulent boundary layers  (flat-plate- 

type flows with nominally zero  pressure  and wall-temperature gradients) were compiled. 

Flight data were not included since most  of these data do not meet the flat-plate-type flow 

cr i te r ia  and, furthermore, a major portion of these data a r e  classified. A limited amount 
of heating data obtained in  wind tunnels on sharp  tip cones at zero angle of attack were 

included, however, to tes t  the extension of the prediction methods to conical-type flows. 

Only skin-friction data directly measured with gages and heating data obtained by 

transient techniques (considered most  accurate) a r e  included in  this analysis. In order  to 
define the momentum- thickness distribution the entire heating distribution (from laminar,  

through transitional, and into the turbulent flow) must be known; therefore,  only skin- 

friction o r  heat-transfer data for  which the heating distribution through transition was 

specified were included in this analysis. The range of conditions covered by the available 

experimental data is shown below: 

No. of data points 

270 
(85 for  M > 10) 

1523 

(232 for  M > 10) 

296 

Type flow 

Two-dimensional 

Conical 
5's 8, 5 15 0 

- 

References 

5, 20, 21, 29, 30 

5, 20, 29 to 34 

26, 35, 36 

Type data 

Cf 

N ~ t  

NSt 

Me range 

6 .4 to  12.9 

4.0 to 12.9 

4 . 2 t 0 8 . 8  

T ~ / T ~  range 

0 .14t00 .47  

.14 to .70 

0 .10t00 .64  



In addition to data re fer red  to above, several  s e t s  of unpublished data were utilized as 
listed below: 

The number of data points given includes the above unpublished data. Real gas effects 

were negligible for  all experimental data included in this analysis; therefore, tempera- 

tu re  and enthalpy rat ios  a r e  equivalent. 

Type flow 

Two-dimensional 

Cone 

Flow conditions and pertinent transition data for  two-dimensional-flow cases  a r e  

presented in  table I for  the skin-friction data and in table I1 for the heat-transfer data. 

The various parameters  a r e  given for each individual skin-friction o r  heating distribution 

(each individual data run).  The Rx and Re values a r e  given for both the beginning and 

end of transition. Each data run is assigned an  identity number and a symbol a s  shown in  
the tables; thus, tables I and I1 can be used to identify symbols used on subsequent fig- 

u re s  3 to 23. Listings of the skin-friction coefficients a r e  given in table I11 and heat- 

t ransfer  coefficients i n  table IV for all the two-dimensional data used i n  this investigation. 

Also included with the data listings a r e  the Reynolds number based on x and on 8. Fo r  

these listings a Reynolds analogy factor of 1.16 was used to determine Re (see eq. (39)); 
however, Re may be converted for any other Reynolds analogy factor simply by multi- 

plying Re by the rat io  of 1.16 to the new Reynolds analogy factor. All of the data l isted 

a r e  i n  the "turbulent region" of the boundary layer downstream of transition. The first 
data point listed for each run is the f i r s t  experimental point located a t  a Reynolds number 

based on the distance f rom peak heating near the end of transition greater  than 1/3 the 

Reynolds number based on the distance to peak heating (i.e., (R, - R,,~)/%,~ > 1/3 

minimum value of Reynolds number for turbulent flow was chosen based on the resul ts  of 

reference 26. Each data listing has an identity number which corresponds to the identity 

numbers given in  tables I and 11. The flow conditions and data listings for the conical 

heat-transfer data a r e  given in tables V and VI, respectively. 

Experimenter 

E. L. Morrisette 

T. E. Polek 

D. V. Maddalon 

G. C. Mateer 

COMPARISONS O F  PREDICTIONS WITH EXPERIMENTAL DATA 

Comparisons of experimental data with predictions will be made in the incompres- 

sible plane allowing simultaneous comparisons of all  data with a given prediction method. 

Location 
------ 

NASA Langley 

NASAAmes 

NASA Langley 

NASA Ames 

Type data 

NSt 

NSt 

NSt (helium) 

Nst 

Me range 

6.0 

6.2 to 7.8 

6.7 

4.9 to 6.6 

Tw/Tt range 

0.60 

0.26 to 0.45 

0.45 to 0.67 

0.10 to 0.54 



The experimental data were transformed to their corresponding incompressible values by 

using computer calculations, and comparison figures were obtained from Calcomp data 

plotters. The general format for presentation shows transformed heat-transfer dzta 
against transformed Reynolds number with the incompressible prediction, transformed 

skin- friction data against transformed Reynolds number with the incompressible pr edic- 

tion, and e r r o r  plots indicating variation of the difference between experiment and pre- 

diction (hereafter called "error") a s  a function of both the ratio of wall to total tempera- 

ture  and local Mach number. Each symbol on the e r r o r  plots represents  a numerical 

average of differences between data and prediction for one data run (the data included under 

one identity number i n  tables 111, IV, and VI). The e r r o r  spread for any data  run is indi- 

cated by the dashed bar  through each symbol. With the data presented in  this  form, the 

c r i te r ia  used herein to judge which is the best prediction method are :  

(1) The level of the transformed data relative to the level of incompressible 

prediction 

(2) The slope with Reynolds number of the transformed data relative to  the slope of 

incompressible prediction 

(3) The consistency between comparisons of heating and skin friction (agreement of 

data and prediction should be same for both) 

(4) The distribution of e r r o r s  (i.e., difference between data and prediction) with 

either rat io  of wall to total temperature o r  local Mach number (there should 

be no obvious trend in e r r o r s  with either parameter) 

In addition to these cr i ter ia ,  the additional requirement that the transformed data and the 

incompressible prediction agree at high Reynolds number regardless  of the choice of 

virtual-origin location is obviously necessary. 

Two-Dimensional Predictions M 5 10 
( e -  ) 

Comparisons of transformed data with predictions a r e  shown in  figures 3 to 8 for 

each of the s ix prediction methods assuming that Cf is a unique function of Re and 

S = 1.0 (these assumptions a r e  recommended in  refs.  5, 6, 8, and 21). Only data for  Me 

l e s s  than 10 is f i r s t  considered; the higher Mach number data will be included later.  

From these figures we can select more promising calculation methods for further 

consideration. 

Van Driest  11.- The Van Driest  I1 method (ref. 12) a s  shown in figure 3 was found in 

references 5, 6, 8, and 21 to be the best turbulent prediction method for a collection of 

experimental data. However, for this la rger  collection of data covering a wider range of 

conditions, both the transformed heat transfer and skin friction show disagreement with 

the trend of the incompressible curves; the data a r e  underpredicted a t  low F R and 
Re 



overpredicted a t  high FR Re. Since the transformed data do not asymptotically approach 
e 

the incompressible values a t  high FR Re, the choice of a sensibly different virtual origin 
e 

will not remedy this disagreement. Another disturbing feature of this method is that the 

disagreement between data and prediction appears to be a function of the rat io  of wall to 

total temperature a s  shown at the bottom of figure 3. This temperature dependency will 

not be modified by choosing other values of the virtual origin o r  Reynolds analogy factor. 

The disagreement does not appear to be a function of Me. While the Van Driest  11 
method predicts the data reasonably well for a range of Reynolds number d FR Re d 

8 

5 x lo3) and rat io  of wall to total temperature , the overall  agreement 

is considered unsatisfactory. 

Spalding and Chi.- The data transformed according to the Spalding and Chi method 

(ref. 3) a r e  shown in  figure 4. The slope of the transformed data does not agree with the 

slope of the incompressible curve; however, the data do appear to be approaching the 

incompressible resul ts  a t  high values of FR Re. Since the slope of the transformed data 
e 

can be modified least  for moderate F by defining a different virtual origin, i t  is 

thus possible to bring the slope of the transformed data into better agreement with the 

incompressible slope (this will be attempted after a l l  the prediction methods have been 

compared). There is no significant trend of the relative e r r o r s  for the Spalding and Chi 

method with either T,/T~ o r  Me (see bottom of fig. 4) .  

Coles. - The Coles method (ref. 13) shown in figure 5 was found in references 5, 6, 

8, and 21 to provide good predictions of experimental data for T,/T~ > 0.3. When applied 

to the large m a s s  of data here,  the Coles method apparently does not achieve the same  

slope of the transformed data a s  the incompressible curve for either heat t ransfer  o r  skin 

friction; also, the transformed data a r e  not asymptotically approaching the incompressible 

resu l t s  a t  high Reynolds number. Thus, a s  for the Van Driest  method, a different choice 
of virtual origin will not bring the transformed data into agreement with the incompres- 

sible results.  At the bottom of figure 5, it is apparent that the prediction e r r o r s  a r e  even 

more  strongly dependent on T,/T~ than was  found for the Van Driest  method and a r e  not 

apparently dependent on local Mach number; this again indicates a gunctional deficiency in 

the formulation of the method. Therefore, it appears that the Coles method will not, in  

general,  provide adequate predictions regardless  of the virtual origin o r  Reynolds analogy 

factor chosen. 

Eckert.- The Eckert method (ref. 10) shown in figure 6 has historically been popular 

for  predicting turbulent heating and skin friction because of the simplicity of a reference 



enthalpy approach. The data transformed according to the Eckert method as shown in 

figure 6 do not match the trend with Reynolds number of the incompressible curve but do 
appear to be approaching the incompressible level at  high Reynolds numbers. Thus, the 

proper choice of virtual origin could conceivably bring the transformed data into better 

agreement with the incompressible slope. However, the prediction e r r o r s  shown at the 

bottom of figure 6 indicate that the Eckert method also does not properly account for the 

functional dependence of turbulent skin friction and heating on temperature. Thus, the 

Eckert method will not, in  general, provide reliable estimates.  

Moore. - The Moore method (ref.  11) was found in reference 6 to give good predic- 

tions of skin friction a t  high Reynolds numbers but to underpredict the data a t  lower 

Reynolds numbers and was found in reference 9 to be the best of s ix  prediction methods. 
The data transformed according to the Moore method a r e  shown in figure 7 for the pres-  

ent collection of data. The slope of a fairing of the transformed data would be significantly 

different from the incompressible resul ts  with the disagreement between data and predic- 

tion increasing with increasing Reynolds number. This, along with the strong temperature 

dependency of the e r r o r  function (see bottom of fig. 7), shows that the Moore method is 
unacceptable; thus, i t  is not further considered in this investigation. 

White and Christoph.- The method of White and Christoph was described in  re fer -  

ence 9 where i t  was found that for their collection of data with heat t ransfer  the r m s  e r r o r  

of the method was about the sarne a s  for the Van Driest  11, Moore, and Spalding and Chi 

methods. The present data transformed according to the White and Christoph method a r e  
shown in figure 8 along with the prediction e r ro r s .  Adverse conclusions for  the White 

and Christoph method s imilar  to those for the Moore method a r e  obvious from figure 8. 
The wide disparity between transformed data and the incompressible resul ts  a t  high 

Reynolds number and the strong dependence of the e r r o r  function on temperature (bottom 

of fig. 8) preclude any further consideration herein of the White and Christoph method. 

Improvement of Predictions 

None of the prediction methods applied as shown in figure 3 to 8 satisfies the cr i te-  

r i a  for a "good" engineering prediction method a s  discussed ear l ie r .  The Spalding and 
Chi method is promising since prediction e r r o r s  were apparently random not a discern- ( 
able function of either T,/T~ o r  Me) and the transformed data a r e  approaching the 

incompressible prediction a t  high Reynolds numbers (see fig. 4). Agreement between the 
transformed data and the incompressible prediction a t  low FR Re can be improved by a 

e 
judicious choice of a virtual origin and of S when the turbulent boundary layer is assumed 

to be nonunique. Various virtual-origin locations values, s ee  discussion on 

Virtual-Origin Concepts were selected for the Spalding and Chi method, and the resulting i 
transformed data were compared with the incompressible resul ts  until optimum agreement 



was obtained. The best virtual origin resulting from these comparisons was the loca- 
tion where 

At this location PE was assumed to be zero and downstream of the virtual origin, 
(39T 

therefore 

Results obtained by using this virtual origin and K&rm&nts Reynolds analogy factor with 

the Spalding and Chi method a r e  shown in figure 9(a) for the momentum-thickness Reynolds 

number correlation. The transformed heat-transfer and skin-friction data now, in  gen- 
e r a l ,  agree with the slope and level of the incompressible prediction over the entire 

Reynolds number range. Prediction e r r o r s  a r e  not strongly dependent on T ~ / T ~  o r  Me 

(see bottom of fig. 9(a)). Disagreement between transformed data and the prediction gen- 

erally falls within a band of i20 percent with a mean e r r o r  near zero. 

If this choice of virtual origin is realistic,  then equally good resul ts  should be 

obtained when the data a r e  correlated on the corresponding R, basis. In order  to be 

consistent, the length Reynolds number should be based on the same virtual origin a s  was 

used for  the Re  correlation; this Reynolds number is defined as 

where R, a corresponds to the x-location where R occurs  for each case. Thus when , 070 
Rx = RX,,, then Re  = Re,a and RxjT = ReYT = 0. The resul ts  of this transformation 

a r e  shown in figure 9(b) again using K&rm&n's Reynolds analogy. The slope and level of a 

fairing of the transformed data again agree well with the incompressible resul ts ,  and the 
prediction e r r o r s  a r e  of equivalent magnitude a s  for the correlation of FcCf against 

~ ~ $ 3 ~  - Re,a). Therefore, this definition of the virtual origin appears to provide a con- 

s is tent  and accurate prediction of turbulent heating and skin friction when used with the 

Spalding and Chi method. 

Since the momentum-thickness distribution is not usually known a priori ,  the defini- 

tion of the virtual origin a s  the location where Re = does not facilitate engineering 

calculations. To define better the virtual origin c o r r e s p ~ ~ l d i n g  to the R location, the 
Q,a 



values of Rx,a corresponding to R = 
R ~ , i  + 

@,a 
e5p a r e  shown in figure 10 a s  the ratio 

2 

of / R X p  against R /R for the present data. Approximately 98 percent of the 
@,a 0 , ~  

data fall in  the range 9.8 d % / R ~ ~ ~  2 0.87 with a mean value of R ~ , ~ / R ~ , ~  = 0.825; ,a  
thus, the best virtual origin is located slightly upstream of the end of transition a s  hypoth- 

esized i n  reference 37. The values of R 
/Ft 

show a wider variation than 
e,a 09p 

and fall between 0.67 d Re,, /Ft e,p - 5 0.78 with a mean value of approximately 0.722. By 

using the definition of Rg,a, i t  can be shown that if R /R = 0.722 then R - - 
e,a 0,p 

2.25; this i s  analogous to the resul t  R ~ , ~ / R ~ ~ ~  = 2 found in many experimental investiga- 

tions of high-speed flow (e.g., ref. 20), and approximately t rue  for the present data. The 

transition data from table I1 a r e  shown i n  figure 11 a s  R 
O,P against Re,i and show that 

the ratio R is equal to 2.25 k 15 percent for the present data. While these 

resul ts  a r e  only approximate, their consistency, along with the fact that a smal l  e r r o r  in  

Re does not appreciably affect predicted skin friction o r  heating, justifies their use to 
determine Itx,, o r  Re,a. The outlined approach for determining the virtual origin 

assumes a knowledge of the location of boundary-layer transition; however, the location of 

transition i s  a necessary input to any analysis of high-speed heating o r  drag. 

If, as in figure 12, the location of the virtual origin is assumed to be the same a s  

the location of peak heating near the end of transition Rx,o = Rx,p) a s  suggested in  refer-  ( 
ences 26 and 27, the resulting comparison of the data transf0rme.d by the Spalding and Chi 

method with the incompressible prediction is nearly the same a s  for the best virtual origin 

(compare figs. 9(b) and 12). This result  is expected since the best virtual origin was 

located only slightly upstream of peak heating a t  transition. 

No attempt was made to determine a best virtual origin for prediction methods other 

than the Spalding and Chi method because none of the other methods satisfies a l l  the cr i -  

t e r i a  for a good engineering prediction method. However, for comparison purposes the 
methods previously shown to be more promising (Van Driest  11, Eckert, and Coles) a r e  
shown in figures 13 to 15 using Kgrmiin's Reynolds analogy factor and in  figures 16 to 18 

using the Reynolds analogy factor equal unity; the virtual origin is the best origin deter- 

mined from the Spalding and Chi method in both cases .  An appraisal of figures 13 to 18 
shows that the use of virtual-origin concepts does not improve the high Reynolds number 

asymptotic behavior of the transformed data for any of these methods, and the temperature 

dependence of the prediction e r r o r  is not affected. Note, however, that the Eckert method 

with Kgrmkn's analogy and the Coles and Van Driest  methods with S = 1.0 predict the 
data within approximately +20 percent, but the e r r o r  depends on the ratio of wall to total 

temperature. 



One way by which the temperature dependence of the prediction e r r o r  for heat 

t ransfer  can be changed is to use a Reynolds analogy factor which is a function of temper- 

a ture .  In an attempt to improve the heating predictions of the Van Driest  II method as 
applied in references 5, 6, 8, and 21 (see fig. 3 of this report),  two different definitions of 

a temperature dependent Reynolds analogy factor were assumed, the f i r s t  being Marmkn's 

and the second being an empirical variation based upon experimental evidence (refs.  18, 

19, and 20). %(&rmkn's Reynolds analogy factor var ies  nonlinearly from approximately 

1.08 at Tw/Tt = 0.1 to 1.17 at T,/T~ = 1.0, while the empirical factor var ies  linearly 

from 1.0 a t  T,/T~ = 0.1 to 1.16 a t  TWITt = 1.0. The resulting comparisons of t rans-  

formed data and the incompressible prediction a r e  shown in figure 19 where Marmgn's 

factors a r e  used and in figure 20 where the empirical factors a r e  used. Including the 
temperature variation of ~ i r r n i n  o r  the empirical Reynolds analogy tends to reduce the 

e r r o r  dependence on temperature but the overall  prediction accuracy is not significantly 

better than when S = 1.0 (compare figs. 19 and 20 with fig. 3). In addition, the overall  
trend with Reynolds number of the transformed data relative to the incompressible pre- 

diction is not improved. 

A summary of the e r r o r s  between prediction and experiment for  various methods is 

presented in  table VI% which includes both a mean e r r o r  defined by 

Mean e r r o r  (%) = 
N. 

Mean e r r o r  (%) = 
N 

and a root-mean-square e r r o r  defined by 

r m s  e r r o r  (%) = X I00 



where 

In these equations, N is the number of data points. Table VII shows that the Spalding 

and Chi method using the best virtual-origin location is the most accurate of the predic- 
tion techniques investigated for Mach numbers l e s s  than 10. Thus, this analysis of six 
engineering prediction methods for  turbulent skin friction and heating in  two-dimensional 

boundary layers  for Mach numbers l e s s  than 10 has shown that the Spalding and Chi 

method utilizing virtual-origin concepts best meets the specified c r i te r ia  for  a good pre-  

diction method. All the other methods have defects which limit their use to a more spec- 

ific range of flow variables. 

Two-Dimensional Predictions M > 10 
( e  ) 

One se t  of experimental data (ref. 20) is available where two-dimensional turbulent 

skin friction and heat t r a n s f a  were obtained for local Mach numbers greater  than 10 and 

with high local unit Reynolds numbers. The high Mach number resul ts  were not included 
in  the previous discussion because they were not consistent with the data for  Me 5 10. 

These high Mach number data along with the lower Mach number resul ts  were trans- 

formed according to the Spalding and Chi method using the best virtual origin and the 

Van Driest  11 and Coles methods assuming Cf is a unique function of Ro and a r e  shown 
in figures 21, 22, and 23, respectively. The data for  Me < 10 a r e  shown by the shaded 

regions on the e r r o r  plots. The transformed data for Me > 10 (ref. 20) do not appear to 

follow the trends of the data for Me < 10 (see e r r o r  plots a t  the bottom of figs. 21, 22, 

and 23). The prediction e r r o r s  for these high Mach number data deviate markedly from 
the e r r o r s  for Me < 10 with the deviation becoming la rger  with increasing Me; how- 

ever ,  the Coles method is obviously superior to the other methods for predicting these 

high Mach number data. While this unexpected trend may be an effect of Mach number, 

it is possible that the data a t  high Mach numbers (particularly for Me = 11 to 13) a r e  

more  characteristic of low Reynolds number turbulent flows (ref. 38) which a r e  not equiv- 

alent to "equilibrium" turbulent flows. The mean and r m s  e r r o r s  for a l l  the data 

(4 < Me < 13) a r e  presented in the lower portion of table VII for  the prediction methods a s  

shown in  figures 21, 22, and 23. Obviously much more data for local Mach numbers 

greater  than 10 and over a large Reynolds number range a r e  needed before a definitive 

conclusion a s  to the best engineering predictions method for  Me > 10 can be made. 



Cone Predictions 

The two-dimensional turbulent prediction methods can be extended to predict coni- 

ca l  turbulent flows for sharp tipped cones a t  = 0'. A suitable cone-to-flat-plate trans- 

formation must be defined such that the conical data can be transformed to two-dimensional 

data and subsequently transformed to incompressible form according to each prediction 

method. For  comparison purposes a representative sample of high-speed cone heat- 

t ransfer  data was transformed according to the best two-dimensional prediction method 

found for two-dimensional flow (Spalding and Chi). The logic and equations for this pro- 

cedure a r e  presented in appendix A. These transformed turbulent heat-transfer data a r e  

compared in  figure 24(a) and 24(b) with the incompressible prediction on both an  Rg and 

a n  R, basis. The virtual origin was taken a t  the same location a s  for the best two- 
dimensional prediction. In figure 24 the transformed data agree in  both level and trend 

with the incompressible prediction with a slight deviation at the lower Reynolds numbers. 

The prediction e r r o r s  (bottom of fig. 24) fall between 120 percent, a s  was t rue for  the two- 

dimensional resul ts ,  and the mean and r m s  e r r o r s  a r e  approximately the same a s  those 

fo r  the two-dimensional resul ts  (see top of fig. 24). The prediction e r r o r s  a r e  not signifi- 
cantly affected by either ratio of wall to total temperature o r  local Mach number (see the 

bottom of fig. 24). It is therefore apparent that with a reasonable choice of a cone-to-flat- 

plate transformation, the Spalding and Chi method can provide a good prediction of cone 

heat transfer as well as for two-dimensional cases.  

An outline of the recommended procedure for calculating both two-dimensional and 

conical turbulent boundary-layer skin friction and heat transfer is presented in  appendix B. 

These recommendations a r e  derived from the resul ts  of this investigation, and i t  is 
believed that this procedure will provide the most accurate and consistent engineering 
prediction method for high-speed turbulent flows available least  for Me 5 10). 

CONCLUDING REMARKS 

A large collection of experimental high-speed wind-tunnel data for two-dimensional 

turbulent boundary layers  was used to determine which of the available engineering 

methods most accurately predicts turbulent skin friction and heat t ransfer .  A limited 
amount of data for sharp cones was included to test  the extension of the prediction methods 

to axisymmetric flows. The experimental data cover a range of Mach number from 4 to 13 

and a range of ratio of wall to total temperature from 0.1 to 0.7. The s ix prediction meth- 

ods chosen for  comparison with the data a r e  the most frequently used engineering methods 

for  high-speed flow in the l i terature.  

The use of virtual-origin concepts was shown to be reasonable and necessary for 

consistent predictions of skin friction and heating, and the prediction effort was not appre- 

ciably increased. The Spalding and Chi method using ~ & r m & n ' s  Reynolds analogy was 



shown to give the best predictions based either on a length o r  momentum-thickness 

Reynolds number when the proper virtual origin was specified. The prediction e r r o r s  

for the Spalding and Chi method were independent of Mach number (M 5 10) and rat io  of 
wall to total temperature and were lower than those for the other methods; other popular 

prediction methods were shown to produce e r r o r s  which were larger  and/or depended on 

the ratio of wall to total temperature. Turbulent heat transfer for conical flows was 
equally well predicted by the Spalding and Chi method when an appropriate cone-to-flat- 

plate-transformation was used. The small  amount of available experimental data for  
Mach numbers greater  than 10 were not well predicted by any of the engineering methods 

except the Coles method. Recommended calculation procedures for two-dimensional and 

conical turbulent flow a r e  outlined in  detail. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., March 7, 1974. 



APPENDIX A 

TURBULENT PREDICTIONS FOR CONICAL FLOW BY 

THE SPALDING AND CHI METHOD 

Experimental values of the heat-transfer coefficient and Reynolds numbers for the 

cone a r e  transformed to the corresponding compressible flat-plate values and then t rans-  
formed to incompressible form by using the conventional transformation functions for  the 

Spalding and Chi method a s  described ear l ie r  in  the text. The cone-to-flat-plate t ransfor-  

mation is accomplished by defining the rat ios  of flat-plate-to-cone heat t ransfer ,  skin f r ic -  

tion, and momentum thickness for the given compressible cone Reynolds number according 

to the method outlined below. 

Flat-plate values of Cf, Nst, and R e  for  a given Rx a r e  calculated from the 

flat-plate Spalding and Chi method a s  previously described. Cone values of Cf, NSt, 
and Re  a r e  calculated by using a modification of Van Driest ' s  cone solution (ref. 39). 
Van Driest ' s  resul ts  show that skin-friction coefficients on a cone and flat plate (* = 0°) 

will be identical i f  

and the flow is entirely turbulent. If transition occurs  along the cone, equation (B4) of 

reference 26 provides the following relationship between the cone and flat-plate Reynolds 

numbers a t  the s ame  value of skin friction: 

where Rx is the Reynolds number based on the distance from the cone tip to the vir-  
7 

tual origin of turbulent flow and Rx,c is based on the distance from the virtual origin. 
Equations (Al) and (A2) should provide the same resul t  when Rx,, = 0 (all turbulent 

flow), but this is only strictly t rue  when n = rn. For this case equation (A2) becomes 
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Thus, in  practice RX,, and R, a r e  known; from equation (A3) Rx,fp is obtained, 

and from the Spalding and Chi method Cf,fp is calculated and T ~ / T ,  a r e  also 

known). This value of C 
f ,fp 

is now taken as  Cf,c. 

with 

tion 

An alternative to using equation (A3) is to use equation (B4) of reference 26 along 
the correct definition of n (the exponent in the equation Cf a R - ~ / ~ ) .  Equa- 

(B4) of reference 26 may be written a s  

when the cone and flat-plate Reynolds numbers a r e  taken to be the same. The exponent n 

may be obtained by comparing the skin-friction power law with the Spalding and Chi incom- 

pressible skin-friction relation a s  a function of F %,, = F R,,fp. This relationship 
R, R, 

for n can be expressed a s  

within 1 percent for lo5 2 FRXRxjc 5 10'. Thus, by knowing , ,  Me, and TW/Te 

the value of n can be calculated from equation (A5); then, along with Rx,,, the ratio 

cf , c / ~ f  ,fp i s  obtained from equation (A4). The values of Cf ,fp for the given Reynolds 

fp  = Rx,c in this case a r e  calculated from the Spalding and Chi method, and ) 
the product of c ~ , ~ / C ~ , ~ ~  and Cf fp  gives Cfjc. 

For comparison of these two methods of calculating cone skin friction, a plot of 

Cf ,c/Cf ,fp against FR x R, is presented in figure 25 for n = m, n = n (F~~R, ) ,  and 
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n = 4 a s  used in reference 26. Flow conditions for figure 25 were chosen to be typical 

of data presented herein a s  Me = 6.63, TW/Tt = 0.28, and a cone semiapex angle of 5O. 

Predictions a r e  shown for Rx,o = 0 and 8.6 X lo6. Curves for n = 

agree within about 3 percent over the entire Reynolds number range for either virtual 
origin; the n = 4 results a r e  substantially different from the other curves, particularly 
a t  the higher Reynolds numbers. The n = 4 transformation is obviously incorrect 
because of the large disagreement with Van Driest's cone solution. Since the n = and 

transformations a r e  essentially equivalent and agree with Van Driest 's 

solution for Rxto = 0, the more simple n = a, transformation (eq. (A3)) was used herein 
to calculate the ratio of cone-to-flat-plate skin friction a s  a function of cone Reynolds 

number. Equation (A3) also yields exactly Van Driest's cone transformation in the limit 

of RX,, approaching zero. 

The cone Stanton number was calculated for a given Reynolds number by using 

~ & r m & n ' s  Reynolds analogy a s  

where Npr = 0.725. Thus, NStjc was obtained from equation (A6) and the flat-plate 

Stanton number N 
St,fp 

from the Spalding and Chi method at the same Reynolds number 

to give the ratio of NSt,, to N 
St,fp 

a s  a function of cone Reynolds number. The cone 

momentum-thickness Reynolds number was obtained from integration of the momentum 

equation for conical flow. This equation is 

where R, is measured from the virtual-origin location. Note that the total cone Re 

is the sum of R from equation (A7) and the value of Re a t  the virtual origin. Thus 
e,c 

from the value of R in equation (A7) and the corresponding flat-plate value of Re 
8,c 

from Spalding and Chi the ratio R 8,c/Re,fp is obtained a s  a function of Reynolds number. 
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The experimental input data is NSt,,, 'f,e' c Re,c' %,o9 and Re,o. These 

cone data a r e  transformed to corresponding flat-plate values by the following relations: 

Once the cone data a r e  converted to flat-plate quantities by using equations (A8) to ( A l l ) ,  
the compressible to incompressible transformation is accomplished a s  previously 

described for flat-plate data. 



APPENDIX B 

RECOMMENDED CALCULATION PROCEDURE Me 5 10 ( ) 
Two-Dimensional Flow 

It is assumed that the following quantities a r e  known for a two-dimensional perfect- 

gas boundary- layer flow: 

(1) Local Mach number Me 

(2) Ratio of wall to total temperature T ~ / T ~  

(3) Local unit Reynolds number R 

(4) Recovery factor r 

(5) Prandtl number Npr 

(6) Transition location 

The values of recovery factor and Prandtl number used for all the present calculations 

were: 

r = 0.845 for laminar flow 

r = 0.89 for turbulent flow 

The procedure for calculating local Cf or  NSt based on Rx is a s  follows: 

(1) Calculate Fc, , and F from equations (23) to (27) 
Rx 

(2) Specify Rx locations a t  which calculations a r e  to be made. Let 

R x , ~  
= R, - %,, = Rx - 0.825RXjp 

(3) Form the product F R,,T and obtain corresponding FCCf from equation (33) 
Rx 

(4) If NSt is desired, obtain the Reynolds analogy factor S from equation (36) 

and F,NSt from 
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(5) Obtain Cf o r  NSt from 

The resulting values of Cf o r  NSt then occur at the specified R, = Rx,T + loca- 
l tions; these skin-friction and heating predictions a r e  generally useful for > Rx,p 

a s  deduced from experimental evidence (ref. 26). 

If a prediction based on Re is desired, the following s teps a r e  necessary: 

(1) Calculate the momentum-thickness Reynolds number a t  the x-location of the 

beginning of transition Reyi by using a laminar prediction technique (e.g., 

ref. 40) 

(2) Determine Re,p f rom the empirical equation 

R = 2.25Rg,i 
Q,P 

(3) Determine R = I + R 
97a 2 

(4) Specify the Rg locations a t  which calculations a r e  to be made 

(5) Let = Re  - R 
97a 

(6) Form the product F R and obtain the corresponding FCCf from equa- 
Ro 97T 

tion (34) 
S (7) If Nst is desired, obtain S from equation (36) and FcNSt = ( F ~ c ~ )  

1 (8) Obtain Cf o r  NSt f rom Cf = ( F ~ c ~ )  o r  NSt = - 
C 

These values of Cf o r  NSt then occur a t  the specified values of Re  = + 
An interesting correlation resulting from this investigation is shown in figure 26 where 

the momentum-thickness distribution through the transition region is related to the 
x-distance through transition in an apparently universal manner. Only a few representa- 

tive data runs a r e  shown which cover the range of flow conditions for the present data; the 
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r e s t  of the data correlate  equally well. Figure 26 along with an estimated value of RQpi 

and the correlation R = 2.25RQ,i can be used to calculate the momentum-thickness 
Q,P 

distribution through the transition region. 

For  all the recommended calculations a knowledge of the x-location of the beginning 

and end of boundary-layer transition has been assumed. This is no more restrictive for 

the present recommended method than for any other since for  high-speed flight, prior 

knowledge of this transition information is necessary in  order  to make any reliable esti- 

mate of the surface heating. The more simple prediction technique using Reynolds num- 

be r s  based on x is recommended to be used with the Spalding and Chi method for cal- 

culations at Me 2 10. 

Conical Flow 

Skin friction and heating on a sharp-tipped cone with the cone axis aligned with the 

flow a r e  calculated i n  the same manner as for two-dimensional flow except that the 
Reynolds number is redefined. The calculation procedure is a s  follows: 

(1) Calculate the local flow conditions for the cone 

(2) Calculate Fc and F from equations (23) to (27) 
Rx 

(3) Specify values of Rx (based on local flow conditions) for  which calculations a r e  

to be made 

(4) Determine %,, = % - 0.825Rx,p,c 

(5) Determine R 
x,fp 

from 

(6) Form the product 

(7) Obtain FcCf,c from equation (33) for the FR Rx,fp values in  s tep (5) 
X 

(8) Calculate Cf,c f rom 
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(9) If NSt7c is desired, determine Sc from equation (A6) 

(10) Calculate NStjC from 

These values of C and NSt,c then occur a t  the corresponding values of R, in 
f7c 

s tep (3).  
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TABLE I.- CONDITIONS FOR SKIN-FRICTION DATA - FLAT PLATE 



TABLE 11.- CONDITIONS FOR HEAT TRANSFER DATA - FLAT PLATE 

See footnote at end of table, p. 41  



TABLE 11.- CONDITIONS FOR HEAT TRANSFER DATA - FLAT PLATE - Concluded 

a ~ o u r c e ,  E. L. Morr ise t te ,  NASA. 

b ~ o u r c e ,  T. E. Polek, NASA. 

' ~ e l i u m  data. 

d ~ o u r c e ,  D. V. Maddalon, NASA. 
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TABLE I I !.- LOCAL SKIN-FRICTION DATA - FLAT PLATE 

C f  Rx f Rx f R x 
l d en t i ty  No. 1 

x 
No. 30 No. 33 No. 16 

1.42E-03 6.SCF+C6 ' 4 7 F + 0 3  P-OOF-04 ?.CRF+C7 1.3RE+04 P.06F-04 7 . 3 7 F t C i  h.CRF+03 1 - l b F - 0 3  1 . 5 1 F t C 7  6 .49€+03  

No. 17 
6.C5F-04 ? . b 2 t + 0 7  h,56F+03 1.C4F-03 1 - 7 5 F t C 7  X - L 2 5 + 0 3  

NO. 2 7.SZF-04 Z.HREtG7 7. 7 8 t + 0 3  1.01F-03 2 . 0 t E t C 7  9 .78€+03  
1.73F-03 1.12E+C7 5 .37€+03  1-09F-03 1 - 7 8 E + C 7  5 - 2 0 E + 0 3  0 . 5 0 ~ - 0 4  3.1 3 ~ + ( 7  ~ . 4 6 ~ + ? 3  C . P ~ F - O ~  7 .34E tC7  1 .13€+04  

No. 18 
6.00F-04 3.3SFtC7 9 . 2 2 ~ + 0 3  4.07E-04 2 . 6 2 E t C i  1.28F+04 

No. 3 
l.llE-03 

F + C 7  5.42E+03 6 - 7 2 F - 0 4  3 .75F tC7  l .C3F+04  R.91E-04 2 .HFFt07  1 . 4 7 € + 0 4  
For  i d e n t i t y  nos. 1-29 R was 

1 -5hF-03  6 . 7 9 E t C t  ?.23F+03 C.57t-04 4.10F+C7 l . l 2 € + 0 4  8.69F-04 3 . 1 5 f t C 7  1 .55F+04  ob ta ined  from p i t ~ t - t e m p ! $ r a t u r e  
p r o f  11 es . 

No. 19 5.50F-04 4.46EtC7 l . L 2 E + 0 4  P.C8F-04 3 - + 4 F + C 7  1 + 7 0 E + 0 4  
No. 4 
l . l 0 ~ - 0 3  1 . 3 1 ~ + ~ 7  7 . ~ ~ ~ + 0 3  I -ORF-03  1 - 4 4 F + C 7  5.48E+03 5.93F-04 4 .87F iC7  1 . 3 2 t + 0 4  P.P3F-04 3.R2FtC7 l.'iOE+04 

1.C5F-03 4 . 2 1 F t C i  7.CflE+04 

No. 20 No. 31 e.72F-04 4.6Cf+C7 2.26E+04 
No. 5 1.C4E-03 8,SRF+03 1 . ~ 4 ~ - 0 3  1 . 0 ? ~ + ~ 7  4. ~ 1 ~ + 0 3  I - 1 1 E - 0 3  9 - 4 6 F + C 6  4 -  0 7 F + 0 3  5-14F-04 4 - 4 8 F t C 7  2.42E+04 

1.03F-03 1.27F+C7 5. 76E+03 

No. 6 No. 21 F.SRF-04 1 .48E tC7  7 . 3 7 E t 0 3  NO. 34 
1 -74E-03  9 .50E+C6 4.18F+0-+ e - 9 0 F - 0 4  1.60E+C7 7,56F+03 F-26E-04 2 - 2 9 E + 0 i  1 -C7E+04  R - t 1 F - 0 4  1 - 4 2 F * C 7  5 - 5 0 F + 0 3  

7.46F-04 7 . 5 t F t C 7  l . ?2E+04  6.13F-04 1 .61E tC7  6,40F+03 

NO. 7 NO. 22 7 ROF-04 ~ . I O E + C ~  1 . 5 6 ~ + 0 4  F - ~ I F - O ~  1.95E+C7 R.03F+03 For  i d e n t i t y  nos. 30-35 R was 
P.06E-04 Z.R3F+C7 1 . 4 3 t + 0 4  0.42F-04 1 -RGEtC7  7.26'€+03 

1 . 1 8 ~ - 0 3  9 . 0 4 ~ * 0 6  4 - 4 l F + 0 3  E.50E-04 1 - 9 9 E + C 7  9.C9€+03 6:R5F-04 3 . 3 7 t t c 7  1 . 6 ~ ~ + 0 4  C . ~ ~ F - O C  ?.18F+C7 A.R2F+03 obtained from ~ n t e ~ r a t l o ~ ~ ~ ~  

No. 8 No. 23 
7 . 6 7 ~ - 0 4  3 . 7 5 ~ + ~ 7  1.86€+04 ~ . R I F - O ~  2 .37E tC7  9 . 5 7 ~ + 0 3  hea t  t r a n s f e r  measured s i m u l t a -  

.CyE-03 16F+C7  5. 79F+03 7 - 9 0 f - 0 4  2 . 7 7 ~ + ~ 7  1 . 1 2 ~ + 0 4  F - 5 5 F - 0 4  '-13'+C7 7 - 0 3 E + 0 4  b - 5 2 F - 0 4  2 - 0 4 F * C i  1.Cbc+04 neous ly  With Cf and w i t h  s = 
7.04F-04 4.51F+C7 7 .19€+04  5.55E-04 2.90FcC7 1.15F+04 1.16. 

No. 9 No. 24 
5.70E-04 3.1 7 F t C 7  1 . )4€+04  

I .GRF-03 1.37F+C7 7. CZF+03 7 -60E-04  2 - 4 0 F + C 7  1 - 1 2 F + 0 4  32 b . l O t - 0 4  3.43E+C7 1.34F+04 
1.76F-03 S,COF+CC 4,5RE+03 

No. 10 No. 25 1.09F-03 l - C b E t C 7  5 - 6 2 C + 0 3  NO, 35 
9e30E-04 2.19E+C7 1,C7E+04 1 . 1 7 ~ - 0 7  9.54E+C6 4.56E+U3 1-ORF-03 1 . 2 2 F t C 7  6 - 6 3 E + 0 3  1 . 0 1 ~ - 0 3  1 - 3 4 F + C i  6 - 4 7 € + 0 3  

1.OOF-03 1.39F+C7 7.67F+03 4.76F-04 1.54F+C7 7.61F+03 

No. 11 No. 26 
E.72F-04 1 * 5 5 E + C 7  R - 6 0 F + 0 3  0,ShF-04 1 .75F IC7  R.67€+03 

f - 9 0 ~ - 0 4  2 - 6 ~ ~ + ~ 7  1 . 3 6 ~ + 0 4  1 . 5 2 ~ - 0 3  4 . ~ 4 ~ ~ ~ 6  2 . 5 0 ~ + 0 3  9 -60F-04  1.71F+C7 9.47F+03 8 - ? I F - 0 4  1 - % 6 F + C 7  9 - R 4 E + 3 3  
R.89E-04 1.8RFtC7 1 - 0 4 E + 0 4  1.04F-03 2 . l t F i C 7  l .C9F+04  

No. 12 No. 27 R.1RE-04 ? .04E+Ci  1 - 1 2 F + 0 4  P.05E-04 2.37F+C7 1.19E+04 

8 . 3 0 ~ - 0 4  3 . 7 3 ~ + ~ 7  1 . 7 + ~ + 0 +  1 . 2 3 ~ - 0 3  9 . 1 7 ~ + ~ 6  2 . 5 0 ~ + 0 3  9 - 0 4 F - 0 4  2 - 2 7 F + C 7  1 - 2 4 E + 0 4  t.S3F-04 ?.57E+07 1,29F+04 
9.55F-04 2.49F+C7 1 - 3 5 E + 0 4  7.41E-04 2.R6F+C7 1.47F+04 

No. 13 No. 28 7.83E-04 ?.72E+C7 1,47F+04 7.57E-04 3 .15F+Ci  1.55F+O4 

1 . 0 3 ~ - 0 3  1.24E+C7 6 . 2 4 ~ + 0 3  1 . 0 6 ~ - 0 3  1 . 3 2 ~ 1 ~ 7  ) , 5 0 ~ + 0 3  5 - ' + I F - 0 4  2 - 5 5 E + 0 7  1 -  5 7 F + 0 4  7.45F-04 3.44F+c7 1 . 6 8 ~ + 0 4  
A.17F-04 3 -  72F+C7 1 .82F+04  

NO. 14 NO. 29 The symbol E and t h e  f o l l o w i n g  
9.00E-04 l.SAF+C7 9 - 2 2 E + 0 3  I - C R F - 0 3  1.47E+C7 6 .  COF+03 p l u s  o r  minus s i g n  and two d i g i t s  

r e p r e s e n t  the  exponent of 10 by 
NO. 15 which t o  m u l t i p l y  the  number t o  
e.3OE-04 2.52E+C7 1.14E+04 p lace  t h e  decimal c o r r e c t l y .  
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Identity NO* 114 
17 

8.13E-04 5.2OE+Ot 2.77E+03 
R.34E-34 5 .55E t f l 6  ? .01E+03  
7.S'E-04 5 . 9 0 E t 0 6  2 .75E t03  
7 - 1 5 F - 3 4  6 - 2 6 E + 3 6  3 . 4 7 E t 0 3  
7.C4E-94 7.20E+06 4.07E+03 
t .91E-04  7.915+06 4.49Ea03 
7 - 1  1E-04 B S 7 7 E + 0 6  4 - 7 1 E + O 3  
6.78F-04 u.6?E+06 4.SIE+03 
6 - 5 1 E - 0 4  R.S8E+fl6 5.10E+03 
6.47E-34 l . o 0 E + 0 7  5.71E+03 
6 .75E-04  1..04E+07 5.90E+03 
6.21E-04 l e f l 7 E + f l 7  6.C9E+03 
6 - 3 l E - 0 4  ' . . l l E + 0 7  t . 2 ? E + 0 3  
5-5hC-,34 1.14C+07 6 . 4 4 E t 0 3  
6.27E-04 ! . IRE+07 6.64E+03 
6.14E-04 1.29€+07 7 . 7 0 E t 0 3  
h - ? C E - 0 4  1.32E+07 7 - 3 E E + 0 3  
5.P3E-04 ' .36E+07  7.57E+03 
5-St E-04 1.?9E+fl7 7.76E+03 
5.PhE-04 1 .43E+07  7.94E+03 
5 - 7 8 E - 0 4  1 . 4 6 € + 0 7  &.C8E+03 
5 - 7 6 E - 0 4  1.57Fi-0 I @.60E+03 
5.67E-04 1 . 6 l E + 0 7  9.77E+03 
5.63E-34 1.64Eo07 8.95E+03 
5 - h 7 E - 0 4  ' . 68E+07  5 . 1 2 E t 0 3  
5 .C0E-04 ? .93E+07  'i.BlE+n' 

No. 115 
6 - 9 0 E - 0 4  7 . l b E + 0 6  4.0UE+03 
6 .67E-04  7.86€+06 4 - 9 2 E + 0 3  
0 .8hE-04  t? .? l€+Ot  4 . 6 4 E i 0 3  
0 - 5 t E - 0 4  E.56E+C6 4.81E+03 
&.?RE-34 ?.91F+f l t  5.02E+O? 
6.77E-04 9 .97ES06  5 .59Ec03  
6.O!E-04 ' . n ? E + 0 7  5.80F+03 
& .05E-04  ?.07E+07 5.98E+03 
6 -CEE-04  l . l O E + 0 7  6.18E+03 
5.76E-04 1.14E+37 t . 3 5 E 4 0 3  
6.CRE-04 1 .17E+07  6.52E+03 
5.4?E-04 1 .?EC+07 7.C7E+O? 
6 ,C lE -34  l . ' l E + 0 7  7 .27E+03  
5 . t 4 E - 0 4  1.35E+fl7 7.39E+C3 
5.74E-94 1 .38F+07  7.58E+03 
5 .hhE-14  1 . 4 ? E + l 7  7 .78E403  
5.5OE-04 1 . 4 5 E + 0 7  7.95E+03 
5 - 6 0 F - 0 4  1 .56E+07  ?.42E+03 
5 .44E-04  1 .59E t07  8.57E+C3 
5.42E-04 ? . t 3 E + 0 7  8.80E+03 
5 - 6 6 E - 3 4  1.66F+37 8 - 9 4 E 1 0 3  
5.5l.E-04 1.705+C7 S.C5E+03 
5 - 5 3 E - 0 4  1.73E+07 9.24E*03 

TABLE IV. - HEAT 

N ~ t  x 
No. 116 

9 

7 . 6 8 E - 0 4  7.30E+Ot 3.96E+03 

No. 117 
8 - 2 O E - 0 4  4 .93E tOb  2.57F+03 

-TRANSFER DATA - FLAT PLATE- Continued 

No. 118 
7.35E-04 h.A6E+06 3.81€+03 

No. 119 
8.20E-04 5.17E+06 2.82E403 
8 - 0 0 E - 0 4  5.52E+06 3.04€+03 

No. 121 
7.86E-04 5 - 5 5 E + 0 6  3 * 3 3 E + 0 3  

N ~ t  
No. 122 
6.48F-04 

No. 123 
5.73E-34 9.19E+O6 4.07F+J3 

No. 1.24 
5.95F-04 1.01E+07 3 .96Ec03  
5.87F-34 l .O6F+07 4.75Fi-07 

R d e t e r ~ i i i n e d  assuming S = 1.16 

The symbol E and t h e  f o l l o w i n g  
p l u s  o r  minus s i g n  and two d i g i t s  
r e p r e s e n t  t h e  exponent  10 by 
which t o  m u l t i p l y  t h e  number t o  
p l a c e  t h e  decimal  c o r r e c t l y .  



TABLE IV. - HEAT -TRANSFER UATA - FLAT PLATE- Continued 

x  
I denti'ty No. 22' 
7.32E-34 7.45E+06 3.35E+03 
7.C7E-34 8.35E+O6 3.84€+03 
6.44E-04 9.17Ee06 4.42Et03 
6.19E-04 9.99E+06 4.84E+03 
C.52E-04 1 - 0 8 € + 0 7  5-42E403 
6.39E-f14 l . l 6 E + 0 7  5,84E+03 
6.C2E-04 1.25F407 t.40E403 
5.80E-04 1.43F+07 7.30E+03 
5,blE-04 1-52E+C7 7,70E+03 
5.59E-04 1.62E+07 Re20E+03 
5.43E-04 1.6t?E+07 8.50E+03 
5.33E-04 1.77E+07 8.90E+03 
5.12E-04 l e 8 6 E + 0 7  4.30E+03 
4-8'E-04 1-95EC07 9.70E+03 
4.73E-04 2.03E+07 1.00E+04 
4.E3E-04 '.12E+0? l.C3E+04 
4.93E-04 2.?1E+07 1.08E+04 
4.67E-f14 2.29El.07 1.12E+04 
4.73E-04 2.38E+07 1.15E+04 
4.61E-04 2.46Et07 1.18E+04 
4.77E-04 ?.54E+07 1,22E+04 
4.59E-04 ?.61E+07 1.26Et04 
4.40E-04 7.88E+07 1.35E+04 

N ~ t  R x  
Nu. 127 
7.94F-34 5.79Fc06 3.C2E+33 
7.97E-'34 6.l?OE+06 3.15F+03 

No. 128 
7.92F-04 6 . l lE+O6 3.37Et33 

No. 129 
7.25E-04 7.27Fe06 7.77E+33 
h .R lE- I4  7.6hEt06 2.99E+93 

t R x  .Q 
No. 130 
6.31E-04 4-59E+06 3-53E+03 

No. 133 
7.22E-04 6.61E+Ot 3.27E+03 
6.RlE-04 7+0?E+Ot  3-50F+03 
6.81E-04 7 - 4 7 E t 0 6  3-80E+03 
t.57E-04 7.74E+Ot 3.92E+03 
6.34E-$34 R.l6F+06 4.17E+03 
t.C5E-04 9.57FtO.6 4-37E+C3 
5.73E-04 4-9QE+06 4.60Et03 
5.47E-f14 9.37E+06 4.80E+03 
5.73E-04 9-78E+OC 5.00E+03 
5.65E-04 1.02E+07 5.13E+03 
5.44E-34 1,06E+07 5.37E103 
5.47E-04 1.09E+07 5.53E+03 
5.30E-fl4 1.13E+07 5.72E+03 
5.47E-04 ?.17E+07 5-89E+03 
5.17E-04 1.?1E+C7 6-10C+03 
4.60E-04 1.33E+07 t - 5 0 E t C 3  

N ~ t  Rx 
No. 134 Continued 

Re 
5.ICE-f14 1.73F+07 E.70E+03 
5.16E-04 '..elF+07 9.00E+03 
4-S5E-n4 1.87F+07 9.30€+03 
4 - @ !  E-04 '.94E+07 9-60E+O? 
4 . 7 9 ~ - 0 4  2 . n 1 ~ ~ 7  9.90[+03 
4-89E-04 7 - 0 7 E + 0 7  1 + 0 2 E + 0 4  
4.79E-04 ?.15E+O7 l.C5E+04 
4 - 6 0 E - 0 4  7-35E+07 1 - l ? F + 0 4  

No. 23: 
7.42F-04 7.c7F+06 3-24E403 
6 - 4 4 E - 0 4  9.23Fc06 4.02E403 
6 - 7 9 E - 0 4  '.O6E+07 4-7?E+O? 
5.89E-54 l . l Z E 4 0 7  5 - 0 9 E + 0 3  
5-93E-04 :.19E+07 5-46E403 
5-67C-04 ?.24f+C7 5-60E+03 
5-45E-04 1.30E+07 5.96E+03 
5.35E-04 ' - 3 7 E + 0 7  6-20E+03 
4eSPE-04 1-44E+07 6.55Et03 
4 . e 4 ~ - 0 4  7 . S O E + C ~  t . e 5 ~ + 0 ?  
5-02E-04 1 . 5 t E t 0 7  7.10E+03 
5-05E-04 1.63€+07 7.45E+03 
4.E4E-04 ?.69€+07 7.70E+03 
4.84E-04 1.75E+07 7.95E+03 
4 . 6 9 ~ - 0 4  ..~IE+o~ e . z o ~ t 0 3  
4.84E-04 1.87E+07 8.45Et03 
4.69E-04 ! .94F+07 8.70Ei-03 
4.55E-04 7 - 1 2 € + 0 7  4.40Et03 

Nc. 136 
6-33E-04 6.56E+06 2.77Ec03 



TABLE IV .  - HEAT '-TRANSFER DATA -FLAT PLATE- Continued 

Identity No. 137 
8.44E-04 5.95El.06 3.10E+03 
7.88E-04 t e 3 3 E + O t  3*43E+03 
7.8RE-04 6.73E+06 3.73E+03 
7 . 4 7 F 0 4  6.97F+06 3.85Et03 
7.30E-04 7.35E4-06 4.12E+03 
6.95E-04 7.72E4-06 4-34E+03 
t . tOE-04 8.10E+06 4 - 6 0 E t 0 3  
6.30E-04 R.44E+06 4-83E+03 
6.30E-04 8.81E+O6 5-01E+03 
6.CZE-04 9.18E+06 5 - 2 5 E t 0 3  
6.30E-04 9.52€+06 5.45E+03 
6.39E-04 9.86E+06 5.64E+03 
6.22E-04 1.02F+07 5-83E+03 
6.34E-04 1.05E+07 6-00E+03 
6.22E-04 l S 0 9 E + 0 7  6 - 1 5 E t 0 3  
5 .  RlE-04 1.20E+07 6 - 7 0 E t 0 3  

No. 138 
6.90E-04 7.50Ec06 3.18EtC3 
h.86E-04 7.82E406 3.36Ft03 
6.61E-04 8 .11Et06 3.50FtQ3 
h.65E-04 8.40E+Oh 3.69Ft03 

No. 139 
7.R8F-q4 6.74Ft06 3 - 2 5 F t 0 3  
7.47F-04 6.97Fc06 3.3AF+03 
7.3nF-94 7.35Ft06 3 - 6 3 F + 0 3  

No. 141 
5.52F-04 1.09Ft07 4-03E+S3 
5.35E-04 1.13Et07 4 - 1 H F t 0 3  

No. 142 
5.77F-34 1 .17Et07 3.81E+33 
5.44F-04 l . l 6 F + 0 7  4.00Ft03 
5.49F-04 1 .20Et07 4.20Fe03 
5.4QE-34 1 .74Ft07  4 - 3 9 F + 0 3  
5.10E-34 1.32Et07 4.75F+33 
5.25F-04 1.33Ft07 4 - R l E + 0 3  
5.4nE-34 1.37Et07 5.COFt33 

No. 143 
5.53F-04 l . l 3 € + 0 7  4.32F+33 
5.68F-04 1 .17Ft07  4.54Et03 
5.44F-74 1.77F+07 4.77F+73 
5.45F-34 1.26Et07 5.00Ft33 
5.25F-04 l . 3 l F t 0 7  5.24FtP3 
5.77F-74 1.35Et07 5.46Ft03 
5.75F-04 1 .40Ft07  5.69Ec03 
4.95E-04 1 .49Et07 6.14Ft03 
4.97F-04 1.5DE+07 6.19F+03 
5. I7F-04 1.55Ec07 6.42F+03 

No. 144 
5.49E-04 1.06Et07 3 - 6 4 E + 0 3  
5 .3 IF-04  1.13Et07 3.9RF403 

No. 145 
5.77E-34 R - 9 2 F t 0 6  3 .58Ft03  

No. 140 
5.6RF-94 7.21Et06 2.73Ei-03 
5.83F-04 7. 5 3 E t 0 6  2.88EtD3 
5.91E-74 7.R5E+Oh 3.04F403 
5.81F-34 8.14F+fl6 3.16E+03 
5.77F-04 8.43Ft06 3 - 3 2 E t 0 3  
5.hlF-34 8.72E+Ob 3.46Ft03 
5.61F-04 9,OlFtOh 3.5RE+03 
5.66F-04 9.31FtOh 3.73F+03 
5.08F-04 l.O7E+07 4*14E+C3 

No. 147 
5.12F-04 l . l 2 F + 0 7  3.20E+03 
5.1 6F-04 1.7RE*07 3.8RE+03 

No. 148 
4.R6F-74 1.29FcO7 3.40E+03 
4.77F-04 1.4RFt07 4.16F+C3 
4.61E-04 1 .57Et07 4 - 2 O F t 0 3  
4.b4F-04 1.67F+07 4.43F+03 
4.44F-04 1.73FC07 5 .16Ft03 
4.47F-34 I.R3F+07 5.51F+03 
4.30F-74 1 .92Ft07  5.84F+D3 
4.10F-74 2.PlE+07 h.2OFt03 
3.96E-04 2.10Fi-07 6.50F+03 
4.05F-04 2.19Ft07 6 .85Ft03  
4.71F-34 2.7RFt07 7 .15Ft03  
4.13F-04 7.77Ft07 7.5OFc03 
4.19E-34 7.45Ft07 ?.ROF+33 
4.05F-34 2.54EtO7 R e 1 0 F + 0 3  
4.13F-C4 7.62F+07 R.35F+33 
4.05F-04 7 .71Ft07  H.70EtO7 
3.9hF-14 7.9RE107 9,60F+O7 

N ~ t  Rx Re 
No. 149 
5.64F-04 l , lCE+07 3.53Et03 

No. 150 
5.49E-34 1.18E+07 4.05E+03 
5.63F-94 1 .73Et07 4.24F+03 
5.44b-04 1.37Et07 4.47Ft33 
5.5CF-04 1.37Ei-07 4.66F+C3 
5.3%-04 l . 3 6 E t 0 7  4.83Ft93 
5.2OF-04 1.41F+07 5.C7FtC3 
4.H9F-04 1 .54Et07 5 .63Ft03  

Nc. 151 
6.71E-34 7.09E+06 3 .37Ft03 
6.35E-74 7.44Ee06 3 .5TFt03 
b.OhF-34 7,75F+Oh 3.75F+03 
h.35F-34 8.09FtOh 3.95Ft63 
6.35F-04 R. 43FtOh 4.15F+O3 
h.14F-94 8.75EtO6 4.77E+03 
6.14F-74 9.06E+06 4.45F+03 
5.90F-04 9.37EtOh 4.62FtS3 
5.9RF-04 9.6RFt06 4.77F+33 
5.74F-04 l.OOFt07 4.95Et03 
5.42E-f14 L. lOEt07 5.40FcC7 

No. 152 
b.20F-04 A.54FtOh 3.34Et03 
5. RhF-34 9.08EtOh 3.67Fc03 

N ~ t  x Re 
No. 153 
3.8Zi-C4 2 . 3 7 t t 0 7  o . C e ' t O 3  . - 

3.a4r-01 ~ . b L t + 0 7  t . l b F i d 3  
3.43t-04 ~ . d S t + C 7  7.78FtU3 
j.25E-C4 3.13c+07 8 .46F i03  
2.9RE-04 3 .39Et07 S . 2 2 i c O i  
3.05;-34 ~ . 7 5 E + 0 7  1.03;+04 
2.S-iE-C4 * . l J E + 0 7  l . 1 2 t  +:I4 
2.75E-04 1.4tE+07 1.22C+04 
2. 54 t -C4 i . t Z E t 0 7  1.3ZCe54 

No. I54 I. tCE-d4 I.sLE+C7 5.5CE+03 
5 . 1 4 t - 0 4  l . o l E + 0 7  o.40FtU3 
4.36i-04 1.80i t o 7  7 .LOc cu3 
4 . 4 8 i - 0 4  1 . 9 9 i i U 7  11003'+ii3 
4. 15 t -C4 Z . lSEt07 8 .82Tt33  
3.8Di-04 2.37€+07 q.57€+33 
3.73F-C4 Z.61Et07 1.OLFtO; 
3.64E-C4 2.5OEi07 1.15E+35 
3.s9E-C4 3.17E t o 7  I . 2 4 r c U 4  
3.48E-04 j .+3k+C7 1 . 3 4 t + ~ 4  

No. 155 
6.3tE-09 z.+bc+Ob 4 . 0 7 F f ~ j  
5.37E-04 1.22€+07 5.7oTi03 
5.39k-04 1.48Et07 7 .37Et03 
5.02E-C4 2 , 2 S t t 0 7  1 .  C 7 F e G t  
4.71 t -04  Z.SoEt37 l , 3 2 i + 0 4  
4.45E-C4 2.63€+07 1 . 4 3 t i 0 4  
4.38k-04 3.10f+07 l . j b C i 0 4  
4. C7t-C4 3.37E+07 l . t E t i 0 s  
4.3Cf-C4 :.75E+07 L.dtkcO4 
+. C8C-C4 4.13E+07 2. G3L+Oi 
3.85L-C4 4 . 5 1 t t i 7  2.19:+24 

Re de te rm ined  assuming S = 1.16 

The symbol E and t h e  f o l l o w i n g  
p l u s  o r  minus s i g n  and two d i g i t s  
r e p r e s e n t  t h e  exponent  o f  10 by 
which t o  m u l t i p l y  t h e  number t o  
p l a c e  t h e  dec ima l  c o r r e c t l y .  



TABLE IV.  - HEAT-TRP iNSFER DATA - FLAT PLATE- Cont inued 

l dentity No. 156 
5. lPE-04 v . U J t t 0 b  4.5oC+J3 
5.29F-04 I .UhF+07  S . h i t + U J  
5.42L-04 l . L L F t 3 7  b . b 3 t + d 3  
> . 6 6 t - 0 4  1. 3 Y t + 3 1  I . b l C + d 5  
> . 3 1 t - 0 4  ~ . 5 > t + 0 7  q .bd€+O+ 
5 .73 t -04  1 . 7 1 € + 0 1  9.41E+33 
4.Y0t-U4 l .H '3 t+37  1.U4LtU4 
4 . 7 5 t - 0 4  2 . 0 + t + 0 7  l . l Z t + I ' +  
4. d h t - 0 4  2 . 2 7 t t J 7  1.24L+b4 
4 . 6 3 t - 0 4  2 . 4 Y E t O I  l . j > t + J 4  
4. 5 4 t - 0 4  2 .  7 2 L + O l  1 . 4 7 F t 3 4  
4 - 4 L E - 0 4  / - 5 > E + 3 7  1.>7t + J 4  

Nc. 157 
5 . 6 4 t - 0 4  1 . 5 1 € + 0 1  6.44E+3: 
5 - 8 1 6 - 5 4  1.7'Jt+U7 8 .22F+J$  
2.12C-04 c . J b E + U I  9.7bF+03 
5.64E-04 2 . 3 4 L t 0 7  l . l 3 E + 3 4  
4 .99L-04  L.62E+O7 1 .2Yr+34  
5 .53L-04  L .d1> t+J7  1 . 4 2 t + J 4  
4 . 6 5 t - 0 4  5.15F+37 1 .5>€+04  
4 . 5 9 t - 6 4  3 . 4 4 t t ~ 7  1 . 7 0 t + 0 4  
4.YbE-04 i . d Z E t U 7  1 .93Et34  
5 . 0 3 t - 0 4  +.LIE t J 7  2.08E+34 
4.59E-04 4.63E+07 2 . 2 b t + u 4  
4.42F-04 4 . 5 d t + O I  2 .42€+04  

No. 1% 
5.Yb t -04  l.:4E+OI 6.47E+03 
> .OJ t -04  1 . 5 4 t + O I  1.61E+J3 
5. 73E-04 1.75EtU7 d . 6 7 t t 0 3  
2.34E-04 1 . Y h E t O l  9 . d 4 t + 0 3  
5 .31 t -U4  2 . 1 b t t 0 7  1 .09 t+04  
5.uOE-04 L . 3 7 t + J 7  1.1r>E+U4 
+. 7 d t - 0 4  L. 3 1 t + J 7  I . L J F + J 4  
4. / ~ t - 0 4  ~ . d 3 t + O I  1 .42Et04  
4 . b L t - U 4  3 . 1 5 t t 0 7  1.5>F+U4 
4.45F-04 3 . 4 4 t + O I  1 . 6 Y t + 0 4  
+.38C-04 3. 7 2 F t 0 7  1.YLE+U4 

No. 153 
u. B4E-04 o .43F tO6 4.44€+33 
5.72E-04 1.141+36 5,01F+03 
0 -  h2E-04  I . d 6 t + 0 6  5 . b U t t d 3  
b.16E-U4 t . 5 d t + 0 6  b .Lb t+u5  
3.11E-04 4.30E+06 6.61€+33 
5.77E-04 L .U0 t+J7  7 .20 t+53  

1. 75F-04  ,.d4F+UO 2 .  7ZC+03 
4.68E-04 .03F t 0 6  2.d3k+03 
4.56E-04 'r.34E+J6 2 . 7 I ) E t O i  
4 . 4 8 t - 0 4  '1.6Jt t i ) h  3.0 )F+U5 
+.4UE-04 Y.abt+Ob 5 .J1 fk t03  
4.20E-04 1.011+07 3 . 1 3 t + 0 3  
4. 3 b t - 6 4  1 . d 5 t t 0 7  3.311+03 
4 . 2 3 t - 0 4  l . J b E t 3 7  3.35E+OJ 
4 .24 t -U4  L.uclEt37 3.47E+i)3 
4 . 3 4 ~ - 0 4  L . l l L + O l  3 .53F t03  
4 . 4 0 t - 0 4  1 . 1 4 t + 3 1  3.621+03 
4 .35 t -U4  l . l b E + 3 7  3 .70F t03  
4. l 5 t - 0 4  L.2OE+J7 3 .01€+03  
4 . 0 b t - 0 4  L.21E+J7 3 .YJF t03  

No 161 
4. 7 7 t - 6 4  6. 7 5 t + 0 b  L.d7E+33 
4 - 8 U t - U 4  <.4YF+06 2.16€+03 
4. hOF-04 I . O d E t J 6  L . L U t + J I  
4. 76E-U4 7 .16F t06  2.23E+O? 
4 . 7 7 t - 0 4  I . 4 l E t S u  &.3?F+03 
4. 73E-04 7.5VE+06 2.3YF+33 
4.60F-04 1.76E+06 2.47F+03 
4.55E-0- 8 . 0 U t t d 6  L .57€+03  
4.37E-04 i l .O9€+06 L. b O t c 0 3  

No 162 
4. I H L - 0 4  1 .33€+07  3.8YE+Oj 
4.14E-34 1.36Cc07 4.01F+03 
4 . 1 4 ~ - 0 4  1 . 3 9 t t 0 7  4.14E+03 
>.Y7F-04 1.42E+OI 4.25€+03 
4 . 0 0 t - 0 4  1.58E+J7 4.60E+03 
4 . 0 0 t - 0 4  1 . 5 5 E t J 7  4 . 7 l t + u 3  
3.45E-04 1 . 5 d t + 0 7  4.dLE+03 
4.03F-04 l .h lE+OT 4.YdE+03 

No. !63 
a.57b-C4 7 .42F t06  4.13FtO3 
8.3OF-04 7 .8bEtJb  4.41E+33 
7 . 2 7 t - 0 4  Z.58E+Oo 5 .57E+03  
7 .07E-04  1 - 0 4 E + b 7  b.C7t+03 
1. 1 0 k - 0 4  1 .13Et07  6 . 6 1 t t 0 3  
6 - 4 8 5 - 0 4  1.2LE+07 7.CZE+03 
6.JLE-U4 1.30E+07 7.58€+03 

No. 164 
4.66E-04 6.07E+Jb 3.66€+03 
H . 4 5 t - 0 4  t ,b lE+O6 4.JX+E+U3 

No. 165 
9. SCE-C4 
4 . C j E - i 4  
L. 475-Cv  
2.12E-C4 
6 . 4 1 t - 0 4  
7.22E-04 
t . 72 t I -04  
L. 7 2 i - C 4  

No. 166 
4. h, i -C4 .. 3bE+Ob 3 . 1 1 L t J 3  

No. 167 
;.Y2F-04 
1 . 3 8 i - 0 4  
Y . 2 5 i - 0 4  
9. ScE-C',  
8.72E-C4 
d. L b i - C r  
d .  l t r - C 4  
7. 61C-C-1 
7 .665-04  

No. 168 
1. l : t - i 3  4 . + 3 t + C b  3 . 3 1 E + ~ 3  
1. C3E-C3 4 . 7 1 t t C 6  3.30C+33 
1 .33E-23  5 . J 2 t t 5 6  3 . 5 7 L t J 3  
9. 7 9 t - C 4  5,54E+06 3 .86Et03  
1.OZE-C3 5 . 6 4 i t C b  4 . 1 3 F t 0 3  
3.39E-04 6.d8E+06 5.OdF+03 
d.90E-C4 7 .44E+Ot  5 . 5 7 F t 0 3  
d.86F-C4 S.lZE+Ob t .COc+03  
8.48:-04 E . 7 4 i t C t  t . 4 J E t 0 3  
3 . ldE-04  9.36E+06 ~ . a 4 E + 0 3  

No. 169 
7.54E-04 
7.OZE-C4 
6 .54E-04  
6.4Ck-C4 
o .44E-04  
6.231-C4 
6 .00 t - l ?4  
5. 8CE-C4 

8 .3uEt06  4 .02Fc03  
$.76E+06 5 . 3 7 i t 0 3  
1 . 0 8 E t 0 7  5 . 7 4 i + J 3  
1 .15 tcC7  b. C t l  t o 3  
l . L l i t 0 7  6 . 4 t F + 0 3  
1.31Ec07 7.ObE+03 
1.43E+C7 7.53Fi-33 
1e60E+07  8.60Et03 

No. 170 
o. 59E-C4 .L.LbE+07 b.CJE+33 
6 . 3 9 t - C 4  1.4SEtC7 7 . 2 O F t 3 3  
6. CBF-C4 1 .71Et07  d.40t+03 

N ~ t  
No. 171 
7. 71:-C4 
7.12;-64 
7 .39 t -C4  
7.09F-t i4  
5. e 7 r - C 4  
5.7RE-C4 
o. 3 t r - 0 4  
6 . 4 t c - 0 4  -. 14:-04 

No. 172 
3 . 8 3 i - 3 4  S . ~ b E + 0 6  J.OSE+O> 
b. CBt-C4 t. J3E+O6 3 .58?+03  
d . 3 6 k - 0 4  C .LSE+O~ 3.34:+03 

NO. 7.LSE-L4 173 k .LLEtO6 4 . 5 5 - t 0 3  

7 .40F-04  1.44E+36 >.4Hr+03 

No. 174 
7.84E-ti? ,.15E+Ob 3 .5LL+03  
7.77k-C4 5.89F+C6 4. J 4 E + 0 3  
7 . 0 4 t - 0 -  7 .19€+06  4.87€+U3 

No. 175 
1.02E-03 3 .83E+06  L S 9 4 E + O 3  
9.466-C4 s. 77E+C6 3.07E+03 
9.24E-04 5.+5E+06 4.LOE+O3 
6.63E-C4 t. 66E+06  5.36E+03 

No. 176 
L.04E-C5 5.24E+06 3.12F+03 
9.98E-C4 5.83Ei-Go 3 .03€+03  
9 . 8 2 ~ - C 4  e. l d E + O b  3.88k+03 
q.20E-C4 7 .13EtC6  4.oUi  + t i3  

R determined assuming S - 1.16 

The sy~nbol  E and t h e  f o l l o w i n g  
p l u s  o r  minus s i g n  and two d i g i t s  
rep resen t  t h e  exponent o f  10 by 
which t o  m u l t i p l y  t h e  number t o  
p l a c e  t h e  decimal  c o r r e c t l y  

3. 4 2 t - C 4  2.80E+07 8.36E+03 
3.55E-C4 L . 9 + E t 0 7  8.24:+33 
3. 3UE-C4 3.30E+07 6.42E+03 
j . 5 1 ~ - ~ 4  3 . 3 5 ~ + 0 7  8 . j a ~ t o 3  
3.30E-C4 3 . 1 l i + 0 7  8.77E+03 
3 . 3 3 t - 0 4  3 . l t E t 0 7  8 .93 [+03  
3.4Ct-C4 5.22E+07 S.C3r+03 

No. 178 
5.056-C4 1 .31Et07  3 - 4 2 E t 3 3  
4.6SE-C4 1 . 0 4 t + 0 7  3 . 5 3 E t 0 3  
4. 0 5 t - C 4  1.0bE+07 3.64EtU3 
4.88E-C4 LSO9E+O7 3.77F+03 
4.49E-C4 l . l Z E + 0 7  3.86E+03 
4.65E-C4 1 .17EtC7  4 . 1 0 F t 0 3  
4 . 4 6 t - 0 4  1.2OE+07 4.21E+03 
4 . t l E - 0 4  1.23E+C7 4 . 5 L E t 0 3  
4.43E-04 1.2bE+07 4.41E+03 
4 .45F-04  1 . 2 8 E t 0 7  4.51E+03 
4.14E-04 1 .31Et07  4 .61€+03  
4.34E-C4 1 .34Et07  4 .71E+03  
4.24E-04 1 . 3 4 i + 0 7  4.71E+03 
4.12E-04 L e 3 6 E + 0 7  4. 8 O t + 0 3  
3.87E-04 L . 3 9 E i 0 7  4,89C+03 
4. C3E-04 1 .42Et07  4 - S 8 € + 0 3  
4.03E-04 l a 4 5 E + 0 7  5 . 3 8 E t 0 3  
4.03E-C4 1+47E+C7 5.19F+03 
3.b4E-04 1.50E+07 5.29€+03 
3.95E-C4 1 ,53 t+07  5.3oE403 
3.80E-C4 1.55€+07 5.46E+03 



- Continueu 

Identity No. 179 
5 .33E-C4  c . ? 2 E t O o  Z . 5 S C t J 3  
5. l 6 C - C 4  t.S3;+06 2 . 6 5 t + 0 3  
5.30E-C4 7 . 1 3 i t O o  2.71E+03 
5 .10 t -C4  i.ZBE+Ob 2 .7Rt+03  
5.O2t-G4 7 .43E tO6  2.84F+03 
I .  82E-C4 7.435+06 2.64E+03 
5.02E-C4 7 .58E tC6  2.891+03 
4 - 8 7 i - 6 4  7 . 7 3 E t 0 6  2.96E+u3 
1 . 8 7 t - 0 4  7 . 8 3 € + 0 6  3 . 0 3 F t 0 3  
4 . 5 5 t - C 4  7,68E+06 3.03F+03 
4.5SE-C+ C . t i 4E t06  3 . 0 9 i + 0 3  
4.59;-C* d . l d i + 0 6  j . L 4 E + J 3  
i , 4 4 r - C 4  b. 3 4 t + 0 6  3.191+03 
+,Lit-04 D.4'3EtOb 3 .26E+J3  
+.41E-04 O.o4F+06 3.32'+33 

No. 180 
6. S5F-u4  5 . 3 i t t 0 6  3.12E+O3 
" - 5 4 t - 0 4  5 . 7 t E t 0 6  J.37Z+J3 
u. t 8 i - 0 4  6 -  l t t t C 6  3 .57 i+C3  
a . 4 6 E - 0 4  ~ . 5 4 E + 0 6  3 . 6 0 i + 3 3  
5, l t F - C r  t .  S 4 i + C o  4 .02 t+03  
0 .  ~ 1 : - 0 4  7 . 3 4 E t 0 b  4 . 2 5 € + 0 3  
5 .  3 4 i - 0 4  7. 7 4 c + 0 6  4.471+03 
~ . 5 5 i - 0 4  ~ . 1 3 ~ + 0 b  4 . b i i t u 3  
3. 5CE-C4 ke53i .+06 4.91E4O3 
1 . 5 7 E - 0 4  h . j 3 E + 0 6  +.91C+03 
3 .  BSE-C+ 9. J 2 t + O 6  5 .33Ct03  
o .LO i -C4  1.71;+06 5 . 5 5 F t 3 3  
3. I B E - 0 4  1. 3 1 E + 0 7  5.7LCt03 
C.38E-C4 L . ' J ? i t 0 7  t . 1 7 F t 3 3  
o. 3 6 t - 0 4  1.17E4U7 o.5oF403 

No. 181 
s .  17;-(4 5. l b E + O b  L.17E+>,3 
1 . 7 2 i - 0 4  i .+OF+06  7.2S1+13 

No. 182 
5.75E-C+ 5 . 4 0 E t 0 6  3.68E+03 
5.51E-C4 4.t?OC+06 3 . 8 7 E t 0 3  
S . 1 4 t - 0 4  1 .33E t07  4.11'+03 
5. 35E-C4 1 . 0 7 E t 0 7  4 . 3 0 E t 0 3  
4 . 9 t E - 0 4  l . l l E + 0 7  4 . 4 8 i + 0 3  
5 .436 -04  1.15E+07 4.7CEt03 
5.07E-04 l a L O E + 0 7  4 . 8 8 E t 0 3  
5 -28C-G4 1.2SE+07 5 . 2 5 E t 0 3  
4 .75E-04  1 .33Ct07  5.4RF+03 
r, 75E-C4  1- JOE+07 6.2UE403 
+ .36E-04  1 . 6 S t t 0 7  6 . 5 4 L t 0 3  
4. 3 t E - C 4  1- 7 5 E + 0 7  7.24E+U3 
3 . 9 4 5 - 0 4  l . e j ~ + o 7  7 . 5 a ~ + o 3  
3. 5 4 f - 0 4  1. S 4 E 4 0 7  7 . 5 4 E t 0 3  
3.8YE-04 L a O L E t 0 7  8 . 2 7 E t 0 3  
3. S4E-Cs 7 . 1 3 t + 0 7  8 .68 t+03  
+. 14E-C4 2.22E+07 8 . 9 8 F + S j  
4. lCE-C4  L.31E+07 9.2aE+03 
4 .1dE-04  2 . 3 3 € + 0 7  4 .59E tC3  
+. 1 2 t - C 4  2 .485+07  9.%9[+03 
r . 1 4 E - 0 4  i . 5 7 L + 0 7  l . C l F t 0 4  
4. 1OE-04 2 .65€+07  1.05F+04 
3 .86E-04  2 . 7 4 € + 0 7  1 .C7EtS4  
J. 9 1 i - C 4  Z.o3E+07 1.1 l E + 0 4  
3 . 8 1 E - 0 4  2 . 9 1 E t 0 7  1 .14F+34  
3.80F-C4 3. U J E 4 0 7  1 . 1 7 E t 0 4  
3.92F-C4 3 . 0 9 f t 0 7  1 . 2 0 E t 3 4  
3. 7 t t - C 4  3 - 2 6 E t 0 7  1.256+04 
3 .49E-04  3 . 3 5 t + 0 7  1 . 2 8 F t 0 4  
3. 765 -C4  3.44E+07 1 . 3 1 t + 0 4  
3.57E-C4 3 . 5 2 c t 0 7  1 .34F+04  

No. 183 
4.45E-C4 Z . L l t + C 7  7.CCFtO3 

N o .  183 C o n t i n u e d  
3.82F-C4 4 . 0 5 E t 0 7  1 .3uE+04  
3.79E-04 4 . 1 3 E t 0 7  1.38E+04 
3.61L-04 4.28E+07 L .46E t04  
3.77E-04 + .43€+07  l e 5 0 E + 0 4  
3.80t-C4 ' - 5 9 t t 0 7  1 + 5 4 E + 0 4  

No. 184 
4. 0 5 L - t i 4  2.33E+07 7.42E+03 

No. 185 
4 . 7 2 ~ - C 4  Z . o O t c 0 7  

No. 186 
4 . 2 3 E - 0 4  Z . 6 7 E t 0 7  

No. 187 
4.61E-04 3.OZE+07 8.75F+03 

R determined assuming S = 1.16 0 
The symbol E and t h e  f o l l o w i n g  
p l u s  o r  minus s i g n  and two d i g i t s  
rep resen t  t h e  exponent o f  10 by 
which t o  m u l t i p l y  t h e  number t o  
p lace  t h e  decimal c o r r e c t l y .  

No. 188 
4. -7E-04  t e 3 3 € + 0 7  1.92€+04 
4 .28E-04  o a 8 L t + 0 7  L .10F+04  
3.4OE-04 l e 2 l E + 0 8  L e 2 5 E + 0 4  
3 .  J Z E - 0 4  1 - L 6 € + 0 8  3 . 8 7 € + 0 4  
3.28E-04 1 * 2 8 E + 0 8  4.105+04 
3.19E-04 L,29E+OA 4.12E+04 
3.33E-C4. I. 30E+C8 4 .15E t04  
3.30E-04 1 .33€+08  4.25E404 
3.26E-C4 1.34E4-08 4.27F+04 
3 .28E-04  l a J 6 E + O 8  4 . 3 3 € + 0 4  
3.47E-04 1.37E+08 4 * 3 5 E + 3 4  
3.32E-C4 l a 4 3 E + 0 8  4 - 4 1 F + 0 4  
3 .4 tE -04  1 ~ 4 0 c t 0 8  4.48EtO4 
3.25E-09 1.43E+08 4.51E+04 
3.18E-C4 1.44E+08 4 . 5 5 E t 0 4  
3 .53E-04  1.4bE+08 4 . 6 2 F t 0 4  
3. 54E-C4 1 * 4 9 E + 0 8  4 * 7 C E + 0 4  
3.32E-04 l e 5 2 E + 0 R  4.80E+04 
3. i t € - 0 4  1. o 2 t + 0 8  5.05EcS4 
3 . I S E - 0 4  1 . 6 5 € + 0 8  5.15E4-04 
3.09E-C4 l e 6 8 E + 0 8  5 - 2 2 t + 0 4  
5.04E-04 1 .74k+08  5.40E+04 
3.05E-C4 1. 8OE+C8 S e 5 7 E + 0 4  
>.LEE-C4 l e 8 7 E + 0 0  5 . 7 l F t 0 4  

No. 183 
3.54E-C4 4 . 7 5 E t 0 7  1 .22F+04  
3. 32E-C4 5 .14E t07  l Q 3 5 E + 0 4  
3 .34E-04  5 - 5 4 E + 0 7  1.47E+54 
3.42E-04 7 .73E+07  2.14E+04 
3.o5E-24 8 .32E+07  2.32E+04 
3.64E-04 S a 1 5 C + 0 7  2.56E+04 
3 .62C-04  5 .38E+07  2 . 0 3 ~ + 0 4  
3 -  t G E - 0 4  l q 0 2 t + 0 8  2 . 3 0 E t 0 4  
3 .506 -C4  1 .04F+08  2 . 9 6 E t 0 4  
3. 36E-C4 1. C5E+08  3.UUF+04 
3 . 6 2 i - C 4  l . i R E t O 8  3 . 0 7 E c 3 4  
3.40E-04 1.09E+O8 3.10E+04 
3.56E-C4 1.11E+Cd 3 . l a T c 0 4  
3 .62E-04  l . l Z E + C 8  3, lSF+04 
3. t 5 E - 0 4  1 . 1 3 E t 0 8  3 . 2 2 € + 0 4  
3.5OE-C4 1 .14 f+08  3.27Ei-04 
3.40E-C4 l o 1 6 E + 0 8  3 .31F+04  
3.34E-0- 1.17E+08 3 .32E404  
3.60E-C4 l . Z l E t C 8  3 . 4 8 E t 0 4  
j e 6 7 t - 0 4  l.L4E+O8 3 . 5 5 f + 0 4  
3 . 4 4 t - 0 4  1.31E+08 3.80E104 
j . 4 6 E - 0 4  1.34E+08 3 . 8 7 E t 0 4  
3.48E-04 1.37E+C8 3.93EcO4 
3 . 4 t E - 0 4  l .+2E+06  4 . 1 3 c + 0 4  
3.285-04 1 . 4 7 E t 0 8  4 .2?6+04  
3.441-04 1 . 5 2 ~ + 0 a  ~ . . + O E + U +  



N ~ t  Q 
I d e n t i t y  N o .  -190 
4.0tE-C4 l a L 5 E + 0 7  3.?5F+3 
3. 81E-04 I .+L€+C7 4.50!-+03 
3 . 7 8 t - 0 4  1 . 4 5 i t 0 7  4 . 6 7 i t J 3  
3. 73E-C4 1.50Et07 +.8lF+03 
3.71E-C4 1 .56Et07 5.COFt53 
3.62E-04 l . i d i t 0 7  5.07E+03 
3.62E-04 1.61E+07 5 .1Ci tC3 
3.41E-C4 l.o3E+O7 5.23€+03 
3.59E-04 L .68 t+07 5 . 3 7 i + 0 3  
3. t4E-04 1.70€+07 5.45E+03 
3 . 5 0 ~ - i 4  ~ . 8 3 ~ t o 7  5 . a 2 ~ t 0 3  
5.3tF-04 1.8dE+07 5.97€+03 
3.17t-C4 L.SZEt07 6.12FtL3 
3.37E-04 1.976+07 u.L5F+03 

No. 191 
4 - 6 L E - 0 4  I .22E+07 4.75F+U3 
4.20E-04 1.37E+07 5.38Et03 
3.91E-04 1.41E+07 5.50F+03 
3.83E-C4 1.45EtC7 5.68E+03 
3.88€-C4 1.46€+07 >.72E+03 
3.89E-C4 1.47E+O7 5.73Et03 
4.C3E-04 1.48EtC7 5.78Et03 
3. 84E-C4 1.52E+07 5.91F+03 
4.03k-04 1 .54Et07 6.COFt03 
4.04E-04 1.56€+07 0.1 3E+03 
3.64E-04 1.59E+07 6.2OFt03 
4. O ~ E - C ~  i . a 5 t + o 7  b . 3 5 ~ + 0 3  
4.00E-04 1.66Et07 b .45Ft03  
3.72E-C4 1.70E+C7 6.60F+03 
3.99E-04 1.78Et07 b.SCE+03 
3.55E-C4 1.82E+07 7.00E+03 
3 . 5 7 ~ ~ 4  1 .a7c to7  7 . 2 2 t t 0 3  
3.72E-04 1. SZE+07 7.35€+03 

TABLE IV. - HE 

N ~ t  R x  
No. 192 

Re 
*.27C-04 L.65Et07 4 .58 l  t 3 3  
+.OOE-i4 1 . 4 1 t t a 7  5.55E+03 
3.70k-04 L . l 7 E + 0 7  6 . 4 2 i t d 3  
3. 7 1 t - C 4  L . Z i E t 0 7  $ . 7 i E t 0 3  
3.80F-04 L.35E+C7 6.58F+03 
3.03E-C4 2.83Et07 8.40F+03 
3.311-C4 3 .05Et07 9.33F+33 
2-  7 S E - i 4  3 .  L4EtO7 9.35Ec03 
2.75F-C4 3.26Ct07 9 . t O E t 0 3  
2.87E-C4 3.33EtC7 9.75F+03 
Z.74E-C4 3.38E+07 9.85EcJ3 
2.9SE-04 3.40E+07 9.95Ft03 
2.92E-04 3 . 4 2 i t C 7  l .COEt04 
L . 9 t t - 0 4  3.44E+07 l . O l t + 3 4  
2-05E-C4 5.53Ct07 L.O2E+04 
2.98E-04 3.5bEt07 1.042+04 
3.07E-L4 3.64E+07 I. C5E+J4 
2.89E-C4 3.70E407 1.07Ft04 
3.03E-CS 3. dOE+07 1.09E+04 
2.85E-C4 3.85E+07 l . l O E t 0 4  
2.74E-C4 3.97E+07 1.13E+04 
2 .77 t -C4 +. 13E+37 1.17E+J4 
2. 70E-C4 + . L 4 t t 0 7  1.2uF+04 
2.77k-C4 4.36E+07 1.25E+d4 
2.82F-04 4.47E+07 l.26E+u4 

No. 193 
4 .8 tE-04 l . l l E + 0 7  4.02€+03 
4.44E-04 1.345+07 4.93€+33 
4.43E-04 1 . 4 4 t t 0 7  5.33€+03 
3.58t-C4 1.51E+07 5.605+03 
4.12E-04 1 .55 i+07 5.77t+C3 
4. 12E-C4 Lm57E+07 5.M2F+03 
3.82E-C4 1 .60 t+07 5.92E+03 
5. S2 i -C4 1.61E+07 5.97f+03 
4.125-C4 1 .61Et07 o.C0'+93 
3.9BE-04 1.07Et07 6.17F+d3 
5 . 9 3 ~ - 0 4  1.69E+07 6.25Et03 
3. ROC-04 1 .72 t+07 6.35E+03 
3.98E-04 1.75Et07 6.45E+03 
4.09F-04 1.7SEi07 o.62E+03 
4.GOE-04 1 .82€+07 5 .70EtJ3  
4.00k-04 1.55€+07. 7.15E+03 
3.f.tE-C4 Z.COE*07 7.3CEt01 
3.77E-04 2.06€+07 7.50F+03 
3.72E-C4 2.11Et07 7.67Et33 

HT-TRANSFER uHTH - FLAT PLATE - C u n ~ i ~ i i e u  

N ~ t  N~~ 
No. 194 No. 190 
-r.jO:-C4 r.G4:+07 5 . 7 i ' + i ' ?  4.COt-i.4 2.d4it07 6.175+33 
3.55S-C4 ~ . l L i + 0 7  6 . 1 J f t 0 3  4.CCi-Cr 2.09;+07 b . 3 5 f t d 3  
3.5br-C4 ) .27 t+07 S.yO'+u3 3 . 4 6 t - 0 4  ? . 1 5 E t 0 7  6 . 5 5 i t d 3  
3.24F-04 ~ . ~ U c t 0 7  7 . ,?dF+d i  3.8Dt-C4 Z.ZOttC7 6.75F+07 
5 .  3 8 t - 0 4  L. 94E+C7 8.2dFt03 

d.C3 i .+O3 
~ . c i o r + 3 3  
1 . 0 3 ' + ~ 4  
I. l i t  + 0 4  
l . lL .F+04 
1 .18r t0+  
1.21i.+34 
1.2ZF+04 

2 .6 tE-04 4.4oEt07 1.23!-+04 
L.55t-C4 r . 4 9 t t C 7  L.23F+34 
2.65E-04 4.63Et07 1.ZtE+U4 
L a  t7F-C4 4.65€+07 1.275+64 
2. tOF-04 t. 7 5 i t 0 7  1.2RF+J4 
L. t 3 ~ - - ~ 4  4.a2Ce07 ~ . 3 2 6 + 3 4  
2.71E-C+ 4.961+07 1.34:+04 
2. 61;;-C4 2.C3C+07 1.35F+i)4 
2 .62E-04 5 . 3 9 t + J 7  1.44:+34 
2. 5eF-C4 5.54E+07 1.+5F+04 
2 .sE i -04  5 .08Et07 1 .515+04 
2. 5 7 i - 0 4  L 8 3 F t 0 7  1.5 3E+;4 

No. 195 
4.25E-C? l .u7€+07 4.6dEt03 
3.7CE-C+ 1 . 9 3 t t 3 7  5 .6ZCt03 
3 .49 t -04  Z.ZOEt07 6.43"+03 
3.28E-04 L .28Et07 6 .73Ft33  
3.40E-04 2.37E107 o.S5!=+03 
2.SlE-04 Z .8 tE t07  8.5JE+03 
2.b8E-04 3.LZEt07 9.2JC+O3 
2.7LE-C4 3 .4 l t+C7 S.b5E+33 
2;76E-0+ >.44E+07 9.75F+03 
2.85:-C4 5.45E+C7 9.78Et03 
L.78E-04 3.48Et07 s . 8 i F t 0 3  
2. t 8 E - 0 4  3.56Et07 I. OCt+04 
2 .7 tE-04 j . o Z t + 0 7  1.02t+04 
2.80E-04 3 .  t 8 E t 0 7  1. CjE+04 
2.64E-04 3,74E+07 1.04k+04 
2. COE-G4 3.6+t+07 1. CcE+04 
2 -  5SE-04 3.84E+07 1.07€+04 
2.64E-04 4.17Et07 1.14€+04 
2.51t-C4 +.ZSt+07 1.17Ft04 
L.4tE-04 <.%OE+07 I. l Y F + 0 4  
2.56F-04 4.5LEt07 1.22Et04 

R determined assuming S = 1.16 8 

The symbol E and t h e  f o l l o w i n g  
p l u s  o r  minus s i g n  and two d i g i t s  
r e p r e s e n t  t h e  exponent  o f  10 b y  
wh ich  t o  m u l t i p l y  t h e  number t o  
p l a c e  t h e  decimal  c o r r e c t l y .  



TABLE V.- CONDITIONS FOR HEAT-TRANSFER DATA - CONE 



TABLE VI .  -HEAT- TRANSFER DATA - CONE 

Ns t  
l dentity No. 301 
6.08E-04 9.25E+06 2.13E+03 
5.38E-04 9.5hE+O6 2.22E+03 
5.95E-04 9.87E+06 2.29€+03 
h.24E-04 1.02E+07 2.37E+03 
5.21F-04 1 .08E+07  2.49E+J3 

N ~ t  R x  
No. 309 
9 .86F-34  7 . 5 0 F t 0 6  ? - 5 9 E + 0 3  
9.95F-04 7 .85E+06  2. I 4 E + C 3  
9.77E-34 8.19E+06 ?.9RE+03 
q .25F-04  RS53F+O6 3 .02€+03  
9 .08E-04  9.22E+06 3 - 2 7 E + 0 3  
8 .62F-04  9.57E+06 3.3$F+03 

No. 325 
7.22E-34 1 . C 9 F t 0 7  2.87E+33 

No. 315 
1.02E-03 8.51E+Oh 2 . 8 7 € + 0 3  
1.03E-03 9.59F+Oh 3.35E+03 
9.48F-04 L.C7E+07 3 .76F+03  
9.SAE-04 1 .12E+07  3 .94€+03  

No. 321 
9.05E-04 4,45E+06 1 . 3 5 € + 0 "  
8 .66F-04  4 .$6€+06  1.54E+03 

No. 316 
1.01E-03 8.51E+06 2.81E+03 No. 302 

4.77E-04 9.25E+06 1.94E+03 
4.78E-04 9.56E+06 2.01E+03 

No. 310 
9.1cF-04 7 .32€+06  2.48E+03 
9 . 4 9 t - 0 4  7 . 8 9 € + 0 6  2 .72€+03  

No. 303 
5.29E-04 $.71E+06 2 - 2 0 E + 0 3  
4.87E-04 1 - 0 7 E + 0 7  2.42E+03 

No. 304 
5.84E-34 9.82€+06 2 .30€+03  
5.58E-04 L.OLE+07 2 .39E+03  
6.08E-04 1 . 0 5 € + 0 7  2 . 5 0 € + 0 3  
5.99E-04 1.09E+07 2.63E+03 
6.08E-04 l . l l E + 0 7  2 . 7 0 E t 0 3  
5.80E-04 1 .15€+07  2.79E+03 

No. 305 
5.63E-04 1.01E+07 2.47€+03 
4.92E-04 l .C5E+07  2 .54E t03  
5.16E-04 1.08E+07 2 . 6 1 E t 0 3  
4.67E-04 1.12E+07 2.68E+03 
5.14E-04 l . l 6 E + O I  2.75E+03 

No. 317 
6.44E-04 9. t6E+O6 2 .?1E+03  

NO. I . T O F - O ~  326 9 . 0 4 ~ + 0 6  2.14F+03 

6 .55F-04  9.55E+O6 2.50E+03 No. 318 
6.29E-04 e.O5F+O6 Z.OBE+33 
h.67E-04 8 .05F tOh  2.08E+q3 
6 .25F-04  9 . 6 6 F t 0 6  2 .5hE t33  
C.?hE-04 9.hhE+O6 ? .56E+03  
5.8OE-04 1 . 1 3 E t 0 7  2 .97E t33  
5.74F-04 1. L3E+07  2.Y7E+03 

No. 322 
8.44E-34 9 . 3 1 € + 3 6  7 .34F+>3  

No. 311 
7.55E-04 1.38E+07 3.48E+33 

No. 319 
6.89E-04 1.05E+O7 2.55F+03 No. 327 

9.00E-04 5 . 3 4 E t 0 6  1 . 5 3 € + 5 3  6.23E-04 1. C5E+07 2.55E+03 
6.40E-04 1 . 0 5 € + 0 7  ? . 5 5 E t 0 3  
6 . lYE-04  1.4AF+07 3 .64€+03  
6.13E-94 1.41E+07 3.64F+O3 
5.96E-04 1 .41€+07  3 .h4F+03  
5.57F-04 1,76F+07 4.57E+93 
5.50E-04 1.76E+07 4.57F+03 
5.7YE-0'+ 1.76E+07 4.57E+33 
5.39F-04 2. 1 1 E + 0 7  5.15F+03 
5.61F-04 2.11E+07 5.15E+33 
5.62E-04 2 . 1 1 E t 0 7  5 .15E tO3  
5.54E-04 2.46E+07 6.2LE+03 
5.OLE-04 2.46E+O7 &.2?E+C3 
5.12F-04 2.46E+O7 6 .22E+03  

No. 320 
7.45E-04 8.9LE+06 2.15E+03 
7.02E-04 $.41E+OA 2.31E+33 
6.88F-34 9 . 9 1 E t 0 6  2.46E+3? 
6.YOE-04 1.04E+07 2.hOE+O3 
6.36E-04 1. 1 4 F + 0 7  2 . 8 5 F t 0 3  
'.95E-04 1.?4E+U7 2.77E+03 
6.16E-34 I . Z 4 F + 0 7  7.Of lF+33 
5.70E-04 1 . 3 4 € + 0 7  3.30F+C3 

No. 312 
8.3RE-04 l .O7E+07 2 . 8 2 E t 0 3  

No. 306 
1.05E-03 8 . 2 5 F t 0 6  2.2hE+03 
1.01E-03 8.59E+06 2.41E+03 
9.76E-04 9.29E+06 2.71E+03 
9 .91F-04  9.64E+06 2.84F+03 

No. 307 
8.65F-04 1.03F+07 2.84E+03 
8.49E-04 l .C7E+07 3.01F+03 
8.34E-04 L. l 6 E + 0 7  3 . 3 L E t 0 3  
8.32E-04 1.20E+07 3.46Ec03 

No. 308 
8.95E-04 I.OOF+07 3.01F+03 
8.98F-04 1.05E+07 3.19E+03 
8.90E-34 1 .09E+07  3.35E+03 
8.79E-04 1.14E+07 3 . 5 3 E t 0 3  
P.73E-J4 1.23E+07 3 .85F+03  
8.70E-04 1 .28F+07  4 . 0 2 F t 0 3  

No. 313 
8 - 0 4 E - 0 4  1.38E+07 3.84E+03 
7.83E-04 1 .57F+07  4 .45F+03  

No. 323 
6.79F-04 1. 13E+O 1 2 *50E+O3 
6 .60E-04  l . l 8 F + 0 7  2 . 6 4 F t 0 3  

No. 314 
R.3aE-04 1 - 2 1 E t 0 7  3.56E+03 
8.2hE-34 1.38E+07 4 . l h F + 0 3  
8. L 4 E - 0 4  1 . 5 5 F + 0 7  4 .68€+03  
7.64E-04 1 .73€+07  5 . 1 7 t + 0 3  
7.71E-04 1.82E+O I 5 . 4 3 E t 0 3  

No. 324 
7 .43 f -74  Y . l 6F+06  2 . 3 4 E t 3 3  
7.57F-04 9.58F+nh 2.48F+O> 
7.16F-34 1.00E+37 2 . 6 1 E t 3 3  
7.00E-04 1 . 0 4 F + d 7  ? . l ? E + 0 7  
6.96F-34 L.OHE+O7 Z.R3E+03 
6.85E-04 1. l ? F + 0 7  ?.96E+O7 

R determined assuming S = 1.16 
0 

The symbol E and t h e  f o l l o w i n g  
p l u s  o r  minus s i g n  and two d i g i t s  
rep resen t  t h e  exponent o f  10 by  
which t o  m u l t i p l y  t h e  number t o  
p lace  t h e  decimal c o r r e c t l y .  
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TABLE VI1.- SUMMARY O F  ERRORS 

Virtual 
Origin 

- - - - - - - - 
0.722R 

@>P 
0.825R 

X,P 

Correlating 
parameter 

0 

Re  

R, 

Method 

Eckert  

Ref, 

10 

N ~ t  Figure 
no. 

6 

17(a) 

17(b) 

Cf 

Mean, % 

17.21 

7.98 

10.44 

Mach no. 
range 

4 to 10 

S 

1.0 

1.0 

1.0 

Mean, % 

4.94 

-1.18 

0.70 

r m s ,  % 

25.74 

18.20 

17.76 

No. of 
points 

NSf = 185 

NHt = 1291 

r m s ,  % 

16.61 

15.28 

14.60 





Typica l  v i r t u a l  
o r i g i n  l o c a t i o n  

-Leading 
edge 

8 

Figure 2.- Illustration of typical heating distribution defining Reynolds numbers. 
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Figure 4.- Results f rom the Spalding and Chi method where Cf is assumed 
to be a unique function of Rt) and S = 1.0. 
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l" F Coles Heat transfer 1 

Skin Friction 

FcCf 
Spalding - Chi incompressible 

M 
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Figure 5.- Results from the Coles method where Cf is assumed 

to be a unique function of Re and S = f .Q. 
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Figure 6.- Results from the Eckert method where Cf is assumed 

to be a unique function of Re and S = 1.0. 





White - Christoph Heat transfer 1 

lo-2 Skin friction 
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Figure 8.- Results from the White and Christoph method where Cf is assumed 

to be a unique function of Re and S = 1.0. 



Spalding -Chi  Heat Transfer 
S = K i rmin  

Skin Friction 

0 

Tw' Tt Me 

(a) Momentum-thickness Reynolds number correlation. 

Figure 9.- Results f rom the Spalding and Chi method by using best virtual-origin location. 
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(b) Length Reynolds number correlation. 

Figure 9. - Concluded. 



Figure 10 .- Location of best virtual origin for the Spalding and Chi correlation. 

Figure 11.- Correlation of momentum-thickness Reynolds numbers at 
beginning and end of transition. 
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5 = ~a'rrn4n 

lo-? ,flk Skin friction 

T J  Tt Me 

Figure 12. - Results f rom the Spalding and Chi method with virtual origin a t  
peak heating near end of transition. 



Van Driest I I Heat transfer 
s = ~ i r m e n  

lo2k \ Skin friction 

(a) Momentum-thickness Reynolds number correlation. 

Figure 13.- Results from the Van Driest  II method by using best virtual-origin loea-tion. 



Van Driest I I Heat transfer 
S = ~ i r m i n  

10-31 I I  I  I  I I  1 1  I I I I I I I I I I I  I  1 l  l l l l l l  l l l l  I I  I I I I  
4 I o5 lo6 lo7 4 

lo-* 
Skin friction 

Spalding - Chi incompressible 

0 

l o 3  1 I I I I I I I  II I  I l l  I  l  l  l l l l  l  I l l  I l l  
4 lo5 lo6 lo7 4 

F ~ ( R ~ - R  x, a 

CLOSED SYMBOLS - Ct - 
I I 

I I -40 

(b) Length Reynolds number correlation. 

Figure 13. - Concluded. 



Eckert Heat Transfer 1 

SpalGng - Chi  incompressible 

(a) Momentum-thickness Reynolds number correlation. 

Figure 14.- Results from the Eckert method by using best virtual-origin location. 
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(b) Length Reynolds number correlation. 

Figure 14. - Concluded. 
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Figure 15.- Results f rom the Coles method by using best virtual-origin location. 
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(a) Momentum-thickness Reynolds number correlation. 

Figure 16.- Results from the Van Driest  II method by using best virtual-origin 

location and S = 1.0. 



Van Driest I I Heat Transfer I 

1 0 - 2 ~ -  Skin Friction 
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(b) Length Reynolds number correlation. 

Figure 16. - Concluded. 



I" Eckert Heat transfer 
S = I . O  

Figure 17.- Results from the Eckert method by using best virtual-origin 

location and S = 1.0. 
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(b) Length Reynolds number correlation. 

Figure 17. - Concluded. 



Coles Heat Transfer 
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Figure 18.- Results from the Coles method by using best virtual-origin 

location and S = 1.0. 



10 -~  - - - -- -- 

Van Driest I I 

Skin Friction 

F~~~ 1 Spalding - Chi incompressible 

Figure 19,- Results f rom the Van Driest  II method where Cf is assumed to  be 

a unique function of Rg and with K&rm&nts Reynolds analogy. 



lov2 

Fc Cf 
palding - C h i  incompressible 

Figure 20.- Results f rom the Van Driest I1 method where Cf is assumed to be 

a unique function of Re and with S equal to an empirical function of ratio 

of wall to total temperature.  
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(a) Momentum-thickness Reynolds number correlation. 

Figure 21.- Results from the Spalding and Chi method by using best virtual-origin 

location with 4 2 Me 2 13. 
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(b) Length Reynolds number correlation. 

Figure 21. - Concluded. 
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Figure 22.- Results f rom the Van Driest  I1 method where Cf is assumed to be 

a unique function of Ro and S = 1.0 with 4 2 Me 2 13. 



Figure 23.-  Results from the Coles method where Cf is assumed to be 

a unique function of Re and S = 1.0 with 4 5 Me S 13. 
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