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ABSTRACT  

This thesis is intended to recommend a simple and reliable 

method for the prediction of frictional drag and heat transfer 

in a turbulent boundary layer of air on a smooth flat plate. 

Particular emphasis has been placed upon the correlation of local 

and overall frictional drag and heat-transfer data at various 

values of Reynolds number, Mach number and wall-to-mainstream 

temperature ratio. 

The frictional drag theories given by earlier authors are 

classified, reviewed and where necessary extended; then the 

predictions of twenty of these theories are evaluated and 

compared with all available experimental data, the root-mean-square 

error being computed for each theory. The theory of van Driest II 

gives the lowest root-mean-square error (11.0%). 

A new calculation procedure is developed from the postulate 

that a unique relation exists between cfFc  and Rept, where cf  is 

the drag coefficient and Re is the Reynolds number and F0  and FR  

are functions of Mach number and temperature ratio alone. The 

experimental data are found to be too scanty fox' both Fc  and FR  

to be deduced empirically, so Fe  is calculated by means of 

mixing-length theory and FR  is found semi-empirically. Tables 

and charts of values of Pc and FR are presented for a wide range 

of Mach number and temperature ratio. When compared with all 

experimental data, the predictions of the new procedure give a 

root-mean-square error of 90%; and when compared with the theory 

of van Driest-II, the present method improves the correlation at 



44 

large heat-transfer rates and is easier to use. 

The frictional drag coefficient derived is then used as.a 

basis for the prediction of the heat-transfer coefficient (St). 

The experimental St data giving the Reynolds-analogy factor (S) 

are too scanty to reveal the small• influence of Reynolds number, 

Mach number and heat transfer on the value of S. A constant 

value of S which represents the empirical mean of all published 

experimental data is recommended. 

Finally, to give confidence in the use of the constant 

value of Reynolds-analogy factor beyond the range of heat-transfer 

conditions for which the experimental data are available in the 

other literature, heat-transfer rates at TadissiTs  up to 2.7 were 

measured by the transient techniqUe. The present data confirm 

that the use of the constant value of S is adequate for the 

evaluation of the heat-transfer coefficient so long as the 

drag coefficient is calculated by the present procedure. 



5. 
NCEENGLATURE  

1.  Introduction 

MG 	Mach number of mainstream 

Rex 	Reynolds number based upon x and mainstream 

fluid properties 

T
ad ,S 	Adiabatic wall temperature, (°R) 

TG 	Mainstream temperature, (°R) 

TS 	Wall temperature, (°R) 

x 	Distance measured along mainstream direction from 

effective start of turbulent boundary layer 

Frictional Drag  

a,b 	See Eqs. (2.55) and (2.56) 

cf 	Local frictional drag coefficient based upon 

mainstream fluid properties, Eqs. (2.20) and (2.59) 

cf 	Overall frictional drag coefficient based upon 

mainstream fluid properties, Eq. (2.68) 

C 	 A constant, Eq. (2.11) 

E 	 A constant, Eq. (2.2) 

Fc 	Function multiplying cf  in universal drag law, 

Eqs. (2.53) and (2.61) 

F- 	Function multiplying Cr  in universal drag law, Eq.(2.53) 

FRS 	Function multiplying Re62  in universal drag law, 

Eqs. (2.5)) and(2.62) 

Function multiplying Rex  in universal drag law, Rx 

Eqs. (2.54) and (2.67) 

Specific enthalpy, Eq. (2.79), (Btu/lb) 

h° 	Stagnation enthalpy, Eq. (2.79), (Btu/lb) 



6. 

K 	A constant (= .4.) Eq. (2.2) 

MG 	Mach number of mainstream, Eqs. (2.52) and. (2.55) 

n Exponent, Eq. (2.14.) 

P,c1 	Exponents, Eqs. (2.93) and (2.94-) 

Pr 	Prandtl number, Eq. (2:83) 

✓ Recovery factor, Eq. (2.82) 

Re 	Reynolds number in general 

ReS2 	Reynolds number based upon momentum thickness 

and mainstream fluid propertiest  Eq. (2.3) 

Rex 	Reynolds number based upon x and mainstream fluid. 

properties, Eq. (2.63) 

T 	Temperature, Eqs. (2.22) and (2.55) , (0R) 

u Velocity in x-direction, Eq. (2.1), (ft/h) 

u+ Non-dimensional value of u, Eq. (2.2) 

✓ Velocity in y-direction, Eq. (2.26), (ft/h) 

x 	Distance measured along mainstream direction from 

effective start of turbulent boundary layer, 

implied. in the definition of Rex, (ft) 

y 	Distance from wall, Eq. (2.1), (ft) 

Non-dimensional value of y, Eq. (2.2) 

z. 	A different non-dimensional value of u, Eq. (2.3) 

A 	Exponent, Ec. (2.87) 

TPEI 	Functions of x, Eqs. (2.29), (2.30) and (2.32) 

Boundary layer thickness, Eq. (2.14),  (ft) 

2 	Momentum thickness, Eq. (2.3), (ft) 

Specific heat ratio, Eq. (2.55) 
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Function appearing in Eqs. (2.2), (2.•5) etc. 

Functions appearing in the generalised 

drag law, Eqs. (2.60), (2.66) and (2.69) 

Stream function, Eq. (2.31), (lb /ft h) 

Kinematic viscosity, (2.15), (ft2/h) 

Density, Eq. (2.1) (1b/fe3).: 

Viscosity, Eq. (2.3), (lb/ft h) 

Shear stress in boundary layer, Eq. (2.1), (lb/ft h2) 

SubscriOtsand superscripts. ' 

ad 	Adiabatic condition, Eq. (2.22) 

av 	Average conditions in laminar sublayer, Table 2,1 

Mainstream fluid state, Eq. (2.3) 

i 	Uniform property flaw, Eq. (2.87) 

State in laminar sublayer, Eq. (2.11) 

S 	State at the wall, Eq. (2.3) 

State in turbulent region, Eq. (2.11) 

tot 	Referring to total, Eq. (2.2k) 

1 	Outer edge of laminar sublayer, Eq. (2.11) 

Transformed quantity, Eq. (2.27) 

Average value, Fig. 2.10 

3. Heat Transfer. 
a 	A constant, Table 3.1 

f 
	Local frictional drag coefficient based upon 

mainstream fluid properties, 	Eq. (3.1) 

f 
	Overall frictional drag coefficient based upon 

mainstream fluid properties, appearing in text 
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Specific heat at constant pressure; Eq. (3.3), (Btu/lb°F) 

E A constant, Table 3,1 

Fc 	Functions multiplying cf, Rev, and Rex in universal 

4.1 	
drag law, appearing in text 

x 

K ,A constant (00.4), Table 3.1 

MG 	Mach number of mainstream, Eq. (3.8) 

Pr 	Molecular Prandt1 number, Eq. (364) 

Prt 	Turbulent Prandlt number, Eq. (3.4) 

Prtot Total Prandtl number, Eq. (3.2) 
Re 	Reynolds number in general, Eq. (3.8) 

Re62 Reynolds number based upon momentum thickness and mainstream 
fluid properties, appearing in text 

Rex 	Reynolds number based upon x and mainstream fluid properties, 
appearing in text 

S 	Reynolds-analogy factor, Eq. (3.1) 

St 	Stanton number based upon mainstream fluid properties, Eq.(3.1) 

St 	Overall Stanton number based upon mainstream fluid properties, 

appearing in text. 

T 	Temperature, Eq. (3.8), (°R) 

u Velocity in x-direction, Eq. (3.4), (ft/h) 

u • 	Non-dimension value of u, Eq. (3.4.) 

y 	Distance from wall, Eq. (3.4), (ft) 

▪ Non-dimensional value of y, Eq. (34) 

Density, Eq. (3.1), (1b/ft3) 

• Eddy thermal conductivity, Eq. (3.3), (Btu/ft h °R) 
Eh 	Eddy viscosity, Eq. (3.3), (lb/ft h) 
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A different non-dimensional value of y, Table 3.1 

Molecular thermal conductivity, Eq. (3.3), (Btu/ft h °F) 

Viscosity, Eq. (3.3), (lb/ft h) 

Shear stress in boundary layer, Eq. (3.1), (1b/ft h2) 

Subscripts. 

ad 	Adiabatic condition, Eq. (3.8) 

exp 	Reference to experiment, Eq. (3.6) 

Mainstream fluid state, Eq. (3.7) 

R 	Reference state, Table 3.1 

S 	State at the wall, Eq. (3.2) 

t 	Turbulent condition, Eq. (3.4.) 

th 	Reference to theory, Eq. (s.6) 

tot 	Referring to total, Eq. (3.2) 

1 	Outer edge of laminar sublayer, Table 3.1 

2 	Outer edge of intermediate layer, Table 3.1 

Experiments. 

A constant, Eq. (4.11); or dimensionless driving 

force, Eq. (4c.5) 

cf 	Local frictional drag coefficient based upon mainstream 

fluid properties, Eq. (4.1) 

cp 	Specific heat at constant pressure, Eq. (4.9), (Btu/lb °F) 

Velocity coefficient, Eq. (4.2) 

(cMs 	Product of specific heat, density and thickness of the 

test plate, Eq. (4.8), (see text) 

d 	Diameter of sphere, Eq. (4D.3), (ft) 

E 	e.m.f. of thermocouple, (mv); or a constant Eq. (4.12) 
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FR6 

Rx 

ct 

Ref 

S 

St 

t 

10. 

Multiplying functions as defined 

in 02 and 3 

Surface conductance for mass transfer, Eq. (40.5),(1b/ft2h) 

Mass per unit area, Eq. (4D.1), (lb/ft2) 

Mass transfer rate per unit area, Eq. (40.5), (1b/ft2h) 

Mainstream Mach number, appearing in text 

Static pressure, Eq. (4.2), (mm of H20, or mm of Hg 

as is clear in the text) 

Difference between the total and the static pressure, 

Eq. (4.4), (mm of H20, unless otherwise stated) 

Heat-transfer rate per unit area Eq. 04.1), (Btu/ft2h) 

Reynolds number per in of x based upon the mainstream 

fluid. properties, Eq. (4.7), (in 1) 

Reynolds-analogy factor, Eq. (4.1) 

Stanton number, Eq. (4.1) 

Time, Eq. (4.9) (h or s) 

Temperature, Eq. (4.3), (°R, unless otherwise stated) 

u 	Mainstream velocity at x, (ft/s or ft/h) 

uG 	Lvcrage velocity of mainstream velocity, Eq. (4.2), 

(ft/s or ft/h as it is clear in text) 

x 	Distance measured along mainstream direction from 

leading edge of test plate, (in or ft) 

Stefan Boltzman constant, Eq. (40.1), (Btu/ft2h °R!4') 

6 	Thermal emissivity, Eq. (40.1) 

Density, Eq. (4.6), (lb/ft3) 

)4 	Viscosity, Eq. (4.6), (lb/ft h or lb/ft s) 
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Test-plate thickness, Eq. (4.9),(units as stated 

in the text) 

Subscripts  

ad 	Adiabatic condition, Eq. (4.4) 

c 	Reference to STP, Eq. (4;2) 

r 	Reference to radiation, Eq. (40.1) 

S 	State at the wall, Eq. (4.9) 

STE 	Standard temperature and pressure, (520°R and 760 mmHg) 

State in the mainstream, Eq. (4.9) 

0,X,I 

11,111 	 Reference to the positions indicated in Figi4.9 

IV 	) 

tot 	Reference to total, Eq. (4.10) 

5, Conclusions  

c, 	Local frictional drag coefficients based upon 

mainstream fluid. properties, Eq. (5.2) 

cf 	Overall frictional drag coefficient based upon 

mainstream fluid properties, Eq. (5.3) 

Fc 	Function multiplying cf  in universal drag law, Eq. (5.1) 

FRa 	Function multiplying Ros2  in universal drag law, Eq.(5.1) 

x 	Function multiplying Rex  in universal drag law, Eq.'(5.1) 

M 	Mach number of mainstream 

Re 	Reynolds number in general 

Rex 	Reynolds number based•upon length measured along 

mainstream direction from effective start of turbulent 

.boundary layer and mainstream fluid properties 
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Reynolds number based upon momentum thickness and 

mainstream fluid properties 

S 	Reynolds-analogy factor, Eq. (5.2) 

St 	Stanton number based mainstream fluid properties 

ST 	Overall Stanton number based mainstream fluid properties 

adAg 	Adiabatic gall temperature% (°R) 

TG 	Temperature of mainstreamX0 

TS 	mall temperature,(°R) 

Suggestions for Further Work 

Fc ,FR 
E 

H12 

TadIS 
Ts 

61 

62  

Multiplying function for universal drag lag 

L constant in Lag of Wall 

Shape parameter, Eq. (6.1) 

Adiabatic wall temperature 

Wall temperature 

Displacement thickness, Eq. (6.1), (ft) 

Momentum thickness, Eq. (6.1), (ft) 
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CHAPTER I  

INTRODUCTION  

1.1. Problem Investigated. 

The designer of high-speed vehicles, combustion chambers, 

turbine blades, hypersonic ram-jet intakes, rocket-motor 

nozzles etc. wants to know the values of friction-drag and heat 

transfer at various Reynolds numbers, Mach numbers, wall- 

temperatures and mainstream temperatures; so the problem of the 

predictions of frictional drag and heat transfer at a surface 

along which gas is flowing at high speed and through which 

heat is being transferred at high rate interests aeronautical 

and mechanical engineers in many circumstances. 

Often the mainstream pressure is not uniform; and 

sometimes the mainstream fluid is not air; and the surface 

may be film or transpiration cooled. Despite these facts, 

it is necessary to restrict attention of the present research 

to the case in which the pressure gradient is zero, the mainstream 

fluid is air and no coolant is forced towards the mainstream; 

that is, to that of the boundary layer of air on a solid flat 

plate. The reasons are,that this is the case for which a 

large number of experimental data are available and that this 

is the simplest case which must be understood first. For the 

same reasons, the effect of roughness and the effect of wait' 

temperature variations are also excluded from the present 

investigation. Thus, the problem investigated is the frictional 

drag and convective heat transfer in a compressible turbulent 

boundary layer of air on a smooth solid flat plate at uniform 

temperature. 
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1.2. Outline of Present State of Knowledge. 

There have been:numerous investigations of the problem both 

theoretical and experimental; these will be described in some 

details in the following Chapters (§42  and 3). Nevertheless, 

as mill appear below, present knowledge of the subject is defective 

in several respects. First, there is considerable uncertainty as 

to which of the various theories gives the best predictions; for 

each theory contains fairly drastic simplifications and has usually 

been compared with only a small section of experimental data. 

Secondly, some of the methods of prediction (including unfortunately 

those which give the most accurate predictions) are diffiCult to 

use; the prospective user of the method has to carry out extensive • 

numerical work, because the necessary auxiliary functions have not 

been computed and tabulated once for all. Thirdly, the experimental 

heat-transfer measurements at large temperature ratios,(say, at 

Tad 
s/Ts  greater than 1.6) are scarce and conflicting; consequently 

the confidence in checking the validity of the theoretical predictions 

at the conditions of large Taa,s/Ts  is i_nsufficientl.y na..51..quate. 

1.3. Purpose and Scope of Present Research. 

This research was intended to remedy the above defects. Its 

main purposes were: (i) to eliminate the uncertainty of the theory,.' 

(ii) to simplify the calculation procedure, and (iii) to extend 

the range of conditions for which experimental data are available. 

As far as possible, uncertainty_ was eliminated by comparing 

the existing theories with all published experimental data and 

developing a new calculation procedure based upon accumulated 

theoretical and experimental knowledge of the compressible 
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turbulent boundary layer; tables and graphs are presented which 
• 

permit frictional drag and heat transfer to be calculated as a 

result of merely a feu minutes' work; and measurements of heat-

transfer at conditions of sloe-speed flow.  and various temperature 

ratios (Tad,S  /TS  from about one to three) were made to provide heat-

transfer data over a range of heat-transfer conditions wider than so 

far available in the literature. 

Tables and graphs of auxiliary functions,presented below, 

cover the range of Reynolds number (Rex) between 1X10
4 and 1x109, 

Mach number (MG) between 0 and 15, and temperature ratio (Ts/TG) 

between 0.05 and 30. The validity of these functions has been 

confirmed by the published and the present experiments over the 

range of conditions of Rex  from 1x105  to lx108, MG  up to 10 and 

Tad S
TS  between 0.5 and 5 for frictional drag and -Vetween1:0.5 , 

and:  3. CO Y.11  heat transfer. • 

Chapters 2 and 3 are mainly devoted to review of the earlier 

work and the development of the present calculation procedures. 

The present experiments and the data therefrom are reported in 

. Chapter 4.. In Chapter 5, conclusions and the recommended 

procedures are summarised. Suggestions for further work are 

proposed in Chapter 6. 
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CHAPTER 2  

FRICTION/IL DRAG 

2.1. Introduction. 

A considerable amount of analytical work on turbulent boundary 

layers has been carried out (2.1-2.26). However, all the theoretical 

analyses are based upon arbitrary and simplified models or sets of 

assumptions. The results of the various analyses disagree markedly 

because of the different assumptions made by the various authors 

(2.0. The confidence in the theoretical predictions of the 

frictional drag in a compressible turbulent boundary layer can 

therefore only be gained, after the theories have been checked by 

experimental data over a wide range of conditions. 

Several earlier authors, for example, Rubesin et al C2.8), 

Monaghan (2.16), Sommer and Short (2.20), Winkler (2.25) 

Peterson (2.26) etc., have compared some theories with the , 

experiments; but they used a qualitative method of comparison in 

the form of numerous figures, so their conclusions are still rather 

indecisive. The present author has first reviewed the previous 

theories with an emphasis on the principal assumptions used by the 

various authors and then evaluated a quantitative measure of the 

agreement of each theory with all the published experimental 

frictional-drag-coefficient data available to the author (sf2.2 and 

2.3). 

The review of the previous theoretical and experimental work 

described in §§2.2 and 2.3 below loads to an argument for the 

development of a new calculation procedure semi-empirically (2.4.). 

This procedure is easy to use and is entirely satisfactory in 
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correlating all experimental data available in the literature as 

will be seen below. 

In X2.5, results of this chapter are summarised and discussed 

and the recommended prediction procedure is stated. §2.6 contains 

conclusions for this chapter. 

2.2. Survey of the Previous Theoretical 7ork. 

2.2.1. General characteristics of analyses. 

According to the nature of the principal assumptions used by 

the various authors, many of the theories (2.1-2.26], which are 

concerned with the derivation of the "drag law", can be grouped 

into five types, namely:- (i) theories based upon the Prandtl 

differential equation, (ii) theories based upon the von Karman 

differential equation, (iii) theories based upon other differential 

equations, (iv) theories based upon a fixed velocity profile, and 

(v) theories based upon incompressible formulae with fluid 

properties inserted at a 'reference' state. 

The main features of the analyses for each of those groups 

will be summarised in the following five sections (ff2.2.2.-2.2.6), 

and the characteristics of individual theories belongitg to those 

groups will be indicated in Tables 2.1-2.5. §2.2.7 includes 

descriptions of some miscellaneous analyses (2.22-2.26) which do 

not belong to any of the five groups mentioned above. 

2.2.2. Theories based upon the Prandtl differential equation. 

By "the Prandtl differential equation" is meant that 

postulated by Prandtl (2.29, p.477) relating the shear stress in the 

turbulent part of the boundary layer to the velocity gradient and 
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other properties, namely, 

,,,,.. i,K2y2(au/dy)2 (2.1). 

With the assumption 'r=1, the velocity distribution in the 

turbulent boundary layer is derived, 

371.  = E-lexp(Kif du) ... (2.2). 

where y+  a  y(fsis)20s, u+ = u/(rs/fs)2, 4 F.-- (f/t)2, K = a 

mixing length constant, E = an integrating constant, and subscript 

G refers to the mainstream, i.e., the outer 'edge' of the boundary 

layer, subscript S refers to the fluid conditions immediately 

adjacent to the wall, i.e., to the inner 'edge' of the boundary 

layer. 

Eq. (2.2) leads to the integral for Re62: 

Re62  = ,1s/Lic.)(IVE)(u.G.F)2jorrz(1-z)exp(Ku;ittdz)clz ... (2.3.) 
0 

The above features are common to all analyses of this group. 

The differences between them are in either: (i) an hypothesis 

for E (or the method of determining the integration constant), 

(ii) the nature of the 4,  function, or (iii) the method of 

evaluating the Re62  integral. Accordingly, the individual members 

D.1-2.5) of the group are distinguished by the nature of these 

items in Table 2.1. 

w All symbols are defined on pp. 5-12. 

where Re1625(2)0a,  62  r(f/t)z(1-z)dy,z=u,/ua. 
0 
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2.2.3. Theories based upon the von Karman differential equation. 

The differential equation postulated by von Karman 0.29, 

p.485) as the connexion between 1, du/dy and other quantities is 

pc2(au/dy)/(a2u/dy2)  2 
(2.4) 

The assumption,I=1„ leads to the velocity distribution 
° 

y+  = (K/E) 1  exp(K f  4) du+) du 	... (2.5) 
0 

This leads further to the Re62  integral, 

Re82 = ,44s4M4)(0)(u)21:;02z(1-z)exp(Kual4dz)dz 

	

0 	(2.6)  

Hof this group; individual methods 
Eqs. (2.4)-(2.6) are common to all the methods04(.2.6-%,2.10) 

are classified in Table 2.2 by reference to either (i) their 

hypotheses for :E, (ii) the nature of thecti function, or (iii) 

the method of evaluating the Rest  integral. 

2.2.4. Theories based upon other differential equations. 

Analyses of this group start from various differential 

equations but the assumption of"(= Is  is also made as in the 

above two groups (§42.2.2 and 2.2.3). Generally speaking, all 

proposed differential equations lead to equations for the velocity 

distribution which are identical in form with Eq. (2.2) or (2.5). 

However, the nature of CP in this eXpression differs from that in 

f2.2.2 and 2.2.3, that is,IP here is no longer equal to (f/13)-2. 

The Reynolds number integral for the analyses of this group is 

either 

Res 2  ?Oa ) (0) (11'0.1") 21. ( 	) z(1--z)exp(Kudiclz) dz 0  4,   

•• • 	(2.7) 



or 

(1  
Re62  = 909(10)(up2)10(f4s)z(1-z)exp(Kua414dz)dz 

° (2.8) 

depending on whether the velocity distribution of Eq. (2.2) or 

that of Eq. (2.5) is appropriate. Methods (2.11-2.14) of this 

group are distinguished in Table 2.3 by reference to either (i) 

the nature of the differential equation, or (ii) the method of 

evaluating the Re62  integral. 

2.2.5. Theories based upon a fixed velocity profile. 

In this group it is assumed that the velocity profile is 

independent of compressibility, for example, 

Y =E-lexp(Ku+) 	 (2.9) 

for which the Re62 integral becomes 

Re62  = ;AA)(K/E)(uP2  t 	4-(f/t)z(1-z)exp(Kz)dz 	(2.10) 

Methods (2.15-2.16) of this group are distinguished in 

Table 2.4 by reference to (i) the assumed fixed velocity 

profile, (ii) the expression for Vi's, and (iii) the method 

of evaluating the Res2  integral. 

2.2.6. Theories based upon incompressible formulae with  

reference properties. 

Methods (2.17-2.21) of this group imply the existence of 

a universal relationship between frictional-drag coefficient and 

Reynolds number, if properties are evaluated at a reference 

temperature (or reference enthalpy). They are distinguished in 

Table 2.5 by reference to the expression for TR/Ta  or yha. 
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2.2.7. Miscellaneous other methods. 

Some methods (2.22-2.26) which do not belong to those 

groups discussed in §§2.2.2-2.2.6 include the use of 

various transformations, the use of empirical data etc. They 

are individually described below. • 

(i) C. duP Donaldson (2.22) This author assumed that at 

the edge of a laminar sub-layer the ratio of the total shear 

stress to the laminar shear stress was constant (0), ie. 

0 = 14.(17 0/7-1,1) (2.11) 

and expressed lr 1  and '(t l  in the following forms: 

• 1,1  =,141(du/dy)1  (2.12) 

and irt,1  = fa.K24 (du/`7y)1 (2.13) 

where (du/dy)1  was obtained from the power-law of velocity, 

u/ua  =.(yA)1/11 	 (2.14) 

With the aid of Eqs. (2.12)-(2.14), Eq. (2.11) can be written 

as: 
2 (n+1)/n 

C = 1 4. liGK yl 

ngi$1711---  
• • • (2.15) 

The thickness of the laminar sub-layer (y1) and the velocity 

at the outer edge of the laminar sub-layer (u1) derived from Eqs. 

(2.14) and (2.15) are: 

Y1 = (n(c_i) 	 14T n/(n+1) 
K2 	uG  6 

• • • (2.16) 
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= i
n(C-1)  y1 1/(n+1) 

K2ugs 
• • • (2.17) 

On the further assumption that the sub-layer velocity 

distribution and shear stress are essentially uniform, we have: 

1; =AlluI/Y1 	• • • 
	 (2.18) 

On the substitution of ul  and yl  of Eqs. (2.16) and (2.17).  

respectively into Eq. (2.18), there is obtained 

.yluG 	 vi 7  (1-n)/(1+n) 
$ 	K 	uaS ) 

2 
c = 2rh0-1) 	YG 	f 
f 	 t.q.)(_) ... (2.20) K 	

cGs   

1-n 
14-n 

where K = 0.4., n = 7 and 211(C-1)1 	= 0.014.5 as from the 

characteristics of uniform-property flow and 14a  = 

TG  /T andi014Pla  = (Ti/TG)°'76  as from the properties of air. 

Hence 

c f  = 0.045(Re6)47(TG/T1)0.56 	• • • 
	 (2.21) 

The equation recommended by Donaldson (2.22) to evaluate the 

temperature at the outer edge of the laminar sub-layer (T1), which 

appears in the above of  equation (Eq. 2.21), was ,derived from the 

assumption of the analogy between momentum and energy transfer, 

namely 11)ul -  (Tad,f/6)(1)2  
Ti 	Ts 4.  (Taa,6' 
T
G  TG  TG uG G uG  

... (2.22) 

See 4'2.4.3 for the method of derivation. 

...(2.19) 

Upon introducing the definition of cf' the result is 
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where ul/ua  is from Eq. (2.16) with the values of K,n,C etc. 

as previously stated, that is, 

ul .,0.5 _T1  0.22 	1 

1-1G 	
(T) 	(Resr re- • • • (2.23) 

(ii) Tankler (2.23). This ,author used the experimental 

data of cf vs Rc62 from Refs. 2.8, 2.23,2.34,2.37,2,43 and 2.48 

and obtained an empirical formula: 
-0.251 

cr  = 0.0246(Ttot/TOTads/Ts)4R%2 	... (2.24) 

(iii) Spence (2.24) , Burggraf (2.25) and Coles (2.20. 

These authors started from the 2-dimensional uniform-pressure 

continuity and momentum equations of mean motion for a compressible 

fluid of variable density (x,y) in the form (2.30, .82-873, 
afu + acv = 0 (2.25) 
2):e a y 

auWr 
a) 	537:  ay . 

and used various transformations to reduce Eqs. (2.25) and 

(2.26) to the formt: 
CA x 	= 0 

ax*  

(2.26) 

• • • (2.27) 

.a* 4. 	lex ayi = a;  
is *ax 	

ai• aye 
where the parameter f has the dimension 

independent of position in 

form the momentum equation 

• • • (2.28) 

of density and is 

the x and y co-ordinates. In this 

is uncoupled from the energy equation. 

Thus in the transformed co-ordinates (x;.*' 	any) the u ,v 	d'r- 

relations are independent of'the compressibility of air. 

"t Starred quantities below stand for the transformed quantities. 
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In the above transformation, the definition of x*  and y

AV 
 used 

• 

by the various authors (2.24-2.26) can be written in a general 

form: 

x*  are (x) dx 

	

0 

	 ... 	 (2.29) 

Y Y I 1 11(Y)dY 	 .110.1 	 (2.30) 

of*  
and the definition of the stream function introduced. by thorn to 

satisfy the continuity Eqs. (2.25) - (2.28) can be written as: 

fu = 247  ; a-f V = - — 	... 	(2.31) 
ay 	- 9x 

	

- = = 	 a tax,as x)41  ; 	• V 	rr(x)*  ... (2.32) 
4 * 	f. 11g - 	ax, 

ill 
On the application of Eqs. (2.29) - (2.32), it can be shown 

(2.267 that the transformed quantity or of Eq. (2.28) has to be 

defined by 

	

rIgE = frT  r i(aT 	au an- )) 

	

k 11 -ay 	ir ay dx 
and it follows from Eqs. (2.30) and (2.32) that 

(2.33) 

*= o-  u 	 (2.34) 

So far the transformation of the momentum and energy 

equations has been discussed in a general way without reference 

to boundary layers and there is no need to define 7, 1f *.. E, 
and rexplicitly. In order to derive frictional-drag coefficient 

in a compressible turbulent boundary layer, these quantities have 

been defined or assumed in various ways by the different authors. 

(a) Spence 02.213 and Burggraf C2.25). These authors 

assumed that E, /and rwore unity. This assumption reduces the 

shear-stress equation (Eq. 2.33) to 
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arm = r 	 (2.35) 
aye 	f ay 

i.e. 	 • • 	 (2.36) 

It follows that the assumption of f, 1 and r being unity 

together with 	being defined by Eq. (2.33) is equivalent 

to the assumption that 1.  is invariant under transformation. 

Now the local frictional-drag coefficients, cf  and ono  are 

defined by 

Of  S 2 Ts/(fau0 	004 	 (2.37) 

and 	C fE  41 2 TS*Af. xID 
	

• O. 

	 (2.38) 

Eqs. (2.31k) and (2.36) require cf  and_c.fx  related by 

cfw = 	cf 	 1440 	 (2.39) 
tc  

Upon introducing the definition of Reynolds number 

Ilex f
a.  x 

. e 	 (2.x.0) 

and the corresponding Reynolds number 

x4E  

14014G 	Rex 	 004 	 (2,41) 

fG- 113E 

where the viscosity Air  is a certain artificial parameter. 

Eq. (2:28) implies the existence of a unique relation 

between cfe  and PcxRE  , and Eq. (2.35) or (2.36) implies that for 

the uniform-property flow the transformed momentum equation is 

identical to the original momentum equation; so cfx  vs Re' 
XX 

relation is identical to the uniform-property cf  vs Rex  relation. 

Furthermore, Eqs. (2.39) and (2.41) require c f  (11,4) vs Rex

1..̀ P G/fG) relation being the same as of  vs Remis  relation. 1,*  

1°  a.  

Rem 
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It follows that cf(t/1; ) vs Rex(fSIG/0/4) is the same as the 

uniform-property cf  vs Rex  relation. 

Finally, Spence (2.24!) recommended the evaluation of tir  

and AA at the Eckert's reference temperature, so Spence method is 

similar to the Eckertts "reference-temperature method" 02.21) , 

although different uniform property of  vs Rex  relations were 

recommended by those two authors. Burggraf 02.25) recommended 

the values of t% and /14(  to be evaluated at the outer edge of 

the laminar sub-layer, so his method is essentially similar to the 

method based upon the incompressible formula with properties 

evaluated at a reference state. 

(b) Coles (2.26)  Coles did not assume e,11, I' being unity, 

so the shear-stress Eqa. (2.35) and (2.36) do not hold in this 

case. It is assumed in Ref. 2.26 that at y = 0 

y 	= 0 	 • • • 
	 (2.42) 

TS =1"S (au/a  Y)S 	• • • 
	 (2.43) 

l-rSj m/t45RE (ullaYdS 	• • • 
	 ( 2.44) 

The transformation Eqs. (2.30) for y and (2.34) for u then 
* 	* 

require Ts  and Tsx  to be related by 

(2.4.5) ir 	= 'Li/4x .ir 7 	 000 SX 
fS AS.p.112 S  

i.e. 	Cf = ..4.1.?S"  ...LS C 	0•0 	 (2.46) 
Jut ill ft  

Upon introducing the conventional momentum thickness 
0 

S2  = 	(1712_ ) d3r 
0 tatia 	u

G 

(2.47) 

and the corresponding thickness Su, it appears that 



4.1. 

- 	) kry, uaw  

40  

S2litz fo  

jr- 4P2 

Consequently, Reynolds numbers 

• • • 
	 (2.48) 

are related by the equation, 

=A •  . • 	49) 62a 	 it.. Pb  2 	 (2.  

When Orvis eliminated between Eqs. (2.45) and (2.49), it is 

seen that 

cdtesu  =1:6. c f.Res2 	(2.50) 

• IsSIAS 
Hence it follows frOMEqp. (2.28), (2.4.6) and (2.50) that 

fla c vs f4/0G cfRes2  relation is the same as the uniform- 
OS IT; 

property cf  vs cijles2  relation. The recommended method for 

the evaluation of ,PiE 	is by the equation 
C" 

9AS 

 

• • • (2.51) 

-where T1  is the laminar sub-layer temperature and Ts  is the wall 

temperature. The empirically determined sub-layer temperature 

(T1) for the adiabatic=wall case recommended by Coles 12.26) is: 

/-1 H2  
- 305 (  2 	 J -,e,i i 	x 	... 	2. 5 2) 

(Ts/TG  ) 	2 

where the value of cfjiF,Orx t cf)is evaluated from the 
ViS Ts- 

1+1-1 14 T1 = 1 +17.2( 	2 	lj 'cfx 
TS 	(T5/TG) 	2 
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cfx vs f4Res2*
relation (which is equivalent to uniform-property 

cf vs cf Re relation)  relation) at the value of cf.4;  Res2w ( 3 	2- fR 	1Gce
6 2)  

in question. 	 1$17S  

2.2.8. Resume. 

It has been seen in the above review of various theories that 

all the analyses are based upon different assumptions and 

simplifications. The validity of the assumptions and 

simplifications involved in these theories can only be verified 

by comparison with experiments. This will be done systematically 

in the ne7ct section. 

2.3. Comparison between the Theoretically and Experimentally  

Obtained Data. 

2.3.1. Purpose of comparison. 

As pointed out above, all theoretical treatments discussed 

in #52.2 have been based upon assumptions and simplifications. 

Further, their predictions differ significantly, as has been 

shown, for example, by Chapman and Kester (2.27) . It is 

therefore necessary to establish the relative validity of all 

theories by comparing them with experimental data. Below, the 

various theories will be compared with all published experimental 

data of cf and Cf versus Re82 and Rex at various MG and TS
/T

G' 

and for each theory, a quantitative measure of its agreement 

with experiment will be evaluated. 

2.3.2. Experimental data. 

If experimental data were accurate, a few sets of data at 

desired conditions (Mach number and heat-transfer rates) would 

suffice to test the validity.of various theories. Such data are 
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however, not available (3.31). For this reason, the greatest 

possible number of experimental data have been collected 

C2.7, 2.8, 2,20, 2.23, and 2.31-2.483and are tabulated in 

Appendix (2A). They include measurements on a flat plate and on a 

cylinder with axis parallel to the stream direction and radius 

large in comparison with the boundary-layer thickness.. Figs. 

2.1-2.3 show the collected data in the form of cf vs Res 2, 

cf vs Rex, and cf vs Rex, and Fig. 2.L. shows the conditions (i.e. 

values of G and TS/TG) which have been explored experimentally. 

Althouth it must be expected that the data are not all equally 

reliable, no attempt has been made to estimate their accuracy or 

to introduce any weighting factors. 'The reasons are: (i) the 

published details of experiments are often insufficient for them 

to be made, and (ii) some arbitrary variables, for example, the 

variable effects of transition, have not been possible to be 

accounted for with accuracy. 

2.3.3. Theoretical data. 

Theoretical frictional-coefficient data corresponding to 

the experimental Reynolds number (Re62  or Rex), Mach number (W ) 

and temperature ratio (T8/TG) have been obtained by the various 

methods discussed in f2.2; however, some authors have not dealt 

with all the parameters which are required in order to compare their 

results with all the collected experimental data. Extensions can, 

however, be made to those theories without contradicting the authors' 

original argument. The methods used here in making the extensions 

are summarised below. 
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Conversion of Re to Re$2 and vice versa. The results 

of some analyses, viz. Refs. 2.1, 2.2, 2.9, 2.25 and 2.17-2.21, 

imply that a unique relation exists between ofFc  and. ReFlz  

where Fc and PR  arc functions of Mach number and temperature 

ratio alone. As will be shown in f2.4, the relations between 

Fc, c   F-, FRb  and FRx  are such that 

F- = F 	... 	 (2.53) 
C c 

FRx = 	/Fc 	 ... 	 (2.54) Rh  

where Fc and F- are the functions of MG  and TS/TG multiplying 

cf  and Cf, respectively, and FRS  and FRx  are the functions of 

MG  and TS/TG  multiplying Re62  and Rex  respectively. .Hence Eqs. 

(2.53) and (2.54) enable the determination of the cf, versus ax 

relation of one of those. theories from the corresponding cf  versus 

ReX or cf versus Re62 relations, and vice versa. 

Extension of theories derived for the adiabatic wall to the 

case of heat transfer. When only the adiabatic-wall case is 

considered and the Reynolds analogy between momentum and energy 

is assumed, as in Refs. 2.7, 2.15, 2.18, etc., the temperature-

distribution equation is 

T/TS = 1-a2z2 	 (2.55), 

where 

a2z-  1(4-1)14/ (1+1(/-1)Ma2))  z ii/na, T = absolute temperature 

(°R), and suffixes G and S refer to main-stream and surface, 

respectively. 

Eq. (2.55) is extehded to include the effect of heat transfer 

as follows:. 

T/TS = l+bz-a2z2 	 1100 	 (2.56) 

• • • 
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where btf(142(f-1)14(Ts/Tal -1 and a2E1(i-1)11/(Ts/Ta). 

Viscosity law . The viscosity law recommended by the 

original authors has been used in most cases for applying their 

theory to experimental conditions. When this is not possible, 

or no law is recommended, the following power law has been used. 

0.76 
T 	 (2.57) 

Although SutherlandIS viscosity law, given by 

1L1 	T(Ta  + 198°R) 	
• • • 

/44 	Ta(T + 198°R) 

(2.58), 

is more accurate than the power law, the absolute value of TG  was 

not reported by most experimenters. Figs. 2.5 shows the viscosity- 

temperature relations used in the various theories. Since )4 

has only a weak influence on cf, it is unlikely that the use 

of different viscosity laws for different theories has any 

appreciable effect on the final conclusions. 

Drag law for incompressible flow. Each of the authors 

whose works have been studied incorporates in his theory, implicitly 

or explicitly a relationship between frictional-drag coefficient 

and Reynolds number (either Re62  or Rex) valid for incompressible 

flow. In each case, the relationship recommended by the author 

in question has been used without attempting to calculate 

separately its effect on the accuracy of the theory. 

2.3.4. Comparison between theories and experiments. 

Twenty out of twenty-eight collected theories (2.1-2.26) 

are compared below; they are believed to include all the essential 

assumptions used by various authors. Eight theories (2.3, 2.4., 

2.8, 2.10, 2.12, 2.13,.2.14 and 2.26) are not included, either 



46. 

because they still have indeterminate constants or because they 

involve lengthy time-consuming numerical work which is believed 

not to be profitable at the present state of knowledge bf 

turbulence. 

The,criterion used for comparison is the root-mean-square of 

(cf,exp-cf,th)/0f,th 

where cf,exp  is the experimental local or overall friction 

coefficient and cfth is the theoretical local or overall friction 

coefficient, at the corresponding experimental Reynolds number 

(Re82  or Rex), Mach number (Ma), and temperature ratio (Ts/Ta). 

In evaluating the above root-mean-square value for each of 20 

theories, all the experimental data of Appendix (2A), plotted in 

Figs. 2.1-2.3, have been used. 

The evaluation of the root-mean-square values of 

(cf,exp-cf,th)/cf,th Was carried out by the Mercury digital 

computer of London University. A computer program was written 

for each of the twenty theories. Then each theory was applied 

to each of 388 experimental conditions for which cf,exp  data 

were awl-Viable, yielding appropriate values of cf, th.  The 

root-mean-square value of (cf,e  -cf th )/cf th vas then computed xp 	,  

for each theory in an obvious manner. 

The results of the comparison are shown in Fig. 2.6 and 

Table 2.6. They give a quantitative indication of the accuracy 

For the sake of simplicity, here and on some other occasions, 

cf stands for both cf, and cf' as is clear in the text. 
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of the various theories when compared with the present empirical 

knowledge of the compressible turbulent boundary layer. 

It is seen from Fig.2.6 and Table 2.6 that the three best 

theories are those of van Driest-II (2.9) , Wilson r2.71 extended 

to include heat transfer, and Kutateladze and Leont'ev(2.5) . They 

are all based upon the mixing-length used in the method of f2.2.2 

or 2.2.3, that is, Table 2.1 or 2.2. Table 2.6 also reveals that 

all theories exhibit a greater error when compared with the data 

for finite heat-transfer rates than when compared with data 

obtained under adiabatic conditions. 

2.4. Development of an Improved Calculation Procedure. 

2.4.1. Fundamental Functions. 

cf  vs Rev  For the constant-pressure boundary layer, 

it may be expected that 

cf  = cf(Re62,Ma,  TS/TG) 	... 	 (2.59) 

The nature of the function can be determined either 

theoretically (42.2) or experimentally. 

Now many of the theoretical expressions, Refs. 2.1, 2.2, 

2.9, 2.17-2.22 etc. can be written in the form: 

IcfPc 	(ReE 22RS) 	
(2.60) 

where the function st• is independent of Mach number and temperature 

ratio, the effects of which are wholly accounted for by the 

functions Flc and Fes. The latter functions are such that 

Fc  = Fc(Ua,Ts/Ta), 

= 1, for MG  = 0, Ts/14= 1 	(2.61). 

F
R6(HC-1TS

/TG),  

= 1, for Ma = 0, Ts/Ta  = 1 	(2.62) 
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Some of the other theoretical expressions, for example, 

those of Refs. 2.5 and 2.25, if expressed in the form of Eq. 

(2.60), would imply that FR6  exhibits a weak dependence on cf; 

however, this is by no means certain, as is shown by the comparison 

between theories and experiments (Table 2.6 and Fig. 2.6) and we 

shall ignore this dependence. 

2f  vs Rex  . The integral momentum equation for the boundary 

layer on a flat plate C2.28, p.292) leads to 

= aRe62/ciRex 
	• • • 

	 (2.63) 

Rewriting Eq. (2.63) in integral form, we obtain 

Re62 Red 	) dRe62 cf 0 
(2.64). 

By multiplication of Eq. (2.6L) by FRe/Fc, there is obtained 

F R2 F 	R. 62 (  RS)Rex  = 
F 	" 	

2  
(cfFC) 	

d(FRee62) ... 	(2.65) 

The existence of a unique relation between efFc  and Res2ER6  

in Eq. (2.62), which is independent of Mach number and 

temperature ratio, has already been postulated. With this, 

Eq. (2.65) yields 

do 
2 -fr`c ix(Re xF  Rx)  • • • (2.66.) 

where the function 41#
x 
is independent of Mach number and 

temperature ratio, Fc  and RR6  are the same functions as those of 

Eqs. (2.61) and (2.62), and FRx  is related to FRli and Fc  by 

FRx = FRS/Fc 

= 1, for Mc.  = 0,Ts/Ta.  = 1 	0100 	 (2.67) 

cI  vs Re . From the definition of gf' — 



Re 1
ffof 

ni 
 .x

jo  X (cf/2)dRex 	 (2.68) = 

it can be shown by the method of the preceding paragraph that 

16fPc 	ql(PexPRx) 
	

• • • 
	 (2.69) 

where the function is again independent of Mach number and. 

temperature ratio, and. Fc  and FRx  are defined by Eqs. (2.61) and 

2.67). 

To summarize, it has been shown that, if FRs,is independent 

of -12c f , the following functions exist: 
Ti 

-2-C? C 	(FRS 62) 
0010 	 (2.60) 

•Ei 

	

ii., ,(FRxRex  ) 	 (2.66) 

	

= 411 (FmcRex  ) 	 (2.69) , 

where tp, lx  and y are independent of Mach number and 

temperature ratio. The problem has now been reduced to the 

determination of 1-f unc t ions and. Fc and F as functions of Mach 

number and temperature ratio. 

2.4.2. Determination of '-functions. 

Several formulae and numerous experimental data are offered 

in the literature for the relations between frictional coefficient 

and. Reynolds number in uniform-property flow. The experimental 

data of cf vs Re62  cf vs Rex and cf vs Rex for the uniform-

property flow from Refs. 2.34, 2.43 and 2.49-2.61 are plotted 

in Figs. 2.7-2.9 respectively. Also plotted in Fig. 2.7 are the 

well-known theoretical curves due to Blasius and Karman-Schoenherr 

(2.29, p.439). The agreement between the Kaman-Schoenherr formula 

and the experiments is seen to be good over a wide range of 

Reynolds number, but at low Reynolds number the formula over-

estimates cf, by a few per cent. It is known that in the 
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derivation of this formula, the velocity distribution in the 

"sub-layer" was neglected for simplicity. 

At present, a single "law of wall" for the whole region 

of a uniform-property turbulent boundary layer is available 

(2.62), that is, 
2 	4. 3  y = u .1. n -1-Ku-  (KU) 	- CKul 	(Ku') I,.. (2.70) 

E 	2! 	3! 	4! 
In Ref. 2.63, the drag functions was analytically derived 

from Eq. (2.70). These functions are: 
2 

Re62  = (.4)/6+ WIC (1.-2Kupexp(Kup + 2Actial-  + 

(Kup 2/6  - (KuP3/12 -(K104/40 - (KU P5/1803... 	(2.71) 

Rex  = (u)4/12 (1/0E) f(6-4Ku 	(Ku) 2) - 6 - 
- 2Ku - (KuP4,/12 - (Ku)5/20 - (Ku)6/60 - (Kup7/252)...(2.72) 

1 
7cf = ReS2/Rex 	

(2.73) 

where u+  = (2/cf'  K and E are constants to be determined -  

to fit the experiments, The present author has used the data 

of Figs. 2.7 and 2.8 to determine the respective values of 

K and E in the following manner. 

At various values of K, the average values of E and the 

x2)/ i2 Nx standard deviationsuN 4m2
)/B ) were calculated by using 

Ec,s. (2.71) and (2.72) and the experimental data of Figs.' 2.7 

and 2.8 (2.43, 2.49-2.61) . It was found that the minimum standard 

deviation of E occurred at K = 0.4 (see Fig.2.10); At this 

value of K (=0.4), the average value of E is 12 as can be seen 

in Fig.2.10. 

w The bar stands for the average. 
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To estimate the accuracy of Eqs. (2.71) and (2.72) with 

K = 0.4 and E = 12 for the prediction of the uniform-property- 

flow-cf values, we note in Fig.2.10 that at K = 0.4 the standard 

deviation of E is less than 4%. Then by Eqs. (2.71) and (2.72), 

Rem 1/E (approximately at large 141) 	(2.74) 

and according to the 1/7th power law of velocity, 

in, V (2.75) cfco 1/Re462 
 or 1/me x 

so 	cf  GD  E4  or E
l/'5 (approximately) 	(2.76) 

That is, a L deviation of E corresponds to about X% deviation 

of cf. Hence, with K = 0.4 and E = 12, the root-mean-square 

error on cf basis would be less than 1%. 

In Figs. (2.7) - (2.9) the theoretical curves of Eqs. (2.71) 

to (2.73) with K= 0.4 and E = 12 are plotted. It can be seen 

in these figures that the agreement between the theory and 

experiments is good throughout the whole range of the Reynolds 

number; so the 1v-functions for the present method have been 

established, i.e., Eqs. (2.71-2.73) with K = 0.4 and E = 12. 

2.4.3. Determination of P-functions. 

Since the functions t, Irx  and ry are known Eqs. (2.71), (2.72) 
and (2.73)yand  since numerous data for oompressible turbulent 

boundary layer (Appendix 2A) have been collected, it might seem 

to be possible to deduce the Fc  and FR6  functions solely from 

experiments. An attempt to do this, however, soon showed that the 

data were too scanty and inaccurate to allow success. 	Some 

theoretical guidance is therefore sought for the determination of 

one of the functions. 
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In §2.3, it wts shown that theories based upon the mixing-

length hypothesis of Tables 2.1 and 2.2 gave the best prediction 

of all the previous theories; it was also discovered that the 

corresponding method led to the following expression for F
c
: 

F
c 
 = (fo 	) d..) -2 	(2.78) 

The expression for Fes, by contrast, varies considerably from 

one theory to the next. Eq. (2.78) has been adopted for the 

F
10 function in the present theory.' 

Evaluation of Fc.  from Eq. (2.78) requires the density to be 

expressed as a function of z, where z is defined as 11/u,a. This 

relationship may be derived from the Reynolds analogy between 

energy and momentum transfer, modified for non-unity Prandtl number 

in the following manner. 

From the Reynolds analogy, we have 

o ho -hs  = u - us  

o ha  -hs  urus  

• • • (2.79) 

where h°  is the stagnation enthalpy, u is the velocity in the 

x -direction, and subscripts G and S refer to the mainstream and 

the fluid adjacent to the wall, respectively. 

Now us  = 0, h°  = c (T+1(ri-1)4TGz2) for a perfect gas, 

hcs) 
= 
hs  = cTS' where c is the specific heat at constant pressure, 

and T is the temperature in degrees absolute. Eq. (2.79) can then 

be written as 

T/Ta  = (Ts;/Ta)+ (1 + 0-1)mg-(Tsna)) z4(1-3.)mgz2  .t. (2.80) 
For the adiabatic..wall case, the coefficient of z of Eq. (2.80) 

is zero, and T is equal to the adiabatic-wall temperature, 

T
ad,S. Hence 
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Tacis/Ta 	+ .i(j-1)14G.2 	. • • 	 (2.81) 

This holds for a Prandtl number of unity. For non-unity Prandtl 

number, 

Tad,S/TG=  Ifir(1-1)MG2 	.•. 	 (2.82) 

where r is the recovery factor. For gases of Pr 0.7, 

measurements of recovery factor by various investigators 

(2.6)+-2.69) showed that the value of recovery factor lies between 

0.88 and 0.9; 0.89 is a fair mean of all measurements. Now Eq. 

(2.80) can be modified•to satisfy the boundary condition at the 

wall for the adiabatic-wall case, by writing 

T/TG  = (Ts/TG.)+ (1+ir(i-1)MG.2-(Ts/TG)) 	2 ... (2.83) 

where r = 0.89 for Pr = 0.7. For an ideal gas at constant pressure, 

V  G = (T/TG) -1 (2.80 

On substitution of Eq. (2.83) into Eq. (2.80, there is 

obtained 

1/fG  =.((Ts/Ta)414-1r(e-1)MG-(Ts/TG)) 	(.?-1)111G2z2  

(2.85) 

Hence from Eqp. (2.78) and (2.85), we have 
-2 

Fe  4 f. dz  

VfolS  )+b.÷.-i 	) rci-i)m3-(Ts/TG) .-irci-1)4z2) 0 	G 
• • • 
	 (2.86), 

where r = 0.89. Eq. (2.86) is the Fc  function which has bean 

used. 
2.4.4. Determination  of

F function. 	 RE 
Though the theoretically derived expressions for FRG  are 

uncertain, they can generally be written as 

'1  FRS = ?COS)  (t/t) (E/Ei) 	• • • (2.87) 



. 54. 

.where E. is the value of E for uniform property flow and is a 

constant. For example, 

(a) In the van Driest-I method, (3= 2, E =:E., 

hence, 

FRS = K4'00(t/t)2  
= (Ta/T,8)1.26 for/4640s  . (TG/Ts)0*76 

	
(2.88) 

(b) In the van Driest-II method,1= 0, E =:Ei, hence 

FRS = 9411/S)  

(Ta/Ts)°'76  for/PGA = (Ta/Ts)0476  (2.89) 

(c) In other methods, e.g. those of Kalikman (2.3) 

and Wilson (2.7) 

E = f(Dla,Ts/Ta) 	 (2.90) 

Such theories commonly derive E from the assumed values of 

ul  and yi  by the 
t
equation 

ti 
E = exp(4019frdut)/YI 	(2.91) 

or E = exp(KuI)/4 	... (2.92) 

A widely used assumption for yI and ul is that yli=u1:=11.6 

at all MG and Ts  /T (2.1, 2.2, 2.7, 2.8 etc 3, An examination 

of the measured velocity profiles, which have been collected by 

BAgel (2.70) , however, reveals that although for the adiabatic-

wall case yi  and ul  are approximately equal to 11.6 yet for the 

case of the presence of heat transfer the values of ul  and yi  

are directly related to Tad,s/Ts.  In Table 2.7, the approximate 

values of yt1  and ul  from the collected experimental velocity 

profiles (2.70) are shown. The corresponding values of E 

evaluated by Eq. (2.92) with the experimental yI and ui are plotted 

in Figs. 2.11 and 2.12 against Ma  and Tad  A respectively. 



55. 
The nature of the experimental E derived in the above 

paragraph can be seen in these figures (Figs. 2.11 and 2.12); 

for the adiabatic-wall case the dependence of E upon MG  is small) 

whilst for the case of the presence of heat transfer the value of 

E is related to Tads  /T
S  by the equation 

E/Ei = (Taa,s/Ts)q 	 (2.93) 

where q is a constant and its approximate magnitude has been 

found to be unity from the data of velocity profiles as shown 

in Figure 2.12. A more accurate value of q will be determined 

below from the numerous drag-coefficient data. 

After combination of Eqs. (2.87)-(2.93), we can write 

FRS = (Ts/Ta)P(TaasTs)q 	

() 

 

where p and q are still indeterminate and are to be determined 

from experiments as in the following paragraphs. 

For the adiabatic-wall case, the ratio of the adiabatic wall 

to wall temperature is unity and so Eq. (2.94) reduces to 

FiRs  = (Ts/Ta)P 
	

• • • 

	 (2.95) 
Using the functions 46 14,0  and Fend F0  of Eqs. (2.71-2.73) 

and (2.86) respectively, and all the collected experimental data 

for the adiabatic wall case (summarised in Appendix 2A and Figs. 

2.7-2.9), the author has determined the value of p which gives 

the smallest rootmean-square value of (c 	-cflth)/ f,th. -c 

This value of p is -0.702. Thus, for the adiabatic wall case, 

FRS = (Ts/TG)
-0.702  (2.95) 

where Ts is of course the adiabatic-wall temperature which is 

obtained by Eq. (2.82). 
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The index q of Eq. (2.94) can now be found empirically from 

the drag coefficient in the presence of heat transfer. A computer 

program was written.which varied q and minimized the root-mean-square 

value of (cf,exp -0f,th)/cf,th 
for all the available heat-transfer 

experiments, p being given the value -0.702 as derived earlier. 

The minimum root-mean-square error was found when q was 0.772. 

The recommended F116  is accordingly 

FR6 	
= (Ts/TG) -0.702(Tad, /1,S' 

 
v0.772 ... 

S'  

which reduces to Eq. (2.95) for the adiabatic wall. 

2.4.5. Comparison of the present method with other theories  

and experiments. 

The root-mean-square value of (cf,exp-cf,thf,th 
for the 

present theory has been calculated and inserted in Fig.2.6 and 

Table 2.6 in order to compare with the other theorieS. The 

present theory gives the lowest root-mean-square value, namely, 

9.9%. This is to be expected because we have derived FRS 

directly from the experimental data. 

In order to examine the individual effects of Reynolds 

number, Mach number and heat-transfer rate on the values of cf 

predicted by the present method, (i) cf  vs Re,r  curves at the 

conditions of adiabatic wall and MG  from 0-10 are plotted in 

Fig.2.13, (ii) cf  vs Re62  curves at 
Tad 

	2 and MG  from 

0-10 are plotted in Fig. 2.14, and (iii) Cf  vs Rex  curves at MG 

= 7 and Tad,S /TS  from 1 to 6 are plotted in Fig. 2.15. It can 

be seen in these figures that (i) for a given M and Taa,s/Ts, cf  

decreases with increasing Rex  (or Res2);Ofor a given Rex  .(or 

Recd and Tad 	cf - decreases with- Increasing MG; 	(iii) 

(2.96) 
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for a given Rex  (or Re62) anal/10,cl, increases with increasing 

Tad S /tS. The effect of heat transfer on the cf value at a ,  

given Mach number and Reynolds number is, hauever, not large 

as indicated in E.g. 2.15 by the small difference between the 

curves for Taas/Ts  equal to unity and six respectively. 

Also plotted in Figs. 2.13-2.15 are some experimental data 

at the appropriate conditions, and also for the purpose of 

comparison the well-known theoretical curves of van Driest-II 

C2.9) and Eckert (2.21) . Apart from small discrepancies such 

as are always expected to be present in the experimental data, 

the experiments are seen to be in close agreement with the present 

theory at all conditions. For the adiabatic-wall case, the van 

Driest method based on the von Karmanmixing length formula 

(2.9) is about the same as the present theory whilst the Eckert 

theory appears to underestimate cf  at large Ma  (Fig. 2.13). At 

the condition of large heat-transfer rates (i.e. at large 

s/Ta) it can be seen in Fig. 2.15 that the theoretical curves Tad, 

due to van Driest and Eckert lie 1-,ovc the experiments and the 

present theory. 

I'n the above comparison (Figs. 2.13 - 2.15), data at the 

conditions of MG.  up to about 10 and Tad S/TS up to about 6 have 
been included. These conditions are of the largest Ma  and 

T
ad,S iTS  'which have so far been explored experimentally. The 

adequacy of the present theory and the improvement of the present 

method over the theories of van Driest-II and Eckert under those 

extreme conditions have therefore been seen. The improvement 
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at the condition of large heat tranfer rates is particularly 

noticeable (Fig.2.15). 

To compare the present method with the experiments at all 

conditions, the ratios of the experimental cf  to the theoretical 

cf evaluated by the present theory are plotted versus MG for the 

adiabatic-wall case (Fig.2.16) and versus Taa,s/Ts  for the 

presence of heat transfer (Fig.2.17). In view of the unavoidable 

discrepancies present among the experiments as mentioned above, 

the present theory is seen to be satisfactory to correlate all 

the experiments so far covered. 

Finally, the over-all accuracy of the present method and 

the experiments are summarised by plotting the experimental 

and theoretical Fccf  vs FmRes2, Pcof  vs FRxRex  and C'fFe  vs FR1Rex  

in Figs. 2.18-2.20 respectively. Values of the theoretical 

Fccf  and FRRe were evaluated from Eqs. (2.71-2.73); and values 

of the experimental Fccf and F
RRe were evaluated by Eqs. (2.86) 

and (2.96) using experimental values of cf, Re, MG  and Ts/TG. 

2.5 Results and Recommended Method of Calculation. 

2.5.1.  Summary of results. 

To facilitate calculation, the main results derived in f2.4 

are presented in the form of tables and figures. Table 2.8 gives 

the corresponding values of Fccf  and Fecf, vs FR6Re62  and FlitcRex, 

Table 2.9 gives the values of Fic  at various MG  and TS/TG, and 

Table 2.10 gives the values of Fi4  at various MG  and Ts/TG. 

Values from Tables 2.13-2.10 are plotted in Figs. 2.21 and 2.22 

for the convenience of use. 
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2.5,2. Discussion of results. 

The theory presented in 62.4 has been seen to be 

satisfactory in correlating frictional-drag data for compressible 

turbulent boundary layers. It also results in a correlation 

which is very simple to use as will be seen in 62.5.3. 

The expression recommended for F0  implies the assumption 

of one or the other variety of the mixing-length theory 

02.4.3); the expression for FE&  is entirely empirical. On 

the comparison of the theoretically derived and the experimentally 

obtained P functions 

PlIto,th = 961GOS)(13/fde (°1)  

I exp = 	/ 	"L 
iTs/Ta)-0.702/, ad.,S

I'L  
A,
S/ 
\0.772 

they enable us to ascribe the (Ts/Ta)0 '
702  component of FR6,exp 

to the viscosity near the wall and the (Tad,sits)0.772  component' / \ 

This implies that the (t/t) component of F
RS 
 \\ to the EAli. 	 ltn  

should be unity. Hence the present theory supports the use of 

the von Karman mixing length theory (§2,2.3) with the integration 

constant, E, expressed in the form 

E 	
E.(T ad S 

/TS )0.772 	
• • • 

	
(2.100) 

This expression for E(Eq. 2.100) indicates that E increases 

with increasing rate of heat transfer to the wall (the highest 

rate corresponds to the highest Taa,,S/TS).  

Now, theoretically, the expression for E is believed to be 

a function of u and y+  at the inner edge of the turbulent 

outer-layer, whose magnitudes are expected to be dependent upon 

the laminar-sub-layer and the transitional-buffer-layer 

characteristics. An implication of the present empirically derived 

n 

(2.87) 

0 0 
	 (2.96) 
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E is therefore as follows. For the adiabatic wall case, the 

temperature gradient at the wall is zero and the properties 

of the fluid close to the wall are essentially uniform. Hence 

the use of a comtant E was found to be sufficiently adequate to 

correlate the drag data for the adiabatic-wall condition. For 

the case of the presence of heat -transfer, the existence of the 

temperature gradient at the -mil is expected to cause the 

variation of the properties of the fluid in the region close to 

the wall. Hence the value of E was found to be dependent upon the 

heat-transfer rates (T ad,S/TS). 

The above implication indicates that, in order to find a 

physical hypothesis to fit tle empirically derived E, heat-transfer 

effects on the values of u+  and y+  in the laminar sub-layer and 

the transitional buffer-layer should be studied. Such data are 

still lacking; it is not as yet possible to formulate a reliable 

analysis for the region close to the wall and in particular for 

the transitional region. Under this circumstance, it is thought 

• .better at the present stage to recommend the empirically derived 

functions than to advance speculative hypotheses. It should 

however be mentioned that a large amount of information about 

the hypothesis for the E function can he obtained at low speeds 

without a supersonic wind tunnel a$ it is clear in the above 

discussion. 

2.5.3. Recomenaed method of calculation. 

In most common cases, the problem is to find the drag 

coefficient when the Reynolds number, Mach number and temperature 



61. 

ratio are known. The procedure for solving this problem by use 

of the present method is as follows. First, the value of Pc  is 

determined from Table 2.9 or figure 2.22. Then the value of 

P4.. is determined from Eq. (2.96), Table 2.10 or Fig. 2.22, and Ito 

where necessary the value of Filx  is obtained from the equation 

r 	F /F Rx RS c • • • (2.67) 

Finally, by using the input value of Res2  (or Rex) and the 

values of Fits(or Fes) and Fc  above, cf  or 61, can be obtained 

from Table 2.8 or Fig. 2.21. 

The above calculation can be performed in a few minutes 

with an accuracy of 1%. The latter is, of course, well within 

the limit of experimental accuracy at present. 

2.6 Conclusions. 

In 	conclusion, the results of the present chapter can be 

summarised as follows. 

A procedure has been developed semi-empirically for 

predicting the drag coefficient on a smooth surface of zero 

streamwise pressure gradient at various Reynolds numbers, Mach 

numbers and ratios of surface temperature to stream temperature. 

The extent to which the procedure correlates the existing 

experimental data can be judged by the inspection of Figs. 

2.18-2.20, whereby it must be remembered that the experiments 

have been carried out in several entirely different pieces of 

apparatus and are not of high accuracy. The correlation is 

better than that given by any of the other existing theories as 

can be seen from Table 2.6 and Fig. 2.6. The value of the present 
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procedure is that it does not make use of the more arbitrary 

assumptions of earlier theories; it lets the data speak for 

themselves. 

The procedure is simple and quick to use in engineering 

calculations and its accuracy is only limited (at the present 

time) by accuracy of experimental data from which it is in part 

derived. 

The necessary auxiliary functions have been tabulated 

(Tables 2.8-2.10) and plotted in Figs. 2.21 and 2.22 for ren3y 

reference. However, it must be remembered that experiments have 

not yet been carried out over the whole range of conditions 

covered by the tables and figures. Figs. 2.1-2.4 show how 

remarkably restricted has been the range of experimental 

conditions so far. 

The procedure is capable of greater refinement when more 

accurate experimental data are available, say, by modification 

of the FR  function. 

As a point of academic interest, it was shown in f2.5.2 

that the present theory could be built on a model based upon 

the von Kaman mixing length theory with an empirical expression 

for:E. The nature of the E was discussed in 62.5.2. 
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CHAPTER 3 

BEAT TRANSFER  

3.1. Introduction. 

A simple way to calculate heat transfer in turbulent flow 

is to derive it from the frictional drag coefficient (cf) with an 

equation 

St = S. c/2 	• • • 
	 (3.1) 

where St is the Stanton number and S is the "Reynolds-analogy 

factor". A procedure for the calculation of the frictional-drag 

coefficient at various Reynolds numbers, Mach numbers, and wall- 

to-mainstream temperature ratios has been developed in the previous 

chapter. A recommendation for an adequate Reynolds-analogy factor 

for the tui4bulent flow of air will be made below. 

There are several theories in the literature, for example, 

see Refs. 3.1-3.9, which are concerned with the derivation of the 

Reynolds-analogy factor. They are reviewed and compared in 53.2. 

In order to check the theoretical predictions, extensive 

heat transfer measurements available in the literature (3.11-3.22) 

are collected and examined in 43.3. 

The value of the Reynolds-analogy factor which is 

recommended for use is given in §3.4. Results of this chapter 

are summarised and discussed in 43.5. Conclusions are given in 

43.6. 

3.2. Survey of Previous Theoretical Work. 

3.2.1. Natures of analyses. 

The modes of derivation of twelve theoretical Reynolds-analogy 

factors t3.1-3.9) are indicated in Table 3.1. The significance 
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of the contents of this table will be described below. It was 

found that the theories have much in common with one another. 

One reason for the similarities is that they can all be 

derived from the equation 

rt 	Pr, -1 -1 

S = ()Prtot(-1r) 	attn.'  ) 0 	Ts 
• • (3.2) 

where Ft'tot is the total Prandtl number and is defined as 

• cp(°144u)  Pr - - tot - • • • (.3.3) 

Eq. (3.2) Tires derived from the 2-dimensional boundary layer 

continuity, momentum and energy equations with the assumption of 

q and T distributions in the boundary layer being functions 

of u only, (e.g. see Ref. .3.8) 

To evaluate the S-integral of Eq. (3.2), the distribution 

of the shear stress (r) and the total Prandtl number (Prtot) 

in boundary layers are required to be known. For the former, 

with the exception of van Driest (3.8] and Spence (3.93 all the 

other authors of the theories of Table 3.1 have assumed IrArs  

to be unity. For the Prtot  distribution, several different 

assumptions have been used by the various authors. 

The assumptions about Pttot•  can,however, be divided into 

three categories, namely, (i) the turbulent transport is 

assumed to be negligibly small in comparison with the molecular 

transport (i.e. Pttot  = Pr = °IDIOM; (ii) the molecular 

transport is assumed to be small in comparison with the turbulent 

transport, (i.e. Pttot  = Prt  = opflith); and (iii) the 
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turbulent and the molecular transports are of comparable sizes, 

the 
Prtot is then derived from Eq. (3.3) with the assumption 

that a 'Lau of gall" (u+=e(y+)) exists. In the last category 

the expression for Prtot  is: 

Prtot = 
	
ay+ au+

(  
	 000 	( 3 . 4 ) 

For the uniform-property boundary layer, Eq. (3.L.) reduces to 

de/ 	Off; Prtot =  

k+•Pit(itif ) 
In Table 3.1, the individual theories based upon Eq. (3.2) 

are distinguished by the assumed 'rand Prtot  distributions,.and 

the assumed Prt value. The values of S predicted by the various 

theories will be compared in the following sections (§43.2.2 

and 3.2.3). 

3.2.2. Theoretical Reynolds-analogy factor for the uniform-

property turbulent boundary layer of air. 

It can be seen in Table 3.1 that most of the theories have 

not taken the boundary-layer property variations into account. 

In order to examine the fundamental assumptions made by the 

various authors, the values of S for the uniform-property 

turbulent boundary layer are first compared. For this purpose, 

the S values predicted by the various theories (Table 3.1 and 

Ref. 10) at Rex equal to lx10
6 

and Pr = 0.7 are shown in Fig.3.1 

and the variation of the S values for Rex from 1x105 to lx10
8 is 

shown in Table 3.2. 

It can be seen from Table 3.2 that the variation of the S 

value versus Reynolds number predicted by the different theories 

A ) - 
Pr /us Prt 	s 

(3.5) 
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depends essentially on the assumed value of the turbulent Prandtl 

number (Prt); that is, on the assumption of Prt  being unity the 

S values at Ro
xequal to 1x105  and lx108  are respectively about 

3% above and below the mean S value over the stated Rex range, 

whilst on the assumption of Prt  being in the range of 0.85 to 

0.9 the S valueAbout 1.5% about the mean S value. 

For the theoretically predicted S value at a given Reynolds 

riumber,(say, Rex  equal to lx10  ) it can be seen in Fig. 3.1 that 

the difference of one theory from the other can be as great as 

20%. This difference appears due mainly to the assumed "Law 

of Wall" and/or its associated parameters such as , 2 u+1  ut etc. 

It is indicated in Fig. 3.1 by the fact that different values of 

S are predicted by those theories which used the same assumptions 

for '1r distribution (T/Ts  = 1) and the Prt  value (Prt  = 1). 

Vath regard to the influence of the shear-stress distribution, 

though the required shear-stress law is by no means certain at 

the present, for the boundary layer of air its influence on the 

S value appears to be small. It can be seen in Fig. 3.1 that 

when the van Driest 0.83 and the Spence (3.91 theories are 

modified to Y/frs  being unity and Prt  being 0.9, the predicted 

S values are about the same as those predicted by the original 

van Driest and Spence theories C3.8 and 3.91 with variable 

shear-stress distributions. 

Comparison between various theories has been made above; 

the accuracy of the individual methods will be checked against 

experiments in §3.3. 
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3.2.3. Theoretically predicted influence of the  

compressibility of air. 

Vlhen the stream velocity and/or the temperature difference 

between the wall and the mainstream are large, the air properties 

in boundary layers will be non-uniform. The influence of the 

property variation has been considered by the authors of Refs. 

3.2, 3.5, 3.6, 3.8 and 3.9. 

The ratios of the variable-property to the uniform-property 

S predicted by those theories (3.2, 3.6, 3.8 and 3.ir , which 

have considered the property variation, are plotted versus MG.  

(at Taa,s/Ts  = 1) and Tad,s/Ts  (at MG.  = 0) in Figs. 3.2 and 3.3 

respectively. These figuresshow the qualitative agreement 

between the various theories, that is, the value of S is directly 

related to MG.  (Fig. 3.2) and inversely related to Tads
/T S 

(Fig. 3.3). The validity of these theoretically predicted trends 

is still left to be checked by experiments. 

Resume.  

The natures of analyses of the various theories have been 

discussed and the comparison between those theories have been 

made above. In the following section (53.3), the experimental-S 

data will be collected and compared with the theories in order to 

check the accuracy of those theories. 

wThe theories of Ref. 3.5 is not included, because the 

"reference station" at which the properties are recommended 

for use is still indeterminate. 
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3.3. Survey of the Experimentally Obtained Reynolds-

Analogy-Factor Data. 

3.3.1. Collection of experimental-Reynolds-analogy-factor  

data. 

As very feu investigators made the simultaneous heat-transfer 

and frictional-drag measurements, the experimental Reynolds-

analogy factor (S exp  ) will be derived from the measured heat-

transfer coefficient (St exp) by the equation, 

Sexp  = 23t
e
xp/cf,t 	

(3.6) • 

where cf,th is calculated by the method of 62.5.3. 

All published experimental St data available to the author 

f 3.11-3.22) have been collected and tabulated in Appendices 

3A and 3B together with the derived S values (by Eq. 3.6). Fig. 

3.4 shows the collected St vs Rex data for the uniform property 

flow of air (i.e. data obtained at small Ma.  and small ,TG-Tsi). 

Figs. 3.5-3.7 show the collected variable-property-turbulent-

boundary-layer data in the form of St vs Re52, St vs Rex  and 

ST vs Rex, and Fig. 3.8 shows the conditions (i.e. values of 

Ma, TS/TG  and Tad,s/Ts) which have been explored experimentally. 

3.3.2. Examination of the experimental-Reynolds-analogy  

factor data for the uniform-property flaw of air. 

The collected experimental data for the uniform-property 

The suffices "exp" and "th" stand for experimental and 

theoretical, respectively; but on some occasions below these 

suffices are omitted for sake of simplicity as is clear in 

the text. 
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flow of air (Appendix 3A) are at the conditions of Ta = 90°F. 

(i.e. Pr = 0.7), TS/TG  = 1.03, and MG  = 0.08 and Rex  from 2x105  

to 3x106  (average ax  = lx106). The corresponding experimental 

value of S at these conditions is 1.162 on the average. On 

comparison of this empirical-S value with the various theoretically 

predicted S values at the same conditions (Fig. 3.1), it is 

found that several theories (i.e. theories of Prandtl-Taylor 

and Refs. 3.3 and 3.7) are in close agreement with the 

experiments. 

The comparison above has been restricted to a particular 

Reynolds number (Rex = 1x106). In order to check the accuracy 

of the theories at other Reynolds numbers, the range of Rex  

covered by the experiments is too small to allow a direct 

comparison. However, it was shawn,in 0.2.2 that the theories 

which use Prt equal to unity predict greater variation of S 

versus Rex than those theories which use Prt = 0.9. Johnson 

(3.23) measured the mean as well as the fluctuating velocity 

and temperature in turbulent boundary layers on a flat plate 
that 

and foundAthe average turbulent Prandtl number was at the order 

0.9. This Prt  value is the same as that used. by Spalding and 

Jayatillaka 03.71 ; but Prandtl-Taylor (3.1, p.206) and von 

Kerman (3.3) used. Prt  eaual to unity which is not in agreement 

with the measured Prt (3.23) . The variation of S versus Rex 

is therefore expected to agree closer with the theory of Ref. 

3.7 than with the theory of Prandtl-Taylor or Ref. 3.3. 

From the above comparison, it appears that the theory of 

Ref. 3.7: 
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SPrt{1 +14224 ,112z )4.4))) ... 	(3.7).  
ua 	Prt  

where Ftt  = 0.9, gives the best agreement with the experiments 

for the uniform-property turbulent boundary layer of air. 

Now the variation of S vs Rex calculated by Eq. (3.7) 

is only 1.4% about the mean over the Re range from 1x105 

to 1x108  (see Table 3.2). Hence for the uniform-property flow 

of air a constant value of S (say, equal to 1.162) is sufficiently 

adequate. Fig. 	shoWs the experimental and theoretical 

St vs Rex, where the theoretical St vS,Rex  curve was calculated 

by Eq. (3.1) with S = 1.162 and cf  being evaluated by Eq. (2.72). 

The agreement between the theory and the experiments is seen to 

be good. 

3.3.3. Examination of the experimental-S data for the  

influence of the compressibility of air. 

The theoretically predicted influence of the compressibility 

of air was examined ini0.2.3. It was found that (i) for the.  

adiabatic-wall case, the S increases with increasing Ma.  (Fig.3:2) 

and (ii) for the case of the presence of heat transfer, the S 

decreases with increasing Taa,s/Ts  (Fig.3.3). The collected 

experimental data of Appendix 3B Will be examined below for the 

trends predicted by the theories. 

(i) 	"Adiabaticuall case" By the adiabatic wall case here 

is meant that the heat-transfer rate is small so that T 	/T ad,S S 

is approXimately equal to unity (say, 0.9 Taa.,s/Ts4 1.1). 

S data of Appendix 3B with Taa,s/Ts  between 0.9 and 1.1 are 
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plotted against Mach number (MG) in Fig. f3.9 and Fig. 3.10 

where Fig. 3.9 shows the data for Rex equal to lx10
6  (approximately) 

only, whilst Fig. 3.10 includes data at all Rex. 

On comparison of Fig. 3.9 with the theoretically predicted 

influence of MG (Fig. 3.2), it is seen that the experimental 

data do not show the trends indicated by the theories. It 

appears that the discrepancies between the experiments are too 

great to check the small influence of MG; because at MG, say, 

equal to 5, the theories indicate a deviation of only 4% from the 

S value for the uniform-propelvty flow, whilst the experimental- 

Z data fluctuate at about 10/0 about the value of S equal to 1.162. 

Fig. 3.10, which includes S data at all Reynolds number,shows 

that the experimental-S data are still within about 4. 10% of 

the constant 1.162. Hence the value of S being 1.162 represents 

a good mean for the experimental data at all Mach numbers and 

Reynolds numbers -which have so far been explored experimentally. 

(ii) Case of the presence of heat transfer. All the S 

data of Appendix 3B are plotted against Tad S TS  in Figs. 3.11 

and 3.12, where Fig. 3.11 includes the data for Rex  equal to 

1x106. (approximately) and Fig. 3.12 includes the data at all 

Reynolds-number values. Fig. 3.11 indicates that the S data are 

again too scanty to detect the small effect of heat transfer 

on the value of S predicted by the various theories (Fig.3.3). 

Fig. 3.12 indicates that the value of S being 1.162 represents 

a good mean for all the data at Tad S/tIS between 0.5 and 1.6 

regardless of the difference in the value of Re
x(or Red 2). 
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For the value of Taa,s/tIs greater than 1.6, the data are however 

scarce and conflicting. 

3.4. Determination of Reynolds-Analogy Factor (S). 

In general S can be written asv 

S = SCKa, Taa,s/Ts, Re, Pr) 	(3.8) 

Although the wall and /or the mainstream temperatures are 

often not reported so that the exact value of Pr is not known 

in many cases, yet most wind-tunnel tests have been carried out 

at a mainstream temperature of around 100°F (3.211 nhen the 

mainstream total temperature is at 100°F. and Tads  /T
S  is not 

greatly different from unity, the wall temperature will remain 

at about 100°F. Hence the value of Pr of air in the region close 

to the wall, where the molecular transport is important, remains 

substantially constant in most cases and an average value of 0.7 

can be assumed for the present investigation. This simplifies 

the S-function of Eq. (3.8) to 

S = S(Ma, Taas/Ts  Re) 	SOO 	 (3.9) 

Now, experimental data giving S can be used to determine 

the dependence of S on MG Tad 
,SITS and Re. The drag is 

calculated for the same condition as the Stanton number 

measurements using the method of §2.5.3. It was, however, seen 

in the above section ( §3.3) that there is no ordered dependence 

of S on either of these parameters, whilst a constant S equal to 
la ar 

1.162 for the uniform-property turbulent boundary of air at Pr 

equal to 0.7 can be taken as a good mean for the dompressible 

turbulent boundary layer. 
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For want of more conclusive experimental evidence, the 

empirical constant (S'= 1.162), which fits the data well, is 

recommended for use. A better estimate of S can be made when 

better experimental results become available. 

3.5. Results and Discussion. 

The theoretically and experimentally obtained heat-transfer 

data for the flow of air have been reviewed in if3.2,.'! and 

respectively. It was found that the theories predict (i) a small 

variation of S vs Reynolds number (Table 3.2) and (ii) a small 

influence of the compressibility of air on the value of S (Figs. 

3.2 and 3.3). The experimental data giving S were found to be 

too scanty for checking the small influence of the compressibilty 

of air on the value of S (Figs. 3.10 and 3.12). 

This situation has also been recognised by several previous 

authors, for example, those of Refs. 3.22 and 3.244 For this 

reason, a simple analogy factor, such as the Colburnts Analogy 

(S = Pr-2/3) (3.107 , has often been recommended for use (e.g. 

see Refs. 3.12 and 3.20. The degree of correlation achieved by 

the use of Colburn analogy had not, however, been able to be shown, 

because the drag coefficient (cf) was not often measured 

simultaneously with the heat transfer coefficient (St) and the 

reliability of the theoretically predicted cf  was still rather 

uncertain. 

As a suitable procedure for the prediction of cf  has now 

been developed 32) the present author has obtained S from 

the experimental St data using cf  for the same condition as the 
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St measurements by the method of §2.5.3 and found that the 

empirical S value (= 1.162) from the uniform-property flow 

of air at Pr = 0.7 satisfactorily correlates the S data for 

the variable-property turbulent boundary layer of air and it 

is much better than the commonly used Colburn analogy (see 

Figs. 3.1, 3.10 and 3.12). 

The recommended procedure for the evaluation of the 

Stanton number (St) is therefore to calculate the drag 

coefficient (cf) by the method of §2.5.3 and then to obtain 

the required St by multiplying cf/2 by 1.162. 

The recommendation of a constant value of S for the flow 

of air implies that the influence of the compressibility of air 

on the heat-transfer coefficient (St) is entirely taken care of 

by the Fc  and FR  functions which were developed in §2.4.. Stanton- 

number values at several different Reynolds numbers, Mach 

numbers and heat-transfer conditions have been computed by the 

presently recommended procedure and are plotted in Figs. 3.13 

and 3.14. As shown in these Figs. (3.13 and 3.14), (i) for a 

given Ma.  and Taa,s/Ts, St decreases with increasing Rex, (ii) 

for a given Rex  and Tad SAS' St decreases with increasing Ma, 

(iii) for a given Rex  and MG, St inreasos with increasing 

Tad,S/TS' 

The extent to which the recommended method correlates 

all the existing experimental data can be judged by inspection 

of Figs. 3.15 to 3.17, where the theoretical and the experimental 

values of F0St (or FcgT ) are plotted against FR$  Re62  (or WV, iitA 
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seen in these figures that the present method correlates all the 

data within about -10% with the exception of the data of Ref: 

3;21. bn comparison of the data of Ref: 3;21 with the data of 

Ref: 3:22 and the rebommended theory as shown in Fig: 3:18, it 

is seen that the data of Ref: 3;21 are about 20% above the 

data of Ref. 3.22 and the theory for the same conditions (i;e: 

Rex; //1(.1.  and Taais/Tis). 	It is therefore believed that the 

accuracy of the data of Ref. 3;21 i doubtful: On the exclusion 

of the data of Ref, 3t 21i  the present method Correlates the 

existing Stantorinumber data within an error which is about the 

accuracy of the data from different sourcies: 

Finally, it must be mentioned that the recommended S equal 

to 1.162 is entirely empirical. From Figs, 3.2 to 3.8 it can 

be seen that the ranges of conditions at which experimental data 

are available are Rex from 1x105 to 1x10
8, MG  up to 10 and 

Taa,s/Ts  from 0.5 to 1.6 (excluding the doubtful data of 

Ref. 3.21). The scarcity of data at large Taal; is obvious. 

However, it was seen in 5,2.5.2 that the Taa,s/Ts  is an important 

parameter of the Law of Wall; and it was seen in 43.2 that the 

theoretically derived S expressions are dependent of the assumed 

Law of 179...U. In order to give sufficient confidence in the use 

of a constant S for large Tad,S /TSY it is desirable to extend 

the range of TadIS  /TS  for which data are available. 

3.6. Conclusions. 

In conclusion, the results of the present chapter can be 

summarised as follows. 
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All existing theories predict small influence of Re, Ma  

and TS/TG. on the value of the Reynolds-analogy factor (S)1but 

the exising experimental data are too scanty to reveal this 

small influence. Under this circumstance, an empirical constant 

value of the Reynolds-analogy factor is tentatively recommended 

for use, namely, S = 1.162. The degree of correlation for the 

existing data achieved by the use of S equal to 1.162 where cf  

being evaluated by the method of §2.5.3,is remarkably good (see 

Figs. 3.16 to 3.17). 

The recommended procedure for the evaluation of St 

at a specified condition (Re, Ma  and TS/TG) is therefore simply 

to calculate the frictional-drag coefficient (cf) by the method of 

§2.5.3 and then to obtain the required St by multiplying the 

cf/2 by 1.162. 

Ilith regard to the experimental data available in the 

literature, it was found that the data at large temperature 

difference (or large Tad,s/Ts) are scarce and conflicting. The 

recommended method has been confirmed by experiments only at 

Tad, s/Ts  up to about 1.6. Additional data at large Taa,s/Ts  are 

desirable in order to increase confidence in the use of the 

presently recommended method. Experiments at Taclu 	up to 2.7 

which have been carried out by the present author are reported 

in. the following chapter. 
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4.1. Introduction. 

Numerous experimental heat-transfer data in compressible 

turbulent boundary layers from the literature were reviewed in 

the previous chaptel. (S3); the conditions were of Reynolds 

number (Re,) from 1x105  to 1x108, Mach number (1 e) from 0.2 

to 10, and temperature ratio (Taa,s/Tis) from 0.5 to 1.6. It 

was found in 43 that experiments are not accurate enough to 

reveal the effect of the various parameters (Re, Ma.  and 

Taa,s/Ts) on the value of the Reynolds-analogy factor, 

S( 25t/c2); a simple equation, 

St = S.cf/2 	 (4.1) 

where S = 1.162 and cf/2 is calculated by the method of 42.5.3, 

correlates all the data at the conditions stated above within 

an accuracy of about 100 as shown in Figs. 3.10 to 3.12. These 

figures also show that the greatest uncertainty exists in the 

region of ler& heat-transfer conditions, that is, data at large 

Tad,S 
/T
S 
 (say greater than 1.6) are scarce and conflicting. 

The purposes of the present experiments were (i) to 

extend the range of heat-transfer conditions beyond those of 

other publications and (ii) to check the applicability of Eq.  (4.1) 

at large Taa,s/Ts. For these purposes, measurements of heat-

transfer have been made for Rex from 1x105 to 2x106 , Ma  from 0.05 
to 0.25 and Taas/Ts  (4eTo/Tri, for the present case) from 1.02 

to 2.7. 
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The experimental method and the calibration of wind tunnel 

are respectively described in 04.2 and 4.3 below. Measurements 

of heat-transfer coefficients are reported in f4.4, and 

conclusions drawn from the experiments are summarised in 

4.2 Description of Method, Apparatus and Measurements. 

4.2.1. Experiments Method. 

The transient technique was used to measure the heat-transfer 

rate. This technique has been used by a number of earlier 

investigators, for example, those of Refs. 4.1-4.4. It is 

particularly suitable for the present purposes, because a wide 

range of temperature ratio was intended to be explored. 

The measurement was carried out in a 18"x12" low-speed 

wind tunnel. A 12"x24"x3/16" test plate was placed vertically 

in the centre-line of the tunnel. The plate was precooled by 

liquid nitrogen to about -300°F. 1  On subsequent exposure of the 

precooled plate to the tunnel air at known velocity (controllable 

between 70°  and 280°F.), temperature of the plate at 12 positions 

were recorded against time. From these recorded T (temperature) - 

t (time) curves, heat-transfer coefficients at various Reynolds 

numbers and temperature ratios were derived. 

Details of various components of the apparatus and 

instruments are described below. 

4.2.2. Apparatus. 

The apparatus consisted essentially of a wind tunnel, flat 

test plate, cooling apparatus and air drying plant. Figs. 4.1 

and 4.2 are the respective photograph and sketch of the general 

layout of the apparatus. 
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(i) 'Find tunnel.  The wind tunnel was of the closed circuit 

type and air was circulated by a fan which was driven by two 

constant-speed motors of 5 h.p. at 575 r.p.m. for the lower speed 

range and 120 h.p. at 2950 r.p.m. for the higher speed range through 

a Vulcan Sinclalr Fluidrive Coupling providing infinitely variable 

speed ratio of 5 to 1. The fan speed was remotely controlled 

electrically through a handle and a set of switches mounted on a 

control panel. 

A heat exchanger of the secondary surface type was used to 

obtain a range of temperatures by passing water or steam through 

the heat exchanger. Steam and water entry was controlled by 

remotely operated valves. 

At the entry to the working section reasonably uniform 

velocity, temperature and humidity profiles were required. These 

were achieved by an "egg box" type straightener immediately after 

the Cascade bend preceding the working section having length/width 

ratio of 3 to 1 followed by a 30 mesh x 36 8.7.G. wire mesh 

screen, following by a smooth contraction into the working section. 

The tunnel had the following performance: 

Size of working section .... 	18"wide x 12"high x 36"long. 

Size of section before 	2'-6" square. 

contraction into working 

section. 

Velocity in working section .. 2 to 240 ft/s. 

Flow Rate 	22,000 ft3/m.(max). 



Temperature 

Humidity 

   

Controllable over the range of 

ambient temperature to ambient 

plus 200°F. 

Down to dew point temperature 

   

   

of 10°F. 

Conditions at entry to working 

section 	Reasonably uniform velocity, 

temperature and humidity 

.profiles and reasonably low 

level of turbulence. 

(ii) Test plate. Design of the test plate is shown in 

Fig. 4.3. The plate was 2k" long x 12" high x 3/16" thick 

(nominal size) placed vertically in the centre-line of the tunnel 

working section. The mounting of the plate to the tunnel was so 

designed as to reduce the heat conduction in the chordwise 

direction. The material of the plate was Monel 400. It was 

chosen, because (i) its physical properties over the whole 

interested range of temperatures were known, (ii) it was easily 

machined and polished, and (iii) its medium value of thermal 

conductivity (e.g. 16 c.f. 222 Btu/h ft °F for coper at room 

temperature) gave a compromise between the uniform temperature 

across the thickness of the plate and the law heat conduction 

along the plate. 

Twelve calibrated copper-constantan thermocouples of 0.0048" 

(40 	were electrically welded and then soft soldered into 

twelve 0.020" diameter (No. 76 drill) small holes in the surface 

of the plate. Electrically insulated thermocouple leads were 
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imbedded in 1/32" grooves. Details of the thermocouple fixing 

is shown in Fig. 4.3a. 

Six of these thermocouple beads were placed along the 

centre-line of the plate and the other six were placed alternately 

at one inch above and below the centre-line; this arrangement 

enables the effect of chordwise heat conduction to be observed 

during the test. Positions of the thermocouples are indicated 

in Fig. 4.3. 

The plate was polished and lapped by a portable electrical 

sander. The finished surface was smooth and its thickness was 

found to be 0.186"+ 0.001". The front part of the plate was 

tapered at 5°  on each side; the leading edge of the plate was 

sharp so as to eliminate the uncertainty of the effect of 

bluntness (4.4) • 

(iii) Cooling apparatus. Fig. 4.4 shows the general layout 

of the cooling apparatus. Its main component was the "Cooling 

Jacket" which was divided into three compartments. At the top 

of the miNDe compartment, there was a 2'-0" by 3/16" slot in 

which the plate was placed. The plate was separated from the main 

body of the cooling jacket by a Teflon sliding seal which also 

acted as a thermal insulator. Three holes at the bottom of the 

middle compartment were the liquid-nitrogen-inlet holes; eight 

holes at the bottom of the side compartments were the outlet holes 

for the gasified liquid nitrogen. 

Two pneumatic rams synchronised by two air-flow regulators 

were used for moving the cooling jacket up or down as desired. 
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Bottled nitrogen gas was used to apply a pressure of 15 lb / 

in 2  on the surface of the liquid nitrogen in the container so as 

to pump the liquid nitrogen through the cooling jacket. Two 

Valves A and B (Fig. 4:4) were for shutting off the nitrogen supply 

and for quick release of the residue nitrogen in the cooling jacket 

at the end of each cooling operation. 

The cooling operation was performed by pushing the cooling 

jacket to the uppermost position, Closing the valve B, opening 

the valve A, adjusting the gaseous-nitrogen pumping pressure to 

15 lb /in 2., opening the valve D and closing the valVe C. Mien 

the plate temcerature had reached the required temperature, the 

supply of liquid nitrogen was stopped by closing the valve D, 

opening the valve C, closing the valve A, opening the valve B, 

and lowering the cooling jacket. The recording of the plate T-t 

history then began. 

(iv) Air drying plant. The air drying plant consisted 

essentially of a 12" diameter x 5'-0" high mild-steel vessel 

and a 3 h.p. air blower as shown in Fig. 4.5. The vessel was 

packed with a bed of 4; to 1." granular "Actal" (Activated Alumina). 

The top of the vessel was connected to the air bleeding hole 

of the tunnel; the lover end of the vessel was connected to the 

inlet of the blower, the outlet of the blower was connected to the 

air inlet port of the tunnel. 

The plant was operated as follmm: When the blower was 

running at full speed and the tunnel fan was running at 500 r.p.m. 

part of the tunnel air by-passed the drying plant at a rate of 
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1.2 ft 3A , where the water vapour was absorbed by the packed 

Actal. It was possible to reduce humidity of tunnel air to a 

dew point of about 10°F after 2 hours. 

4.2.3. Measurements and instruments. 

Figs. 4.6 and 4.7 are the'respective photographs of the 

layout of the instruments for the measurements of thermocouple 

e.m.f.'s and for the measurements of tunnel sir pressures. 

Details of the instruments are described below. 

(i) Thermocouples.  All thetmocouples used were of BS 1828 

(1961) copper-constantan wires of 40 S.7.G. (0.0048" diameter) 

supplied by the Saxonic Wire. Company Limited. 

A set of Standard Thermometers (from -120 to 260°F.) 

having absolute accuracy of 0.2°F. were used to calibrate the 

thermocouaes. A thermocouple was tied to a standard thermometer 

and immersed in water or in a mixture of KAhanol and Cardice. 

The corresponding thermocouple e.m.f.'s and thermometer readings 

were noted over the range of temperatures from -120 to 212°F. The 

e.m.f.'s of the thermocouple at the boiling points of liquid oxygen 

and liquid nitrogen were also measured. The differences between 

the measured e.m.f.'s and the reference e.m.f.fs from BS 1828 

(1961) (1+.5) are plotted against temperatures in Fig.4.8. This 

figure together with/Table 4.1 (from Ref. 4.5) gives an accurate 

relationship between e.m.f. and temperature of the thermocouple. 

(ii) Total temperature measurements. The total temperatures 

at the centre of the cross-sections at positions .0 and X, that is 
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the upstream and the downstream of the contraction at the entry 

into the working section of the wind tunnel as shown in Fig. 4.9, 

were respectively measured by placing a thermocouple in a 

stainless steel tube of 0.125" O.D. The design of the total 

temperature probe was in accordance with Ref. 4.6. The e.m.f. 

of the thermocouple was measured by a Tinsley Potentiometer. The 

thermocouple circuit is shown in Fig. 4..10. 

(iii) Tunnel-air statiC pressures. The tunnel-air static 

pressures at positions 0 and. X were tapped from tWo e"-diameter 

holes drilled on a side wall of the tunnel. Each of these holes 

was connected. by a rubber tube through a cock to one of the two 

manifolds which were in turn connected to the two limbs of a 

Casella Vernier Reading Manometer. The manifolds were also 

connected to an inclined manometer (300), this was used to give 

a quick rough reading so as to facilitate the adjustment of the 

height of the Vernier reading manometer. Fig. 4.11 is a sketch 

of the connections of the tubings, manometers and manifolds. 

. The range of the Vernier Reading Manometer was 300 mm with 

verniers reading to 0.01 mm. There were glass wool filters and 

Actal driers fitted in the pipe-lines as shown in Fig. 4.11. 

(iv) Mainstream pressure and temperature measurements. 

A pitot-static-thermocouple mounted on a 2-dimensional traversing 

gear was used to measure the temperature, static pressure and 

velocity head of the tunnel air at various positions in the working 

Section. The traversing gear was fixed in the horizontal centre-

plane of the tunnel. Details of the pitot-static-thermocouple 

are shown in Fig. 4.12. 
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The thermocouple e.m.f. and the pitot-static pressure were 

respectively measured by the Tinsley Potentiometer (Fig. 4.10) 

and the Cassela Vernier Reading Manometer (Fig. 4.11) as previously 

described. 

(v) Test-plate temperature measurements: A Honeywell 

Multipoint Recording Potentiometer was used to record six of the 

twelve test-plate thermocouples at each run. The thermocouple 

circuit was as follows: The six pairs of potentiometer terminals 

were connected to the six reference junctions and a 12-point 

socket, whilst the No.1-6 thermocouple leads were connected to 

a 12 point plug and the No. 7-12 thermocouple leads were connected 

to another plug. Thus, by plugging the appropriate plug into the 

socket, either the first six or the second six plate-thermocouple 

e.m.f.'s were recorded as desired. The described circuit is 

sketched in Fig. 4.13. Numbering of the thermocouples is shown 

in Fig. 4.3. 

The recording potentiometer had: (i) ranges of 0-3 my 

DC and 0-7.5 my DC on a full scale travel of 11 inches, (ii) 

chart speeds of 120 in/h and multiples of 2,3 and 4 of 120 in/h, 

(iii) intervalsbetween consecutive print of 1.25 and 2.5 seconds. 

The 0r3 my range, 240 in/h chart speed, and 2.5 second printing 

speed were used for tests at small temperature differences (i.e. 

small TG-TS);  the 0.-7.5 mv, 480 in /h and 1.25 second were used 

for tests at large temperature difference (i.e. large TO-TS). 

(vi) Tunnel-air humidity measurement. The humidity of the 

tunnel air was measured by an AEI-Birlec dewpointer. An air-flow 
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regulator and a simple air flow-meter were fitted in series with 

the dewpointer as shown in Fig. 4.14. The tunnel air was tapped 

from a hole in wall at position 0 (Fig. 4.8). The required 

flow rate through the dewpointer was 2 ft/h. The temperature 

of the dewpointer surface was reduced by bubbling air through 

ether in the centre-reservoir of the dewpointer. 

4.3. Calibration of Wind Tunnel. 

4.3.1. Ftrooso and method of calibration. 

gind-tunnel velocity is often calibrated in terms of the 

difference between the reservoir pressure (or the pressure 

before the contraction) and the pressure after the contraction 

at the entry into the working section, for example, see Refs. 

4.7 and 4.8. The reason is that once the relationship between 

the said pressure difference and the.air velocity at the working 

section is determined, the latter can afterwards be gauged 

without excessive manipulation of instruments and without the 

obstruction of excessive instruments in the stream. The main 

theory implied in the calibration of a low-speed wind tunnel is 

the "uni-directional incompressible flow theory". 

On application of this theory (e.g. see Ref. 4.9), we 

can obtain the equation,. 

11G = C J(P.--P.). 	(4.2) , 
where (P0--2.x)c  = (P0-Px)x(760/Pdx(T0/520) 	• • • (4.3), 
C is a constant dependent on the density of air at STP (520oR and 

760 mm dig), the cross-sectional area of the tunnel at positions 

0 and X (Fig. 4.8), and the unit of the pressure difference. 
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Then the pressure difference is measured in mm of water and 

the velocity is measured in ft /s „the theoretical value of C 

for the present tunnel is 13.94. 

In practice, the compressibility of air and the presence 

of tunnel-wall boundary layers make the value of 0 be a certain 

unknown function of Mach number and Reynolds number which in 

turn depend on the temperature, pressure and velocity of the 

tunnel air. However, for a given low-speed tunnel, the absolute 

air pressure at the working section does not change greatly, both 

Mach number and Reynolds number at a given temperature are 

functions of velocity (lid only. Moreover, as a first 

approximation,' ua  is proportional to j(Po-Px)c. Hence it is 

seen that the value of C is a function of (P0-PX)c at a given 

temperature. 

From the above deduction, it is seen that it is possible 

to obtain a family of experimental 0 ( =Il" 4/ (Po Px)c  ) 

versus l(Pox)c  curves at various To  for the present tunnel. 

Tests have been carried out at T0  equal to 80 and 280°
F, for the 

purpose of obtaining these calibration curves. 

The measurements of pressure, temperature and velocity are 

to be described in §4.3.2 and the results of the calibration are 

summarised in §4.3.3. 

4.3.2. Description of experiments and derivation of results. 

(i) Measurements and observations. Measurements of T0, PO  

and (PO  -PX  ) at various tunnel fan speeds and air temperatures were 

made in accordance with the method described in sub-sections (ii) 
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and (iii) of f4.2.3. 

ua 

 

was derived from the average values of ui, un, uIII 
and urv; and the latters were in turn derived from the pitot- 

static-thermocouple readings (sub-section iv of §4.2.3) at 

positions I, II, III and IV (Fig. 4.9). The traversing of 

the pitot-static-thermocouple was made in the horizontal centre- 

plane of the tunnel working section as described in sub-section 

(iv) of 42.3 for finding.the mainstream velocity outside the 

test-plate boundary layer. It was justified by the facts that 

the tunnel velocity and temperature profiles were reasonably 

uniform (i of §4.2.2) and that all the test-plate thermocouples 

were fixed close to the centre-line of the plate (Fig. 4.3). 

Observations of (a) T0, Po  and (W.x), and (b) the mainstream 

velocity head (AP) (which was found by traversing the pitot-static- 

thermocouple away from the plate until the maximum value of AP 

was observed), the static pressure (P), and the temperature (T) 

at positions I, II, III and IV were made. Readings (a) were 

used to derive the value of (PO  -P )c;  and readings (b) were 

used to derive the corresponding values of ui,UII,Ilia and uIV 

and. hence the value of ua. 

Table 4.2a shows the readings obtained at the nominal To  

equal to 80°F.;.  and Table 4.2b shows the readings obtained at the 

nominal T0  equal to 280°F. 

(ii) Derivations. From the recorded values of T0, Po  and 

(PO4°x) of Tables 4.2a and 4.2b, the value of (P0-1*,x)c  was 

calculated by:Eq. (4.3) in a simple manner. 
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From the recorded values of PI' 40 and TI' the value of 

u, was derived in the following manner: -nth the aid of the 

tabulated "one-dimensional Isentropic Compressible Flow 

Functions" (Table 30 of Ref. 4.10), the Mach number was derived 

from the Pi andoPi  readings, and the value of 	was then 

calculated by the equation, 

uI = 26 PI  • • • (4.4) 

  

(144)  ISTP(5? )(720)  

with the appropriate units (that is, iftPi  is in lb/ft2  and 

is in sItIgs/ft3, ui  will be in ft/s 

Similarly, "I u111 and uiv  -were derived from the observed - I 
data of the -pressure and temperature at the respective positions 

II, III and IV. 

Thence, by the eauation, 

uG s 	+ uII + um + uiv)/4 
	

(4.5) 
the value of uc.  was derived. 

At the bottom of Tables 4.2a and 4.2b the calculated 

values of uG., 1/(Po-Px)c  and C (E. UG/4/(Po-Px)c) are tabulated. 

In Fig. 4.15,  values of C are plotted against 1/CP0-Px)c  with 

differert symbols to indicate whether the point was derived from 

the test condition of T0  equal to 80 or 280
o
F. 

Fig. 4.16 shows the plotting of the percentage increase of 

the mainstream velocity per foot length of x. It was derived 

from the values of 
	

11II,  uIII and uiv  (i.e. the velocities at 

x equal to 3", 9", 35" and 21" respectively). 

SZP 
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(iii) Correlation of experimental data. It can be seen 

from Fig. 4.15 that the values of C are not affected greatly by 

the temperature, and that the "C-function" can be represented by 

a straight line in C vs il(Po-Px)c  plane. 

From Fig. 4..16 it can be seen that the average rate of the 

increase of the mainstream velocity in the x-direction is 0.475% 

of uc.  per foot length of x. 

The values of BI' BII' BIII and E (the thermocouple e.m.f.'s IV 

at positions I, II, III and IV respectively) shown in Tables 4..2a 

and 4.2b indicate that the heat loss through the tunnel wall at 

the working section was small. The maximum difference of the E's 

is 0.008 my which corresponds to less than 0.5°F. 

The values of :PX' PI' PII' PIII  and P (the mainstream static IV 

pressures) of Tables 4.2a and 4..2b indicate that the static 

pressure variation along x is amn11. It is less than 0.05% of 

FG (absolute). 

4.3.3. Summary of results of calibration. 

Results of the calibration are summarised below: 

(i) Tunnel average mainstream velocity can be derived 

from the measurements of P0, T0  and (P0-Px) with the aid of Eqs. 

(4.2) and (4.3) and Fig. 4.16. 

The procedure is as follows: 

(a) The value of (PePx)c  is calculated by substituting 

P0' T0  and (PO X) into Eq. (4.3). 

(b) The value of C is then obtained from Fig. 4..15. 

(c) uG can now be calculated by Eq. (4..2). 
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(ii) The mean total temperature of the tunnel air can be 

measured by placing a total temperature probe (Fig. 4.17) at x 

equal to 12"; the accuracy of this measurement is within ±0.3°F. 

(iii) The mainstream static pressure can be gauged by a 

hole in wall at Y. 

(iv) The mainstream air velocity increases along the plate 
at the rate of 0.475% of u&  per footof the plate 
length (x) (Fig. 4.16); so the velocity distribution along the 

plate is satisfactory for the presently intended flat-plate tests. 

4.4.. Measurements of Heat-transfer Coefficient. 

Although the purpose of the measurements was to obtain 

heat-transfer in compressible turbulent boundary layers at large 

temperature ratios (Taa,s/Td, in order to examine the adequacy 

of the present setting-up and the influence of some factors, e.g. 

the smoothness of the plate, the shape of the plate leading edge 

and the turbulence level of the tunnel air, the first experiments 

were carried out at small temperature ratios (i.e. 1 (Ta/Ts. <1.1). 

The reasons are that at slow speeds and small temperature ratios 

the boundary-layer-fluid properties are essentially uniform and 

the well confirmed experiments and theories ( f3.3.2) are 

available. 

These tests will be reported in f4.4.1; tests with large 

temperature ratios will be reported in f4.4.2. The difference 

between those two sets of tests was in the method used to precool 

the test plate, that is, shop-air instead of liquid nitrogen was 

used as the coolant for the uniform-property tests. Conclusions 

from the experiments will be stated in 54.5. 

r 
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4.4.1. Tests at small temperature ratios. 

(i) Procedure and observation. The tunnel-sir dewpoint 

was first checked. The mainstream velocity and temperature were 

set at suitable values. When the cooling jacket was in the 

raised position, shop-air was supplied to its middle compartment 

to cool the test-plate to a required temperature. The cooling 

jacket was then lowered. On the exposure of the precooled 

plate to the preset hot air stream, the subsequent. plate 

temperature was recorded against time in terms of the thermocouple 

e.m.f. versus time. Meanwhile P0, T0  and (PO  -PX  ) readings were 

taken. Four tests have been run at the following conditions: 

Test No. 	1 	2 	3 	4 
Bei  7.80x104  7.79x104 1.113x104 1.174x10' 
T°P 183.29 183.18 249.40 236.64 

Tsi
o
F , 137.38 139.53 171.56 161.63  

TON 1-6 7-12 1-6 7-12 

where Ref  indicates the Reynolds number per inch, TG  the 

mainstream-air temperature, TS the initial plate temperature 

and TON the thermocouple number. 

The data which were observed during these tests are listed 

and tabulated in A.Dpendix 4A. 24 T-t curves were obtained from 

those tabulated data with the aid of Table 3.1 and Fig. 4.8 for 

the conversion of the thermocouple e.m.f. readings to temperatures. 

Fig. 4.18 is an example of the typical T-t curves. 

(ii) Derivations. From the readings of 
(P0-P7), 

 Po, E0  

and Ea, the mainstream velocity (un), temperature (TG) and 

pressure (pa) were derived by the method of 44.3.3. Reynolds 
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number per inch (Rel) was then calculated by the equation: 

Rei(4)/(124) 

(4  where 	and AI 	 ft/s, are the mainstream velocity in 	 density 6  )  

in lb/ft3, and viscosity in lb/ft s respectively. The relation 

between "and T is shown in Fig. 4..19 (4..11, p.504.) . The 

Reynolds number (Rex) at x" from the loLding edge of the plate 

is then obtained from the equation: 

Re
x = kRe1 
	• • . 

	 (4..7) 

Heat transfer to a given point at distance x" from the 

leading edge of the plate was computed from the transient-heat-

capacity equation, 

q = (47)s(dVdt)s 	sof 	 (4.8) 

where q is the total (convected, conducted, radiated etc.) 

heat-transfer rate per unit area of the test'surface; c=c(TS) 

is the specific heat of the plate material (monel) obtained from 

Refs. 4.12-4.14 (Fig. 4.20); f is the density of the wall 

material (= 0.319 lb/in3); is the wall thickness (= 0.186); 

and (dT/dt)s  is the time derivative of the wall temperature which 

was obtained from T-t curves ,(e.g. Fig. 4.18) with the aid of a 

mirror, that is, a normal to a point on a curve was first draw: 

by placing a mirror on the point so that part of the curve and its 

image in the mirror forms a continuous curve, the slope of the 

curve was then derived from the slope of the normal. If q is 

considered to be only convected heat, then the dimensionless 

heat-transfer coefficient, Stanton number, may be written as: 
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St= 
	(cpf)s(dT/dt)s  

(cpIGUG)(Tad,S -TS)  

At slow speeds, Tae? ol*.Te TtotG' s°  

• • • 

	 (4.9) 

St = (ctr)s(dT/dt)s  
• • • (4.10 

   

(c 
pfGG  )(TG  -TS  ) 

where cp1GIAG represents the product of constant pressure 

specific heat, density and velocity of the mainstream air; T
G 

is the mainstream temperature; Ts  is the wall temperature at 

the point where the time derivative of temperature was determined. 

72 values of Stanton number at conditions of Reynolds 

number (Rex) from 1.7x104  to 1.7x106  and temperature ratio 

(To/Ts) from 1.02 to 1.09 have been calculated and are tabulated 

in Table 4.3. 

(iii) Results and conclusions. The above calculated Stanton 

numbers are plotted against Reynolds number in Fig. 4.21. For 

the purpose of comparison, theoretical curves (a,b and c) are 

also drawn in the Fig. 4.21. The curves (a) and (b) were derived 

from the exact solutions of uniform-property -laminar -boundary- 

layer equations at the conditions of zero pressure gradient, 

Prandtl number equal to 0.7, and temperature difference (To-Ts) 

respectively equal to constant (4.15) and proportional to x 

(4.16); the'curve (c) was derived from Eq. 4,1 with S 7 1.162 

and cf being calculated by Eq. 2.72. 

Fig. 4.21 reveals that (i) the boundary layer was kept laminar 
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state till Reynolds number got to about 8x104  and the transition 

completed at Reynolds number equal to about 1.2x10, (ii) in 

the laminar region, the present data agree with the curve (b) 
the 

and (iii) in the turbulent region, the data agree withpurve (c) 

which is also in agreement with the other experimental results 

for the uniform-property turbulent boundary layer as previously 

shown (see Fig. 3.4). 

Fig. 4.22 shows the typical wall temperature variations 

along the test plate. It can be seen from this figure that the 

variation of the wall temperature is much greater in the laminar 

region than it is in the turbulent region. Theoretically, in the 

laminar region (x.16) . 

St = B/Re2 	• • • 
	 (4.11) 

where B is a constant; so the temperature difference (To-Ts) 

is proportional to ATTC. This is consistent with the present 

results as shown in Fig. 4.21 by the curve (b) and the experimental 

data lying in the laminar region. 

The conclusions are therefore that the present method of 

measurements is reliable and that the setting-up of the apparatus 

is satisfactory for the purpose of dbtaining the data for the 

turbulent boundary layer on a smooth solid flat plate at uniform 

temperature. 

4.4.2.. Tests at large temperature ratios. 

(i) Procedure and observations. The procedure for the tests 

at large temperature ratios was essentially the same as that 

previously described for the tests at the small temperature ratios 
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(64.4.1.), except that liquid nitrogen instead of shop-air 

was used as the coolant in order to obtain large property 

variations in the boundary layer: The method of cooling the 

test plate with liquid nitrogen has been described in sub-

section (iii) of 54.2.2. 8 tests (No. 8 to 12) have been run 

at the follovring conditions. 

Test No. 

R.e1 
T°F 

Ts,i°F 

TON 

Test No. 

Re1  
TGF 

TS 	°F i 

TON 

5 

6.92x104  

77.61 

-274.91 

7-12 

9 

3.82x104  

228.50 

-277.62 

11 

6 

9.31x104  

81.30 

-290.33 

7-12 

10 

5.60x104  

236.07 

-298.93 

11 

7 

6.46x104  

238.57 

-301.45 

1-6 

11 

4.99x104  

245.77 

-300.21 

11 

8 

61.5x104  

238.51 

-301.43 

7-12 

12 

6.10x104  

240.69 

-299.36 

11 

The observed data are listed and tabulated in Appendix 4B. 

28 T-t curves were obtained from those tabulated data. An 

example of those curves is shown in Fig. 4.23. 

(ii) Derivations. The derivation of the mainstream 

characteristics (44G  PG and TG) from the observed data of (P0 px)1 

P0, E0  and EG has been described in §4.4.1. The Reynolds number 

was then calculated by Eqs. (4.6) and (4.7). Eq. (4.10), 
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St' =  (cNS(dT/dt)s (4.10) 
(cplGuG)(TG-Ts) 

was used to calculate the Stanton number (Sty), where the time 

derivative of temperature (dT/dt)s  was obtained from the T-t 

curves by the method of "mirror and image" as described in 

sub-section (ii) of 14.4.1. The symbol St' has been introduced 

here for the Stanton number derived from Eq. (4.10). It is 

because these values will be corrected for pertinent experimental 

errors and the symbol St is reserved for the data after correction 

for the experimental errors has been made. The values of St' 

Rex and TG/TS are given in Table 4.4. 
(iii) Experimental errors. The Stanton number (St') derived 

above subjects to two basics types of error: (a) error whose 

magnitude can, be evaluated and (b) error whose magnitude cannot 

be accurately calculated. 

The first type of error is due to the radiation, condensation 

and non-uniform wall temperature. Details of the method of 

the evaluation of this type of error are described in Appendix 

40. The correction has been made for the values of St'; the 

maximum correction recuired was not greater than 6.5%. The 

corrected Stanton-number data are shown in Table 4.4 as St. 

The second type of error contributes to the uncertainty of 

the accuracy of the experimental data. It consists of the 

effective turbulent starting position, the temperature potential, 

the T-t slope measurement, the effect of the increased plate 

thickness and surface roughness due to the frost deposition. An 

estimate has been made for each of these items. Details of the 
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estimation are given in Appendix 4D. It was found that the total 

uncertainty is about 6%. 

(iv) Results and liscussion. 

(a) Results. Heat transfer through turbulent boundary 

layers on a smooth solid flat plate at the slow mainstream speed 

(MG  0.2) and large temperature ratio has been measured by the 

transient technique. Stanton number at seven different temperature 

ratios, namely, TG/TS  = 1.25(0.25)2.5 and 2.7, were evaluated. 

Table 4.4 and Fig. 4.24 give a summary of the test conditions and 

the evaluated heat-transfer and boundary-layer parameters. 

. Smoothed experimental data of Stanton number are plotted in 

Fig. 4.25. As shown by this figure, for a given value of Rex, 

St increases with increasing rate of heat.transfer to the plate 

(the highest rate corresponds to the highest TG/TS); for a given 

TG /T5'  St decreases with increasing Rex. - 

(b) Comparison between theories and exjDeriments. 

The experimental Stanton-number data of Table 4.4- will be 

compared with theoretical predictions. As the theoretical Stanton 

number is evaluated by Eq. (3.1), i.e., 

St = S.cf/2 	0,41 	 (3.1) 

the comparison will first be made on the basis of a fixed Reynolds-

analogy factor (S) with the different cf theories and then on 

the basis of a fixed cf theory with different S theories. 

Comparison based upon a fixed Reynolds-analogy factor. The 

theoretical values of Stanton number have been computed by Eq.3.1 

with S equal to 1.162 ( 43.4) and cf  being evaluated by four 
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different methods, namely, those of van Driest-I (4.21) , van 

Driest-II (4.22) , Eckert (4..233 and f2.5.3. The first three 

of these four methods are representative examples for a large 

number of theories based upon (i) the Prandtl differential 

equation, (ii) the von Karman differential equation and (iii) 

the incompressible formula with reference properties; and the 

fourth method is the present semi-empirfcal method. 

Comparison of the computed Stanton-number values and the 

experimental data is shown in Fig. 4.26. At the moderate rate 

of heat-transfer (say, at TG/TS  = 1.5), the degrees of 

correlation achieved_ by all the four theories are about the same. 

The agreement between the experiments and the theories of van 

Driest-II and Eckert, however, becomes less favourable as TG/TS 

increases, whilst the agreement between the experiments and the 

respective predictions by the method of van Driest-I and the 

method off 2.5.3 remains good at all the temperature ratios 

explored. 

Although the van Driest-I method and the present method 0.5.3) 

give about the same predictions for the present case of lowlAach-

number flaw., the two theories have different implications as 

discussed in 42.4.4. That is, the Fis  function of the van Driest-I 

theory is: 

FR6 = (AG/AS) (fS/fdl  

= (Ta/Ts)1.26,  for low Mach-number flow ... (4.11) 

whilst the F function of the method of 42.5.3 is: R5 
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FRS = cOrS)("i)  

= (Ta/Ts)0"7021 
ad,S 

 /TS 
 i 10772 

= (TG/TS)1'472  for low Mach-number flow ... (4.12) 

As cf is a weak'function of FR6' the small difference in the 

indices of (TG/TS) of Eqs. (4.11) and (4.12) for the condition 

of lowMach-number flow does not give appreciable difference 

in the cf  values. However, at large MG, the difference between 

Eqs. (4.11) and (4.12) is great. For example, at the condition 

of the adiabatic wall, the two 	functions become: 

n -'10 26  
k-LadSf-ti

V 
 

and 	F - (T 	/T ) -0.702 pa, 	ad,S G 

respectively. The failure of the Eq. (4.13) to correlate of  

data at large Ma  for the adiabatic wall case has been shown in 

42.3 (see InS error for the van Driest-I method shown in Table 

2.6); so the agreement between the van Driest-I method and the 

present experimental results is entirely accidental. The method 

of 42.3.5 should therefore be used to evaluate the cf values. 

As it was shown in 43 that the effect of heat-transfer on 

the values of S is small, the above comparison has therefore 

indirectly confirmed the adequacy of the method of 42.5.3 for 

the evaluation of cf. In order to examine the effect of heat 

transfer on the values of S in greater details, the present St 

data giving S with cf  being evaluated by the method of 42.5.3 will 

be examined below. 

Comparison based upon a fixed drag theory. With the experimental 

St data of Table 4.4 and the theoretical cf  values of 42.5.3, the 

• • • 

• • • 
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values of S at various Re
x and TG/TS have been calculated. They , 

are plotted in Figs. 4.27 and 4.2$ versus Rex  and TG/TS  respectively. 

As the range of Rex  covered by the present experiments is 

small, it is expected that there is no appreciable variation of 

the value of S at a given TG/TS  for the present data. This is 

confirmed by Fig. 4.27, where the data of S are plotted versus Re
x. 

The average values of Re
x and TG for the present 

experiments are at around lx106 and 600°R respectively. The 

theoretical values of S at the average condition (i.e. 
a 

Rex  = lx10 and TG = 600°R with Pr being the value at the wall, 

namely at T = Ts  = 600Ts/Ta°R) have been computed by the methods 

of Prandtl-Taylor (4.1, p.206) , Colburn 14.24 Rlibesin [4.25), 

van Driest (4.22), Spence (4.26) , Deissler. eaulLoeffler (4.27) 

and Spalding and Jayatillaka(4.28).; and they are plotted 

against TG/TS in Fig. 4.28 in order to compare themselves with 

the experiments. It can be seen in this figure that the theories 

which give the best agreement with the experiments at the small 

temperature ratio still give the best agreement at the large 

temperature ratio. It is because the influence of T /Tr, on the 
G 

value of S indicated by the experiments as well as the theories 

is small. 'Zence the use of a constant value of S which is 

suitable for the uniform-property turbulent boundary layer is 

also adequate for the large temperature ratios. 

Fig. 4.29 shows the extent to which the present St data 

are correlated by the method using S equal to 1.162 and cf  

from f2.5.3. The degree of correlation achieved is seen to be 
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about the accuracy of the present data (±). 

(c) Implication of the present findings. The use of a 

Reynolds-analogy factor to calculate the heat-transfer coefficient. 

from the frictional-drag coefficient implies that a similarity 

exists between the transports of momentum and energy. Consequently 

the boundary-layer temperature distribution and the Reynolds-

analogy factor are expected to be directly connected with the 

boundary-layer velocity profile. All the S theories reviewed 

in 431  are based upon one or the other form of the "law of 

wall" for the velocity profile as shown in Table 3.1. 

In particular, the law of wall for the region (the 

transitional region), which exists between the laminar sub-layer 

and the turbulent outer-layer, is important. The reason is 

that in this region the molecular and the turbulent transports 

are of comparable sizes and a law of wall is required to account 

for the relatiVe share between the molecular and the turbulent 

transports. Unfortunately, at the present both the theoretical 

and the experimental knowledge for the transitional region is 

very limited; it is not possible to formulate a relable analysis 

for the compressible flow of air. 

It is, however, certain that the law of wall for the 

transitional region is an intermediate of the laws for the 

sub-layer and the outer-layer. Hence the position of the 

intersection of the laws for the sub-layer and the outer-layer , 

The empirical S function is excluded. 
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provides a aualitative guidance to the law for the transitional 

region. 

It was seen in f2.4.4 (Table 2.7) that the position of 

the-  intersection in discussion is mainly a function of T 	/T 
ad ,S S 

regardless of the difference in Ma. and Rex. It is therefore 

plausible that the law of wall for the transitional region and 

consequently the S function are also dependent mainly on 

/TS  regardless of the difference in MG- and Rex
. The Tad,S  

present experiments have indicated that the effect of Taal% 

up to about 3 imposed on the value of S is negligibly small. 

Although the experiments were carried out at low Mach 

number, from the above discussion it is plausible that the effect 

of Tad,ss at the other Mach number is also small. Furthermore
?  

the effect of.% (up to 10) and Rex (from 10
5 to 108) at smaller 

s/Ts  on the value of S has already been confirmed to be 
Tad, 

small by the other published results as it vas seen in 43. Hence 

the confidence in the use of S equal to 1.162 for the range of 

Rex from lx10
5 to 1x108, MG.  up to 10 and Taa,s/Ts  up to 3 has now 

been increased. 

4.5. Conclusions. 

The heat-transfer rates have been measured on a smooth solid 

flat plate at slow speed flow of air by the transient technique. 

Lie first experiments 7/ere carried out at small temperature ratios 

(i.e. l<Taa,s/Ts  <la). The results are found to be in agreement 

with the other reported data for the incompressible turbulent 
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boundary layer, so the setting-up of the apparatus is believed 

to be satisfactory. 

The subsequent experiments were carried out at the larger 

temperature ratios. The values of Stanton number at seven 

temperature ratios (namely, Taas/Ts  equal to 1.25(0.25)2.50 

and 2.7) have been evaluated. The increase in the value of St 

for a fixed value of Rex with decreasing Taas/Ts  and the decrease 

in the value of St for a fixed value of Taa,s/Ts  with increasing 

Rex are consistent with the predictions recommended in 13. 
The present experimental results therefore confirm the 

adequacy of the method recommended for the prediction of cf  

and support the applicability of a constant S (= 1.162) for 

Tad,S /TS 
 up to about 3. The data reported in other publications 

(reviewed in f3) have been obtained at smallerTad,s/Ts  than the 

present data, but at greater Ma  and Rex  (or Bev); they also 

support the applicability of the constant S. It is therefore 

plausible that the combined effect of Mach number, Reynolds 

number and temperature ratio is also small; so the use of the 

prediction: 

St = S.cf/2 	 (4.1) 

with S = 1.162 and cf  being evaluated by the method of f2.5.3 

is believed to be adequate for the range of conditions which have 

now been explored experimentally, i.e. for Rex from 1x105 to 

lx108, Ma.  up to 10 and Tad,s/Ts  from 0.5 to 3. 

Fig. 4.30 shows the degree of correlation achieved by the 
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recommended method. The,agreement between the predictions and 

the experiments is seen to be about '2:10% which is believed to 

be about the accuracy of the experiments having so far been 

achieved. 
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CHAPTER 5  

CONCLUSIONS  

In conclusion the results of this research can be summarised 

as follows: 

5.1. Frictional Drag. 

(i) The theorctical treatments given by earlier authors 

are classified, reviewed and where necessary extended; then the 

predictions of twenty of these theories are evaluated and 

compared with all experimental data, the root-mean-square error 

being computed for each theory. The theory of van Driest-II 

(5.1] gives the lowest root-mean-sauare error (11.0%). 

(ii) A new calculation procedure has been developed 

semi-empirically from the postulate that a unique relation 

exists between c_rFc  and ReFR where cf is the drag coefficient, 

Re is the Reynolds number and Fc  and FR  are functions of Mach 

number and temperature ratios. Uhen compared with all 

experimental data, the predictions of the new procedure not only 

give a low root-mean-square error (9.9%), but also give a better 

correlation at large Tad S/TS than the van Driest-II predictions. 

(iii) Tile extent to which the procedure correlates the 

existing experimental data can be judged by inspection of Figs. 

2.18 to 2.20. In view of the fact that experiments have been 

carried out in several entirely different pieces of apparatus 

and are not of high accuracy, the correlation is entirely 

satisfactory. 
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(iv) The procedure is simple and quick to use in 

engineering calculations and its accuracy is only limited (at 

the present time) by the accuracy of the experimental data 

fromwhicll it is in part derived. 

(v) The.necessary auxiliary functions have been tabulated 

in Tables 2.8 to 2.10 and plotted in Figs. 2.21 and 2.22 for 

ready reference. 

(vi) The procedure is capable of greater refinement when 

more accurate experimental data are available, say, by 

modification of F
R functions. 

5.2. Heat Transfer.  

(i) Theoretical treatments for the Reynolds-analogy factor 

(S) are reviewed, classified and compared. It was found that 

for the flow of air the effect of Reynolds number, Mach number 

and temperature ratio on the value of S predicted.  by all the 

theories is srls11. 

(ii) Measured Stanton number reported in other publications 

are collected. Using these, the dependence of S on Mach number, 

Reynolds number and heat-transfer condition •is, examined. The 

drag is calculated for the same conditions as the Stanton-

number measurements using the recommended procedure. ExperiMental 

St data giving S are too scanty to check the small effect of 

11 	Re
x  (or Re62  ) and Tad S /TS  on the value of S predicted by ,  

the various theories. However, it was found that a constant S 

equal to 1.162 represents a good mean for all the conditions so 

far explored experimentally. 
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(iii) The recommended method for the evaluation of St is 

simply by multiplying the cf/2 (by the presently recommended 

procedure) by 1.162. The extent to which this method correlates 

the data in other publications can be seen in Figs. 3.15 to 3.17. 

In view of the unavoidable discrepancies existing between the 

data from different sources, the correlation is satisfactory. 

(iv) With regard to the experimental Stanton-number data 

available in the other literature, the data at large heat-transfer 

rates (i.e. at Taa,s/Ts greater than 1.6) are scarce. It is 

proposed to obtain additional data at large Tad,S/TS  so as to 

check the applicability of the constant Reynolds-analogy factor 

(S = 1.162) beyond the range of the heat-transfer conditions 

for which experimental data are available in the other literature. 

5.3. Experiments. 

(±) Heat Transfer through turbulent boundary layer on a 

smooth flat plate at slow speed flow of air has been measured 

by the transient technique and the values of Stanton number at 

s/Ts  up to 2.7 have been evaluated. Tad, 
(ii) The present experimental results confirm the 

applicability of the constant S (= 1.162) for large heat-transfer 

rates, when the drag is calculated by the redontmended procedure. 

The close agreement between the experiments and the theory can be 

seen in Fig. L,..29. 

5.2.. Summary of Recommended Procedure of Calculation. For the 

turbulent boundary layer of air on a smooth flat solid plate, when 

the Reynolds number, Mach number and temperature ratio are known, 

the procedure for the evaluation of the frictional drag 
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coefficient and Stanton number is as follows: 

(i) The value of lc is determined from Table 2.9 or Fig. 

2.22. 

(ii) The value of F
RS  is determined from Eq. (2.96) 

or Table 2.10 or Fig. 2.22 and when necessary the value of 

FRx is obtained from the equation, 

F = F /F Rx RS c • • • (5.1) 

(iii) By using the input value of Res2  (or Rex) and the 

values of FRS  (or FRx  ) and Fc above, cf or f can be obtained 

from Table 2.8 or Fig. 2.21. 

(iv) The value of St (or gT) is then obtained by the 

equation, 

	

St = 0.581(cf) 	(5.2) 

or 	= 0.581(y 	(5.3) 

The above calculation can be performed in a few minutes 

with an accuracy of one per cent, the latter is, of course, within, 

the limit of experimental accuracy at the present time. 
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CHAPTER 6  

SUGGESTIONS FOR FURTHER  

It is suggested that the present theory should be extended 

and developed in the following ways: 

1. There is need for experimental work of greater range 

and higher accuracy, so that the theory can be further refined. 

Simultaneous measurements of skin-friction coefficient and 

Stanton number are required. Data at various Mach number and 

temperature ratio would be reauired, but data at large 

T
aa,s

/Ts would be of particular interest. 

2. In the above development of the method of predictions 

for flat-plate friction and heat transfer, a formulation has 

been used which can well be adapted to a later extension to 

the situation with finite pressure gradient. 	That is, the 

drag, coefficient has been related to the Reynolds number based 

upon momentum thickness as well as that based upon distance along 

the wall. 

For the application of the present method to the case with 

mainstream pressure gradient, the calculation of the shape 

parameter defined by: 

B12 = 61/62 
	• • • 

	 (6.1), 

where II
1 

is the displacement thickness of the boundary layer, 

would be required. This would then be used with the momentum 

equation to determine the development of the boundary layer. 
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3. For the flow of air at high Mach number and/or temperature, 

the wall is often transpiration cooled. In Ref. 6,1 an extension 

to include the mass transfer has been made. In that extension the 

F
R function, for the zero mass-transfer case, was similar to that 

of the van Driest-II theory. It should now be examined whether 

the extension based upon the present FR  function would improve 

the predictions. 

Then the speed of aircraft becomes so great that the 

temperature of the surrounding air becomes sufficiently high, the 

air components partially dissociate. The present method should 

also be extended to include the effect of dissociation imoosed 

on the frictional drag and heat transfer. 

5. Finally, it should be mentioned that the present subject 

could also be approached in a more fundamental manner than that 

described in the present thesis. For example, it has been seen 

above that the presently recommended expressions for Fc  and FR  

imply the existence of a "Law of Wall" based upon the von Kaman 

Mixing length and the influence of heat transfer on the value of 

'E'. A hypothesis for E should be provided. 

For this purpose, initial work confined to the careful 

measurements and analyses of velocity and temperature profiles 

at low Mach number and different temperature ratios (Ts/Tc.  much 

less than unity would be of particular interest) should be fruitful. 

The next step would be to find the effect of Mach number, Reynolds 

number and temperature ratio. 
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Tath regard to the analyses of the measured velocity and 

temperature profiles, particular attention to the effect of 

Reynolds number, Mach number and temperature ratio on the laminar 

sub-layer and transitional intermediate-layer should first be 

given. This might lead to a Law of Wall with a reliable hypothesis 

for E. 

Although a good law of wall is useful in formulating various 

boundary-layer functions (e.g. drag and heat transfer) which are 

of great practical interests, it is not expected to be in entire 

agreement with the experiments. For example, Professor Spalding 

has accounted for the discrepancy between the Law of Wall and the 

experiments by an entrainment law t6.2) . The effect of Reynolds 

number, Mach number and temperature ratio on the entrainment law 

should also be examined. 
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41=  efifs) Vs /-,2 . 	= ci+bs-a2Z2) 
Approximate analytical— 6y 
expanding integrant:A in 
Series of b and az, and 
neglecting higher terms. 

Wilson caso)f 2-71‘4.- 

. 	. 

+_ 	- 114 1 	 ' 
tette, all' ),= O.218 

• 

+-=Cfif5 
;12 

• •" = cr+laz - a2 z2 .) 8/2 
 

C acti.abatic. only) 

Approximate analytical (b)*  

. 

faabesin,Maydeid and . 
Varga. C1451)1249 

. 	. 
Lei = il-5 
aut/dyf)i= 0.2113  

15 = CPI's)*  . 	4 
= ( t+ bz- aaf i" 

• 

Exact numerical 
. 

Vas Driest-Ka96-6)0•11 E= 13.1 c for 11,- t Di.-t to Approximate anatltic. (b) 

Deissler and. Loeffler 
Ciq 51 ) (a".70.1 

17= 26 	f 
Foe yt  4 26 
,-rs=  ya+0.01188p41)cdaldp 
9s= ( k + o • on e et fa v (d r/dv 

43. (f/fs)1b  
::: f 	(is (1.4*- i.4) 

Exact PI t4f01 0 P al2 1 . 

Ts 	crTs4/( fsli )  
i'• ct, •11,  t •__. .4 .)3- tia  • • 2 _ 
a cp Ts rs 

* i t see footnotes at the and or Table 2- /, .(.t at). 
f 	When 	of 14,4  and (lullet.g#)1  are 5recified , E is evaictate•I by fAe Praation: 	 /dy'),exr (k  

E• is evalua tes( by tke-  efixat4:0", : E 	reKar(itfok #ClUt  d 41#.1/ Yi4. 

   



Table 2.3 Theories based upon other di frerenti equations, 

Author and year Nature 	of •  differential 	equation 	- Mithod oCevalu4fir,3 R%, integral 

C(emmow -I 0450) (2.0#7 d„ 	 du cif Approximate analytic C b ).* 'Ts= fk2y2(;I T)
2 
 + "k2 Y

2  
dy d y 

• 

Clemmow-.11 (191-0)(2-"1 
. 

Ts= 	2 cd%/d1)3 	chz 	df 
, 

Ditto 

• 
x 	 C f — - 4-.14— 

(d 2u/dyY 	dY 	clY 

Ferrari .c KM) 12.127 TICYCCIL4IdY) Approxi mate. numerical 

ci-i)m:  
1:1= 	.e 	 2 	, 1-tji 7 

f's 	 - f Is 	I+ const.xzb 4. 	J 	j 

1Lie value or constant is unknown. 

Li and Alayamatsu (icl5 I ) 
(2-137. 

272 	du--- ,_ 	Cli Approximate analytic cb). Ts _ ik272 (drA/cly)2+ 104d UPI 
dy dy 

The fsimet;om of /44,,femi.) is unknown. 

kw. 
kosterin and koshniaroV 

c iq 60 ) (2.14) 
z 2 	 22 	• 2 df 	2. z= ik y 	+ 	, Exact numerial . c  (duldp dy.  

* 	SQe foot mote at the end 	1:ribte 24 • 



Table 2.4 Theories basest capon nixed Velocity porde . 

Author and year Assumed velocity Profile Expression for fjfs 
Itieittoot of eealaa.ting 

Res2  in tegroc  

Cope -I C1ll43)f2-151 
, 

CAt, g.1  If 7  f/ I's =  C I-  0-222 )-   
(aolioboivc mill) 

. 	• 
Exact numerica(. 

Cope-If -1q43. (2.10 j÷-: E -190(ifti) Pi to Approximate analiticalcbi 

140n0-3han C1q50) (2.16]  j4= E -142.rr(ku+) f Ifs= CI-Abz-a3.25-1 Ditto. 

* See footnote at le end or -rab(e 2.1 

Table 2.6 Theors'es based upon incompressible -Armulce. Oh) 	referenca. properties. 

Author and lea,- Expression of TR 1 -li 	(or hot / AG.). 

Van karman (1935)(2. #11 --rR i-r6.= /4-1(e-1)4. (actiobtec os11 ). 

TliCker C1q51) (218? Tani = i +4 ci-s )14 cacicabeai, only. 

Young and TanssenCl452) C2.10 For 114 < 5.6: 7i/7;= 0-42 +0-5.8( 7-51-4 ) + "34-M: 
Forp,44.>414: TR  14; =1,42 4 0.613CTi 14) + 0.0234 . 

Sommer and Short C16.5)C2.20.1 TR  Irs  = 0.55 +0.45C -rs trao +0.036 etf: 

Eckert c1f.55) (2.213 -6,17-4  = o-6-+0.4-( -41-4) + ow12-43(11-i)mt 
114/4:=  o•28 +o-S( As  1 A.)* 0 -22 (11,2,45  /its) 



Table 2- 6 Comparison of Aeories 	exper;Potemto data. 

Pri.14 aria 	assumptions , 	Authors and &ears 
R. M. 5, errors 	c %) 

Foraelia- 
ba #4. WA a 

For heat 
tea. s tar 

. 	.rot p( & 
Prandti 	differential equation Smit4cii..et Harrop(1146) (-24) 2 11.3 3/./ 32-3 

Val. .Priest-r CP7S1) l2.21 13.3 11.3 14.7 
ir.ttote(no fze and Leont'ev 9-6-  16.2 12.0 

C/46/) r2-5-.1 
Von karman 	alilierential crd,' • on Frankl a.id voisi.el (193i)C2.63 20.3 41:1 	• 21.1 

Wilson (1150)12.7) 10.4 13.4 11.5 
Vas Pries i - - if (t./54)0.V 91 13.6 11.0 

Otlier differential equations etemewevi-x C19.5"e) (2.11) 11.5 11.5-  15-1 6..  	Clama•cer/-11 ((9 o) (2.111 20:1 31-7 24.7 
Fixed 	veloc.d4 orefire 

o 1 Core - I c I 4 4 3) 0.15.1 16.7 241 19-1 
Core- It ( 1 q 43)  (2-453  12.6 25-0 i7-4.  
Mona g ban (19.5-0) C2- 161 13.0 253 1$•0 

Refer.anca te•prera.fiLsca- VON Karma44 (19357 (2.173 25.0 38:1 291 
-gickerc /457)(2.1817 9.6 • 22-S 141 
Young and Tam SSPii(lf 52)!2.19) 121 22.8 /6.5 

So men erand Short (as-s-  ) [2.203 12.0 11.1 13.8 
Eckert c lq.S.  5 )12.21] :2.2 20.2 1S•1 

Miscellaneous oi4efasruan I:044 . DohattIsta% (1452)(2.221 12.4 204 15-4 
Sremca (!M') (2-243 12-2 1112 14.3 

• 
. 

Wimider (1461)12.233 14.0  231 174 
8urlytaic1462)12.25.1 16.1 26.1 11.8 

Pees G..-t 	['roc edu- fil- 8.6 12.5 q.1 



207 

ra LI e 2:7 Values of 1,+ (and 	at Vat logs 14-4 amci 7its /7; 
( Fo r Rex  et 6-X I — 2X1 ) 

MG 7 /7-  ads 	5 y:46: tr;') E 

2.43 1 //•4 $.36- 
2-4- I II.6 9•05 
2.8% I 11.8 4.5- 
2-95 I 114 4.6 
4.2 I 1/.4 8.42 
413 1 11.8 4.4-- 
245 o•691 10.3 605- 
2•43 o--541 9.5 4-45 
2- gs 0.641 10.5 6.4 
3-01 I-27C 12.5 /2-1 
6703 1471 13.I /4.4 
5,06 /.700 14.1 20.0 
412 1.584 134' /0 
479 Hob ill 12.-7 
fir 1.119 11.1 115- 
6.113 kW- I2.8 13.0  
6.111 1.836 13'4 if 
693 Mil 14.2 22.3 
/41 1-01 14.0 14.6" 
8•16 i.fri,  144 al.? 
341 1.04 13.9 go.s 



Tot.6Ie 2.9 	Values of Fc cf , 	, Frt6 Re62  an' FRx f?ex- 

F c c f Fc cf  FizaRes2  rag Rex  Fa i F c L f r  Ra b sl. FRe Rx 	K 

0.0010 o•oouil 2417 tx 101  s'7sixi°1°  0.006o 0.0082.05 233.0 4.: of x to+ 

o-ooi 6" 0.00 (716 31crttor  4.610ime  g•oci64' aooVoT 177- 6  3-foimo4  

0.0 02 0 

0.0025-  

o•oo2333 

0.002967 

T-4151(04  

Unto i o4 

, 
4.6MX101 

 

?340,(106  

0.007o 

0.0016" 

o-01004 

0.01101 

1444 

114-4 

2.7f6X0+  

2.078X104 

o •00 30 0.003621 4'030 2-77/010
6 

0-oe go 6.01202 q‘--62 1.02m04,  

o.0036-  0.004.2qq 22 83 i.o6vtio6  0.0095* 0.01304 71.41 /.23- /fio+  

0.0040 0.00  cooe 1208 4.928xi02.  0.0070  0.0144 7011 1-006x1o4  

0•o045-  0. 00 5141 7 16. o 2492xior  0.0095' 0-0/V6 62-55 053X/03  

0-005v 0.006c26 462.3 t4/7X 105 0-0i00  0.0/624 4-5 2/ 68133xiO3.  

0 • 0 0 6"6" oloo73 45 319.4 8-617104  o• o jo 5-  0.01732 4-o-4.6 5826X03 



'rake ad? Xtfues o 1 F, at vanas Ms esprer 7s-  /74-1.. 

------------- 	)-_____L4  4- Ts / -/"; 0 / .2 3 - 	4 5 6 7 
o • 0 c 0 -37 4.3 0.4036 0.4854 0.6222 0.7f01 /. 0 184 1.2741 1.5.713 
0- I 04331 0-4625 0.8477 04927 0.8628 I-0841 ll 4Si 1.6444 
0- 2 0.5:36 0.5530 o-638e 0-77s-6 0.9s-s4 1.1836 1.4491 I-7S34 
0- 3 °* Cfn 0-6293 o- 7145  0-8513 1.0370 1.2 6 41 /-5337 1.8418 
0.4 0.6662 e5.6957 0.7821 01208 1.1061 1337o 1.643 11144 . 
0.5 01186  0.1580 0.844 0.9031 1.1713 1.4031 14767 14903  
0.6 0.7973 0- gr to 01036 1.0434- 1.2318 1-4651 1-7405 14664 
0.8 0-9972 0. g26-1 1.0137 1.14-44 1-3445 p .7802 /lir 2.1785 
I 1.0000  1.0245-  1.1167 • 1.25-81 1•4494 14871 !•468¢ 21913  
2 1.457( 1-4967 /-4744 1l176 1i130 2.1512 .2-4472 24101 
3 1.8660  1- of 4-6 11036 21218 	. 2-325'4 2.5733 2-$687 3.2092 
4 	- 2.2roo 2.2196 2.3678 2.06 2.7117 2.76:1 3-2 Ci 1 3-6066 
5.  2'6180  2 .6477 2.-736i 2.0672 3413 3.3336 3.6355 31847 
6 . 2.9747 3.o044- 3-0427 3.2384 3.43f3 3.6930 3-1•111 4403 
8 • 3.4642 3.03 ei 31823 3.9184 4 -Lief 43963 4.6937 C.  °c°5- 10 4.3311  436os 4.4493 1 4.5103  411.86.  'S.:0639 4136e1 81251 

12 44811 50117 6--/003 52470 5-4504 5-7088 6.0204 6-3 83 2 
14 	. S-6208 6-64-o5 4-731/ 48860  6-o898 6.349( 6.6621 7-0271 
16 1545-"6'2797 _ 	. 6-303 IS.  51t3 611% 61.795  72937 7.6603 
18 6.8713 -6 .9010  g-18q7 7-1368 11413 7.6019 71170 i''28C1 
20 7- 4861 7.ctr7 7-604-  7454 7 95-64- 8-2 as 5,1334* Pleil 
2S. 	• 	. f0000 lit 041 9-1i84 4.2616 (1-4711 1-7330 10.0S0i-  104222 

. 	30 1°4886  ro•ca3 10.6071 10-754.6 104601 11.2229 1.1'5445 11.1//411 



4.6107 
4.7140 
4.120 
4,041s-
4-trie 

4-4324 
S-'440/ 
41433 
6-234-4-
4'744 
7012 

gi4o 
9.0291 
6012 
q.t241 

to- 2245 
10.4040 
OTSig 
12. zi PT 
ikkir 
144243 
ir.f est 

/4 

VA411 
53680 

2-234 
+764 

9r94 
St f483 

lily 
slrlf 
64101 
73193 
7.9613 
9.3a33 
810 
$44YY 

10- 23r1 

So. 0141 
11.634 
12-301 

8 
is-614-1 
11.1841 
(4•'(224 

IS 

74; ke 2.1 
	

CON t;relt41.0( . 
_ 

....."------------47; i T.  8  
• 

9  10 ! f 12 13 
0.0S /.0041 2.37 3 8 24E103 3-1233 3.6021 4- MU co. i 1- 9012 2'3417  2.766 0 3.2134 3076 4. 21 VI 0.2 2. off8 .2.475'6 2 9q2.5.  3.3462 3.9366 44636 0.3 2.1982 2.4723 2.7'937 5'402 3* f174 4-011 04 2.2842 .2.65e 3.0820 31.443 41,434" 44794 0.5 2-3429 2•7336 31420 3.074 4.1303 4-407 o.6 2.4115 2.8049 3-2362 370413 4,2 ler 4-753( . o-8 24379 2.  f3 So 3.3721 3.844.9 4.300 4.9.4 i aif4 2 3.0662 3•4966 3.9744 44 for 4443+ 2 310.4 3.5725 4. 02 el 44120 C°cr‘ 4%463 3 3. 5112 4 4.0184 44846 4- fp4. 5234.3 e• / 1  Sr 4 31466  4-4240  41030 4=4176 .r.' fie I &ars 
5 43712 4.0174 4729'11 58194 63$17 6.1933 6 41411 5 - • 1 q 05 54164 6.2o4/ Waf 13t14 
8 6'4544 c: foto 63994 6.1368 Tra l 9.1361 10 kl341 6 ilo4 Tao 14363 8.2241 8.0439 12 6-796-5 is ta 1-761g 8.314 8.9077 it  $11-12  14 7.4422  1.9003 0.444 81121 q S734 10.2174 16 8.01'16 84444 9. ow q• 614 42.22 4! 10.6746 18 9.7045- (t1Y37 41912 10.2S1-6 1.407 11.1-204 

20 
26- 

4-3238 

"441  
47952 

03225 
1 o 334 
11.8482 7: 

1 o- 8832 
12.4221 

11. 4311 
3- 0444 

12- 1422 
131128 30 12.3418 12424 /3-.35-01 /31302 /4•431/4 10°2531 
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7727d. .2. /O 	COlt eipts4 vet . 

7;17.4. 	Alk 8 	- q 10 H 12 13 14 1 6- 

o-o5 4774 4831 7464 416.6 1043 1174- 1312 1416 
0.1 249 240 2 ig.esay- 0 3 ir-3 432 -4 4.12.1 4:14.2 
0.2 -14.134" 110.6• 103.3 i lie u4-1 3.2-2 il0-1 188.7 
0-3 4111 4474 4-6-13o 61-.34 74.33 8314 93'er / 03' 8 
0.4 214 - 94 3184 3711 41.76 . 40.14 of.go 6(.23 67 43 
0-5' 11'31 21'gr air 30:rr 0:01 3/-44 4411 46.ef 
0.6 Alia 174-4  20-W 23-52 1(14 plc 33-68 3/11 
o•E3 4.700  11.48 1348 3-.35 011 1973 22-04 24.4c 
t 6-901 0.263 1631 /bog 12- do 14.2o /4-.86 j7-60 
2 	. a-413 2.9yr 3.44/ .3186 4-c31 4'. Ili rill 6-335- 
3 1.382 b 631 tf•T 2494 rsfr 2. ' i 2 3.14: 3.405 
4- 0.9041. i .o.0 1.248 I .  43 6 1-633 1.84• 2.036 2.291 
5.  0.6!11 4174 . ••998z !•033 /.17r 1.334 1-49. 1.641 
6 0.4976 01891 015862 0 •79/7 0023  l' °la  1-131 1.24-'1 
8 • -32r6 *act' 0.4443 01.08 0.rgye o•(43 04401 04310 

10 02344 0014 01:33 *mei ovta31 0.4Tcr •'r.324 0 tfat 
/2 0.1741 ows 1 01471 04843 0.3134 0.3643 0.44 0.4516 
14 0-1411 e•gfe DIV f 0.23.65 o-2576 *-2q°3 0.31.44 0,3‘111 
16 • 0.1112   0.13913 • 0.10 0-186. 0.11 1 6 0.2484 0.2664 0.2 q si- 
t 8 oven"-  0 - ti61 0.(3c-  0•/164 0.177( O' 200  4 42 223 if 42444  20 9. 0  1441" "WI ••1164  o • (331 0 • 3'13 0. 1716 '.1917 0•:1 31. 
ls 0•06•1 e' 011f D.0838 0.0f64 0.1016  0. lx3t-  a1380 a 1 V3 I 
30 0-40464 0**V4.1 0.0640 0 • 013/ 001130 a 0944 0. lorr 0. 1170 



. Author' and 5oar 	. 
	  Close to mom " 

' 	7:fal. Pra ...iiti oftarAer• (Pet  - ) 	and 	shed:. strat.ss •.-ir.if • 	- - 	- 	. 	• 	.   	. . 

Intermediate-. kW** Disto.ot ,from v..411 	• 
Value .;i1 Pry ' 

. 	... 
-iitylookts (1874)13.1 

. 	 . 
. 	 .   Fittst = 

Prancitt c 19i0)56r 
- C1436J 1;40] 

At .  u+<. lb 6 . 	. 
- Pry: f 

. 

	

At- tea. ., II-6 	• 
ke = fit 	• 	• 

. 	1 	. 	. 

• . 

SAIroirew (Mic, (3a7 .  

	 - 	 . 

. 

At u7ac.1•4 1/3  ' 
gtot -'-'.: Pr . 

• • 

Atat 	/1/4#1  3 
R•ect.= 8.4  

1 	. 
• • 

KIM Harman !%939) 
X543' .  

• . 
At u# .44.6"  

• PTA = Pr - 

	

. 	. 

	

At .5%.5. y+-.5. 30f 	" 	• 
. 14..,- s4? tCre I yt/4-.)1.  

A 1-1. .3.0 	- 
t3tot  --= fk 

• 

. 	 . 

. 

. 

Reichardt.r 19 40(34) 
-----•" 

Ai • u+  :c 2 	• 	• 	' 
: Prt.t '= Pr 

.. 	 . 	. 

At 2 4g u.4:. 	/115'. 
2..lt , *:11.( -41-1.7.1..p44. lo 

-.. M a -,45-75 	. 

 = At . 	: .,:. 	,.. 

: 	. 	- 	•. 

. 	. 
• I3•5 	. 	I 	I3•5* 

. 	Prt- t. II 64--‘3-5-" .  

.5-artif4 aka( Nip:. ' 
- (1946)(441-' 	' 

	

At.-id .4r. 	- 	. 
- 	Ai- 	,p, 

. . 

_ 
At 	5.4 It* 30t 	, +.-. 

. 	• 	- 

-At 4' ,N,. 3 o 

- Pre.t'7'- Rt. 
' 	-- . 	.  

. 	 . 
. : 	1 

. 	. 	. 
. 

P.L 4-41r :(11  ----1  
• k,,f,- b: ET. (.1.4) ' 

T. IS: olitett sto 	i.usacv-egii940:so.. $Yozia, 

--able 3-1 
	afit .7,2 of- Aeztries 	PelkoictsLanattly,actor 
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'77h6% •3•/ Comlimu e d 

4ufhor -amot year 
.. • 	&tot - 	and 	IT- 4 ; vie/ b4.4 -t fors • . • •  

Value-of fi•t :  
• Close-  to wall Intehnediate region - Distant Inv. gall . 	. 

542ba b.? (144-8)(12J 
• 
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lake 3.2 	Variation of 5 Vaik•ef versus Rex, (for = 0.7 ). 
. 	 . • 	. 

AL411,41,- a....01. le ar 

. 	. 	. 
Va ( (4.42.5 	o P 	S • 

. 	 . 
14W24:04.-of 5 	fra,.... 

maa.1- Cat %) At Rex = mo s-  At Ret7-111/08  

R•ro(tic c 1874) ( 3. a 1. 1 o 
Pra.dtt 0710)171bn- C1€1361r3.0 /2 il 1.12.6 3 
Sh:rekow 0436)(3.27 1.111 1-111 0 
Vok ICariugm, C 143?) (3.0 1.171 1.106 3-2 
RetcLarde C IUD> ‘3.47 1.170 1-101 3 
Sokaii 4.41 Itaft•po14‘ .10.3.1 kali 1.106  3.2  
Seba.c19.4ejt 3.21 . ITN Nei 3.2 
2...b.e.sift c e' 3 ) r3.23 1.222. tik 1-1 
Peissler clad Zoefilsr r19i1)(3.4 1•124 1.070 •z•S' 
Six.W.1 *4 Sie.t.tsicc cd6vrni km tar P4 
14164  DWAt( (141%-)t3-82 1.234 1•244 1.1 
Speoe.A. atm) 13-1.7 1474 1.130  Pi 
Cofbar... C433 )t340.1 I-10 1.261 0 

. 	 .. _ 



To Lie 4.1 	correr-colet tam6sat 	eau& re for4nfe e 
f• 	versus laureoLta.rt , 	,85 1828, /962 ). 

0F , 	0 I 	5I lo 15 20 2$ ' 	.30 3.6-  40 4 $- • 4-0  ' 	*F 

Millivolts 

-20 -4.748 -4107 -4.86f -4.921 -4471 ,-fo32 -5'4:186 -5431 --5 ,190 -f -241 -T.211 -2fo 
-100 -4.106 -4•115 -4.242 -4.34 -4.374 -4•43/ -44-03 -44-66 -4.627 -4488 -4-748 - 200 
-I5-0 -3.312 -3449 -3.5'26 -3402 -3.676 -3.70 -1123 -3•896 -3167 -4.o37 -4106 - ico 
-joo -zsro -2436 -2121 -2.905 -2.981 -2-971 -3.053 -3.134 -3.214 -3.2f3 -3-372 - leo 
_50  -/-646 -1.740 -1.833 -1.926-  -2.017 -2.108 -2.14a -2.291 -2.376 - 2-463 -2.4-co - 60 

(-)0 - a ac -0.767 -o-1367 -0.967 -1-00 -1.165 4263 -1.360 --1•414 -P.M .-.1.644 (-) 0 

(+10 -o40 - 0%543 -0.460 -040 -0-213 -0149 -0.042 0.064 a-ill 0.271 0.397 o 
Co 0.387 0.416 0.606 0.717 0-828 013/ 1.06-1 1.165 1.278 1.393 1.5.08 ro 

100 i-coe 1.623 1.739 1.86-6 14'13 Zoll 2.210 2.321 2.4411 2. 7o 2.69! 100 
15-0 2-0 2-812 20734 3.00 3.180 3.304 3.421 s IS-4 3•671 Slob 3.132 /TD 
200 3-932 4.4:4-9 4.197 4.316 4444 4114 4.704 4-834 4165 547 V.221 zoo 
25'0 ;229 4:01 , V 494 6618 5162  pig 6031 6467 61.3 6439 6.06 25D 
300 6.414 6.714 6- tr 2 6.990 7.121 7.268 7-4.9 73-48 7681 7-830 1172 300 
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Table 4.2  Data f rows Ca hinztte• 00 e I wind -twine 1. 

(a) Nominal mainstream temperatitre •=130°F 

Obserrotions 	No. 
A if 01 	refititg . 

t 
-7-4s t. 

2 
• 
3 

. 

4 

. 
• 

6" 

• 
pt.... 	MIK HI 761.30 70•30  70•30  76780 76180 
Too. °F 74-.6 74-4 If. 6 76'4 7S4 	' 
Fa" speed R. P. K. 500 1,000 1, reo 2, 000 2,5-00 
pg 	ms, t120, G. 0.52 '454 Sol 9.28 14.91 
(00 -PA ) 04* 140 '7.131 37.51 73.i1 131.11 211.76 
E0  ,«v 0•10/ 1.012 1.032 0.963 1.067 Pi  ..., Ha° • 0.30 PO 2.90 .5146 8.46 

- Pi  mi.4 Ho 0.25 1.2o 2.32 • 4 of;$ 6.35 
pir OS PO Ai a 0.21 048 1.136- 4.. oi 541 ' 
Pm  of m 1420 0.11 o.72 1.46' 3.05 4.35 
pPr  ws.4 H2O 8.5-0  41.11 .  81'00 16* 21 240.26 
4PA. I/1 NI H2O 9.r4 42.31 91.45 ic4.57 242.2 6'  
ppm  hem H2O 811 42.573 81.82 13.4-.38 2021 
APB  r "" HO  8.63 41431 82.24 14-640 242.41 
Ex *Iv.  • 0 . /es 1. Di 2 1.034 o.q62 1. o‘r 
E il  Mit, 0.900 1.pI2 1:035" ' 0463 I-067 
Erc  mit 0.106 1.012 1•o33 0.463 1.066 
Ei. kW Ole/ boll 1.031 0164' 147 

(P0-1 72 )c.  KA ontilo 117 38.688 74.076- 131.9r.: 21423 
us. ft/s$ A92 06.937 )2 0.45' 164.0 26546 
C ( 11  4 /A 4 -Px2C) )3./62 13.475 i3.996' 14.003' Wort 
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Table 4.2 Comtin ed. 

(fit! Anima I Maim 771Va M. 1417" e 4246 = 2 seg. 
. 	 'Test 	No. 

Observations 
and reSuits 	.  6 1 a q 1 0 1.1 	. 

Pam  maw Hf 71.40 141.4 0 70.00 7408 76024-  76c..2 6- 
Tafy. 	'F

.  
7P6 74'6 7c. 2 73%2 76.0 -16.0 Fan Stead 	R. P. H • 304 Roo 1,577 ',MD 2, 000 2„ rep Pit 	Ia. ka  O, Cr o.13 , 	1.05 2.35 416 6' 94  11•.28 (P0 - Px  ) mat ilia 1 ,18 14.14-  3626 71/1 10215" 1061 E 0 6.227 6133-  St U0  S-.234-  6.2.7 5% 6i a Pt 4407 O. s3 1.61 3.86 512 143 Pr 

12111 
0.01 o-73 1.40 3.46 4.43 ail 

pig 
0.06 
0.05 

0•6ir 
rpm 

1.16 
Poi 

2.93 
2-51 

3.82 
3.18 

848 	, 
SI sv A Pz  2.00 i58E3 .34 52 80-21 114%1C 140'08 4/1 2.01 1‘.16 39.72 • 74.6I 1,6.33 191.83 A% 2.01 16.04 pH: gi.o2 11611 iftlf APnr 2.02 16•12 40.12 91'41 117'41 19344 E1 6.211 6.141 • 444 a 6'211 6.184 S-4'43 En 6115' 6.130 5644 6.220 6•181 6-4-86 Ei  6-210 4.132 3444 6.214 6495' 4-4113 En  6.24 Of 5638 4.214 618o 5'-S Bo 

01-Pm  )c, $641•1  Ha 0 
us, ftls--: • 

2.41-76 
2 2.301 

.20.213 
42' 836 

4f.087 
einst.23 

loI.4-3 
144W 

144.86 
1613.213 	. 

, 230'4f 	• 
212'71 C (m lig I ebt( Po-  et ) i s•qs-6 t sill 13.962 /4-0q 13483 14. oir 
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7;14/e 4.3 $'14.«•••ary of resuIts air *ft: 	, (*.re at sma” 
temyeratetra nitro:). 

. 	. 	. 

Tart Ate. l: 	= 780no 1 Ti = 643.27°R. 

. 	. 

rest Ato. 2 t Ral =7"704; 1=  643•/8'R. • 

7  hi = ko38  7".17;= ko2 41 -617; = /. 021 liars= i• 037 Vii:: 1.021 VT.= I. 02 1 

141164  it1103  latelli‘  SiX 103  RetX0-6  01105  4104  strIo3  Re,xii6  Strio3  40 1104  Sexios 

0.117 3.2o o.117 	• 3.2 6 owl 3.01 0.711 2.17 0.rt? 2.32 0•711 2. sr 
o•Pl'r 210 0.114- 2.48  oleic-  2.88  0.134 2'02 ' 0.934 2.14 0.954 2.18 
0•273 2.46 0.275 5.83 0.2.73 2.44 1.010 141 poi. 2.02 holt; 2.16 
o•3t•1 2.34 0.351 216 esiti 2.42 1.246 1.0f I•244 i./2 /.246 2.07 
o•07 217 0.56( 2.6o ' 0.507 2.40 1.403 PO 3 1.403 1.04 1.4o3 2.04 
0.624 2.28 0.6,14 241 0.624 1.25 1113 Ili 1.713 03 1.713 110 

Test N..3: ge,= Il13xiO4; 7i" = 7oF. 4.°12 Test No.4 : Re, = t/4-4% /04;  Ti= 6y6.64.'g. 

-rotr,, 1.003 VT: = 1.  °le 7-617; =1-267 7V7ir- Poe? Tilli = 1.07'64' -rdrs = /-os--6 

Rex  X /01  St x /03  1sf/0 6  sfitio3  go to-6  0%103  Rakx ie$  Sta03  Rekx/P4  SeXP3  R4.4'164  Sews  

o.eiti 4.13 o•orei 4.28 0.010 4.24 o•lic 3.42 0.114-  3-2.0 	. o•Its-  3•I4 
0.0278 3.51 o. Inn 3.34 o•0 s78 3.2$ 0.131  311 0 .131 3.14. 0'139 514  
0.osi1 3.00 0.03131 2.66 0•0381 all 0.16r 3.21 ..165• 3.0s- • o.16t- 2.qi 
•••tipt 249 0.0 tv I 2.69 Po Ve i 248 0.185 3.10 0 •105 2.13 • 0 OS-  2•f° 
0'0713 2.ra o.01:3 2.61 0.0723 211,-  0.3.08 1.94 0.208 2.8r 0.200 213 
0.08110 2.14 0.D8q0  2.11 0.0140 t•fr o•ar4- 2.7s-  0.7S-4 213 b.2r4. £)5z 
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arable 4.4 

	

	
Of a:fa/el op *ses 4--/2, tints 

at 'ale "1"00110Pratiow ratios). 
i 

• Test 	: 	Rei =112 xlet 	7 = 537.61°R. 
. 

-7  - G 11; 1. 2 6" PS" J.7'_ 2.00 

Rei( 0 6  Sii 103  5tx I 03  i 6103  St X 103  St P1103  StX 103  SeX 103  •Stxto3  

0.6q a 
0.830 
olio 
1. 11 
115 
1 .6-3 

2-41- . 
2.3.5" 
2.21 
2- 11 
2.01 
2•e2 

2.40 
2.30 
2'17 	, 
2.01 
2.05 
ill 

a. ri 
2.481 
•2 .38 
2.25" 
2.16 
2.16 

A- 6"I 
2.40 
2.3+ 
2.22 
2.13 
2.13 

2.54 
2.38 	' 
2.33 
2.20 
2.22 
2.11 

2.61 
2.34 
2.2/ 
2./7 
2.19 
2.01 

2.36 
2.30 
2.24 
2.21 
2.17 
2.03 

2.30 
2.21) 
2.2o 
2./8 
2.13 
2401 

'Test g : 	ge,=57.31 Av0 4; 1 	$41.30°R. Test 7: Re ) -4 6.44x10 4; -ii =698.57°R 

-rdn , 	/• 'S•  /•75 117; 1 •'S'  CPS' 
?.x166  56103  sale setro3  Stxlo3  Ar icio-6  case steia3  ' sextoz  Stxlo3  

.0 .1131 
I. 12 
1.30  
1.41 
1.69 
2•o5 

2'31 
2.21 
2.10 
2.13 
2.08 
2.00 

.2.16 
2.17 
2.08 
2.10 
2.05 
pfd 

2.38 
2.25 
2.17 
2.11 
241 
2.10 

7.36 
2.23 
7.15 
7.01 
2-of 
2.o8 

0.097 
0.162 
0.226 
0.2 4( 
0.421 
o.5I7 

- 
2.98 
2.82 
2.76 
2.51 
2.47 

- 
285 
2-71 
267 
2.63 
2.1; 

.....- 
3.16 
3:06 
2- go 
2.74 
243. 

a.m.* 

3.01 
214 
2.83 
247 
2-57 

Ttsti: 
, 

Ref = 6-46 X10 4; TG = 698.57°R. .. 
 

. 

,. 	 .. 
_ 

	

. 	. 

. 

nin, 2.00 2.21 21 

Rei x I 0 6  

o .oly 

0.162 
0.226 
0 -211 
0-42o • 
0. In 

... 

ammmo 

3.10 
247 
2.66 
2.91 	. 
2.44 

...mom 

2.114 
246 
2.78 

215 
2.44 

.....• 

3.11 
3 .00 • 
2.43. 

' 	2.61 
260 

•mm, 

2-46 
2-qo 
2.8o 
2.53 
2.46 

a'''' 

3.11 
3.01 
2.95' 
2.90 
2.71 

ommmm 

2.16 
2.16 
2.86 
2.76- 
2.76 
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APPEND a 2A  

collected Experimental .Data. of Frictiosa/- Pra.3 Coeffeciemt  

in •Compressible Turbulent Boundary Layer'  

(a) For adiabatic.- wall Case 

Data of : H. iv. Spivak (/fro)Ca .31) 
Mod81: Flat wall of a 2-.D nozzle 
Me asoresseritt : YeloeityproPleS 
MG:. 2.8 

, 

- _Data-or: R. E. Wilsoo racy) [2.71 
Model: Flat plate 
MeaSoremeirts: VelocIti profiles 

(continued) 
. 

Ras2 X10-3  Rex Xlci 6  Cfmo3  ert103  M6  Reo 10-6  -  eel°3  

9.6 7.6 1417 2.46 2.o03 2.83 3.10 
q.3 9.0 1.92 2.44 2.003 .5".4.5" .2411 

10.8 8.4 1.80 2.37 2.003 (o•60 234 
11-1 10.0 1.71 2.30  
12.0 10.0 1.71 237 2421 0. f 3 3-0 - 
12.3 /00 1.70 216 2.121 840 2.40 
13.4 12.0  1.61 2.21 2.121 11.00 2.2o 
13.6 11.5 1.68 2.22 2.121 13.co 2.18 

• , 
2.003 13.3o 2:.30 

Data or: cl.E.Wilson ((fca) (2.77 21:03 16.60 2.20 
Modell Flat plate 
Aleasseresmeats: Pelocil rides . 2.196 9.00 2.40 

2.186 i0-5-0 241 
M& -6  6 nQidr to e-'4, % 103  2.186 12.80 2.18 

2.186 15-40 242 
2.186 0.81 3.qo 

1.847 34 3.30 
1.89Y 6'6 160 . 
1.8til 11.1 2.38 . 

.1.88713.8 . 	2.42 • 1.891 
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. 2.30 



Data or W  P  Core C19'62)12.333 
Model : Flat plate 
Measidromei•ts: Velocity 

gredieefts at Ike watt. 

MG 	Resa Xio-a  

2 ,5 
	

2-616- 
2.5 
	2-720 

2.5 • 	6'455 

Data of ...Dahwan Of 472,12.541 
Model: Fiat plate 
Measurempats : Forcer obi a 

Ro0t1445 efomemt. 

Rex Xlo' C 	X103  

Pato. 41 Monaskam anal ..Zliesort 
CC+ Ntimee at 

Maa 2.43 

1%2  xf4-  3  R40/0 6  c xi()3  Fp:103  

1-44.1 0.6124 2.72 3.6-2 
• 1.792 1.187 3.02 

2.521 1.930 217 2-98 
3'268 2.3E0 227 277 
313-0 2.930 2./8 2.70 ' 

Data or: R.J. Momashan limo/ .T. R. 
Cooke C19532 £2.363 

Mode(: F/at plate 
MeasaromeNes: Yekeity prordif 
Mc=2.11a 

c!f xrci5  

2-6-o 
2.10 
.2.10 

mc  

Reta jur s  Reino-4  colo3  Folo 3  

0.886 .9-440 Z72 3.59 
1.493 o-f45 2.43 3.14 
1.777 114.6 2*/ . Z64 
.2.1130 1.574, Zo3 278 
.2.66o 1.86o /.96 2.86 
2.789 2.170 1.93 246 

0.63 
0.76 
1.24 
1.16 
147 
144 
1-46- 

t. Do 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 

340 
3.29 
246 
246 
2.82 
.2-7q 
2-72 

Pate or: RT. Momeshas czied J: E . 
.Nokitcose C 19'127 £2.331 

Model: Flat plate 
Afeasareme*ts: &W td  proPfee 
A.14 : 2.43 

FasitiO3 
 14010-6 

Data. of: D. R.Chapnfan and R. k. 
nester t1(154.) £2.371 	-

Model: Cylinder C exiat Pow at the 
Outer surface 

Measurenients: -*tat force on the 
cylinder (0103  Fix lea  

gexxio-6 	
X 3  MF 

1.072 ' 
1.307 

0.06 
o•712 

215 
2.8o 

3.60 
3.38 4.04 309 • 081 

aa4 
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Data. of: Chapman and !raster 
cconfinaed) 

Data of : Cliarman and koste, 
[confirmed) 	.. 

• 
1.44.:: 013 M6. 	3.6 

- 6 Rag xio -  cf x10S  geicgii: rigiii i?e gio" 	Figio5  Reggio-6 	;*igio3  

• 
412 2•f3 13.26-  2.60 625 	1•70 1610 	1•31 
6.20 2•130 13•5b 241 9.46 	1.63 174-0 	1.54 
6.68 2.86 15:00 2.56 iolo 	145 0.30 	141 
1.40 2•82 1640 2•67, 
1-78 2.79 17'60 2•50 
8.20 2.69 17•30 241 Data oc : 22. Coles (/f4-4) 1'2.387 
9.00 216 . 16.00 2..5o Model: Flat plate 
(1•80 248 2010 2.43 Measureoregis: Fe; rem o n a floatil 

10•90 2.61 2330 2.40 elememt 
11.90 2•63 31.90 2.32 
12.0o 2.64 Ma- ' 462g 10 

-3
6 

,, 
icax X10 coo  3  

Mir- 2•5* 
2.6 64o 6.08 • 1.81 

(4%11104  Fix/03  Re010-6  Zix 1123  2.6 /0•20 1oI6 . /46 
31 4.10 Oa 1.62 
3.7 7.56 8.63 1..38 

•516 . 246 lboo J.92 4•55- 2.90 281 1.4-6- 
‘.41$ 2o2 &Po 1S2 4.5 341 311 ; 144  . 
110 2.02 1190 1.83 4.6" 4%34 6140 1•26 
?qv /Is taw 119 44" 6-51 8.11 1.22 
930  l'qc 2/*00 114 

11.io Pell 2420 Igo 
ill° 1.84 2640 1.66 
12•40 pfo 28.3o 113  

/43o 1.90 3110  1.61 
14.40 1.86 

• 



226 

Data or: R. M. O'Posellelf6-4)(2'3q.7 
Modal: C;ylindor (axial gee/ at 1142 

outer surface 
MegaSilrelffelfiS: relocify profiles 
Me r-• .241 

PatO of : HakkiltOn ecomtiNUE0( ). 

Re,r 1/0-6 
	

• qX/03  MF  

1.r.2 
1.52 

11-2 
111 
)12 
113 
174 
116" 
113 
1.74 
1.74 
116 
116 

1.02 
1.02 
1.01 
1.01 
048 
0.41 
0.66 
047 
0 .67 
0.84 
0135" 
0135 
0.84 
0 -8 6- 

Res.  t10-3  1X103  

1.53 	240 
2.14 	2.4o 
22o 	2.23 
3 vo 	216 
340 
342 	2.00 

.4.10 	pge 
5-36 	113 .  

14x id-6 	c1xio3  

	

0.51 
	

3.60 

	

o .9 3 
	

326 

	

1.42 	3.0o 

	

2•I2 
	

372 

	

2.41 	241 

	

2•10 	248 

	

3.26 
	

240  

3.01 
• 3.07 

324 
3.21 
321 
323 
3.23 
3.13 
3.14 
3 .19 
3.10 . • 
342 

Patti. 	RS.HakkiNBN (1945)12.40.7 
Model: Flat plate 
HeasartiNeatr: Fiore./ obi a Roatt4.3 

elemeNt  
"tea 	iforkeji Cifr6)1.2.41,1 

Model: Flat 
, 

Measa remanst ForCei Ok a fid.14:1445 
eleMeMe• 

mo  Au 10-6  

14$  Res-axicr3  ?xi 03  

o-3-6 
o37 
0.63 

o Sr  
0.f 
145-
1.48 
Hsi 
1.4-0 
1.575 `  
1.50  
1.5b 
141) 

o•40 

1.00 
1.03 
I.12 
1.2o 
1.04 
1.04 
1.04 
1.02 
1.04 

/4,3 
/.03 

336 
3.37 
3.30 

3.01 
314 
3.00 
3 .61°  
214 
j'00 
2.q/ 
3.02 
;02 
3.02 
2 f2 

•5781 
5.770  
4-192 
•$"•atiPS" 

2477 
.2 78o 
3 429. 
4.040 

1%316 
1175• 
1223 
1.179 



14= 3.07 M6 =0.7 

4.23 
442 
446- 

I.410 
1.40  
115' 

All or: F. E. Autdard 	) f2.423.  
Model: Cal;nder (avid flow at .tke 

outer ,surface 
Aleasorements: -1;dat force 0 i4  IAA 

Citifeler 

Pata. of: F W Maitioj DJ?. Chariao 
pylobn and 14•6•111010412S 

C 161)12433 
Model: Flat wall of a .2-1) Alozole 
Meitorameot FOrad ca, a Ptvoll 

ele *ant . 

M4= 2.115- 

Ruo  a-4 	041103 Rutxio-6  ep1o3  

6.18 
830 
q.01 

10.50 
12.00 
/3.00 
14.60 
1720 

2140 

140 
1.55 
1.54 
1.50 
146 
145 
1.42 
1.40 
1•36 
114 

2410 
26.00 

21.5-0  
304-0 
34.00 
36":50 
37.6,  
42.00 

6S Soo 

1.33 
1.30  
1 .39 
1.30 
j.26 
1.21 
1.24 
1.23 
120 
1.11 

r. 4.2 

Rtotte‘tf X103  Ala /06  efx /03  

4.63 /-32 o 1 .01 
/.30 154 1.01 

6.64 1.26 17.5- 1.05 
7:53 1.04 
gyp 1.20 224- 1.01 
q.12. 1.18 2tV 0446" 
qt0 1.15 .27•5 0175" 
1120 1.14 30.2 0.96o 
1240 1.10 34.e 0.94-8 
374 0428 68.2 01360 
42.0  0.112 wo 0.855 
48.0 oaho 94.o* 0.840 
5S.0 0.898 495.2 b820. 
61.0 0.800  

141(  X10-4  P103  

1.80 	340 
4'71 	311 
7.11 	318 
1.89 	4.12- 

Re4X10-6  1X/03  

1.93 
2.79 1.81 
3 .41 1.82 
4'30  112 
4130 1 .6q 

4 =31 M4 =.4.4-4 

peol0-4  qx103  Rep ( 104  Ff X 03  

Mat = 4,34 

RagX/0-4 7x/a3 

440 /.42 
S:10 140 
d-140 1•31 

ao 1.4.0 
6.40 1.33 
4.53" 1.49  

Rea/0 4  fx/03  

6,40 ,.2q 
7.10 1.40 
140 130 
140 1.23 
7.90  1 .27 
020 

, 

3 .68 
4.40 

221 
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(b.) Forth casa of lie rostd.c... 04' heat -footsier 

paio oh I. H. AMA 0196.3) ta.443 
Modell Cyjimder 
measuremie«4:)ecetelera1eek d fio 

(21;mder 

Data. of : Afonalkan aNe( c"fr-e 
econtinueot). 

MG =2.43 1  T/=2.94 

A fQ Ts Pr Re/ jig-4  f x lo3  R4263 x 16' ffex x 16 4  Ef x1a3  . 	ix103  

3. go 
/.26.  
125 

1'40 
1 .8 
Ie. 

5'0 
6.-0 
7-5 

.2.31 
I'16  
1.04 

3.270 
3'416 
4.525' 

2.10 
241 
3.20 

2.32 
2-0o 
1.89 

3.13 
2.71 
281 

41144  of. R.J. Alomaiha. amd T. R. 
c•oire r1q 4-3)12.363 

Model: Fiat plate 

P14. 7.1  243 1 "r5/7; .7. 3.42 

Re245,x103 a„,(10-1 ix103 zi .r 1.3 

Maasar-eatemir: 14/ocie &Pei.  
2.231 
3.0o3 
3.013 
444-6 
.c:5131 

/•42 
2.12. 
211 
3'7o 
411 

2.48 
2.32 
218 
2.o'7 
1.'76-  

3./5'.  
2.80 

 246-  
746-  
2.55- 

144.= 2.82 , 7;1'4= 3-3-0 

Res ,K10-3  
. 

gsvio6  • V i 03  ' - 	Ix 103  

1444 
2.464 
3.101 
3.341 

1.343 
1.731 
2.426 
2-81-1 

. 	221 
hod 
PIS 
1.46 

2.90 
245 
2*06  
2134 

Para OP: e. c. Pappas C/9474)C1.46) 
Model: Fiat rigt4 
Neascrivovads: 7.21,041 imilf.e., 	' 

t 

Pat. er: R.S.Moma.lAo.i. aito( T. it. 
coolr4 c ill 52) rx.351 

Model: Fig rate  
,4.4tra 41°14m Cs: keloc;fi  pro fly 

Ma = P6/ / 7/.4 --:. I.66 

riteii0-4. 	7f X103  • Roxxl0-6 	ET Do3  

&eel 	3.61 

	

1.6-0 	. 	3.21 

	

2.24 	3.16 

	

2.81 	241 

	

3.55" 	2.60 

	

2.74 	3.18 

	

3.90 	3.00 

	

6.00 	2.76 

i•Bq 	3.56 
!•4 2. 	3•3f 
2.92 	3.10 
3.0.0 	3.16 
4.01 	• 	2.83 
4.09 	• 21( 
542 	WO 

mi r -.2.43 , Ts/ 4= 2-4 
, 

1%Po-5  ReiX1i6  .. 	ccA103  . pio3  

higge 
2.218 

0'98 
1. 40 

3.00- 
2•73 

3.88 
316 



. 

Piz& 4 : Parr .s CeoNitsitued) 
. 

. 
. Dato.. 0 -F: F ir. mil ‘7966,(2.47.7 

'mom: Ayfalta slimoreificr. 1 soaste 
Meaiareatent.r: vi/e%1 9'htdriaN6 

.at Ad. Wall  
, 

Ma --' . 1*.P7 , 7514::/.66` 

Ri (1.10-4 	ii: x103  Re,,,t 10-6  c7 x i o3  
, 	Ha 	. rs'Ire  Redii3  q no3  

• . 
3.62 	273 721 2.40 
4'.45- 	.2-3-6-  810 2...35 8.41 761 1.245" 0.740 
7 I 8 	2.C6 9.04 7:q1 1.607 0.8(11 

q.01 9.28 1.109 0151 
My= 2-27 ) 117i.= 2.I6 4.10 9.61 2.2 81 0.800 

8.22 717. 2.091 042* 
ifex itio' 	efxio3  Re/ po4  5x103  8.25 .7.26 2.419 eve 

841 734 2.806' 0.070 
9•4 1.37 3102 4.82o 

1.45 	3.07 43o 268 941 141 3451 . eV1. 
213 	2.86 4".517 2.54. . 
310 	2•70 3.16 2.73 
4.80 	.2.70 	. 4,90 2-5-0 Pei: tab F IC H111 c1941)12.46.1 
149 	3.40  640 zro Model: Arta111 sr,s4trted 0.4z/.2 
236-  . 	2.10 780 	' 2.30 ILle4traggs...e.irr Valoc:fd glad/eats of 

742 wall 
. 	. 

-Pato. or: s.c.semomee and 8..T. 
Sliort (11.6-6") ( 2*-2°1 

Ali  Th-G . 	$ sa  pz, 0,-3. -,f  x ,
03 

Model: eghiedge 	' 
AdeasteremfeNts- : Skeccelerateort 81S-  6'12 2.220 4.410 

or -lia ea/tiier 817 6.t7 . 	a.sos-  ; 090 
, 	g.28.  6.26-  2'76o 0.776 

/1-10 7s/14- cxio6i-- x/03 8.29 619 2-46s-  eV* 
'7.04 F•07 

gt30 
1.136 
2.27 

ofil3 
0.g1'o . : 

?•01 
2.81. 1.03 3.00 312 cf.10  e65 2.110 afar 
3.82 I.or 4.01 .2.co 10.03 qt 1-30o o•ci#, 
5'63 1.21 411 1.81 lo•04 q31 HO 0.761 
kfo 1.70 4.06 1.38 10.05" 911 Moo 0 ,6y6 
6.10 Pro 6.09 144. 10.06 8-11 1.700 0.03 
100 /If 6.06. 1.16 
700 PIS q12 I.32 • . 
318 1.05-  4.94 2:29 - 

367 ' pos-  * 310 2.51 

221 
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Data o r: F. Al. iiiiAilder O#80 1-2.231 
Model: 	Rat pate 
ltieersummem6: 14/01 gsitlelie.6 a -7(4. pia 

At, , 	7;/r fix:. t le-3  • 14,X06  • 1103  .wo3 

-..21 676-  2.014 2.72 PIT 1-c4 
• 5./4 55-0 2936 3.36 1.39 116- 
.5".20 538 3.173 44 1-43 141 
6-.26 8n5-2 3'0 -6-.04 1.36' 1.r4 
S.•2 ' 6t$1 4300 6'14 11 I . 	145" 
498 44-1 1.900 24 1.34 1.66" 
4119 414 llgz .2471 1.61 I.3 c 
62 o 4.83 ';760 3.81 1•3" J.Sr 
5:24 roz 3•45:5.  4.se 1.15 1•s-2 
.5-14 447.  3•711 c.II 1-0‘ 1.4 
€:17 3.89 • loss-  2.01 1.47 133 
3:16 311 1.is-2 2.5/ 112 .  I•29 
54-40 3.$ 1.136" 243 13¢ 127' 
541 3•52 2•498 1.21 1.24 1.53 
‘10 377 2.480 311 1.20 137 
6.I2 318 3156 31.1 1.4" '1.82 
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APPEiVInx 28 

Summary  or -the meAocis of  evaluating Rest   inteind amolotrimakohs 

(a) and (b)  apreathy I'm tables 2.1 - 2.4 

Approximate amalyfical  

  

7;411 Ef.(2.3) 0(12.2.2 fog alititswide , we have 

Re"= 	 
A, 42 f I 	 1 

M 	4)3Z (I- Z ),(kti; L 4) 	dz 
o 

As  -the mayplitlicle of ihe iktegramol is small At small 7, 

• • • (2.3) 

1:+d* 

is replaced by NE, whore 

Al::  
rol 

0.11 )0  Odi 

the Eq. (2.3) crow becomes 

ijs  A014:2 	I 

Rest= 	 (1) 32' CI- 2 ) firCiA/U: i'd z 
"E 0 

- • • (28. 

ON imtora4m9 47428.1) by Parr taike, i%" is 0/4241E'd 

• 

	

.044564. 	2(1 3 
1?es2= 	 •"'T)egrekth47) 

1.46 	
i 

	

4 	I , 	. 
•- fle(s-zz) 4 7C1-2)(ci#3/d230100004+2)021 

0 	 0 

A4 i#
3 " /N4 .E N 	.ereartiu;rjoi  smaller .ter,,,s  

#.4 AIS 3  42Xr(kAig1/4  ) • • • (28.2) 
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Hence Rest = 
i4s1112kE "P 	(2--11- )2  

Cf  -- - (211.3) 

ApprOXilitate Chia ilfica I b)  

Takiny Ef.(23) oc 	, 1;1 .oxamrle We Agave 

'us k 7,  7 
I, 4. Re62  = 

	

	 z )erp(riuk  
/ AG E  

z 
Odr)dr 

--- (2.3) 

• Ef.(2.3) is re-mirittem as 

4.2 

	

+ r 1 	, r  ,_3 	 + Z 
-_ Arck 116  - .extp(eu4  i iddr)j

o 7 :c,- z)eirraru‘rth, di) Eo 
dr • -. (213.4) 

Rerloce 	exprifu: ii +ola bj Z" 

where m is so ciloSem Aid ike ',radiant is flee same, then, on 
clilTerentiattOrt, oft have ki4.40=n. Afow Eq. (2/3.4) coo be r42-11.411ton aS 

*2 
)s kt4E 
	 0 

I 	I 
ReS10* 	 .122(r ( If (4 f 0  +dr ) f 03/C1-71z"dr A   

3 +2 
if  ,a  elit) 	+ I 

g_ . ) ( r , .0 -- z 	)d 1 	Ai . 2  #1° "  &  vreirtio  9azz )der,.. 
,aE 	o 	0 

A1/4 40:  iC (A: 4  Ur ( 104;  f el7) .. _ ( .82.„ . _• . 
.,44,(E r if +out +2)0.4,64+3)J 



an . 

As kat ti• >>. 3 1M jemerat o f . (28.5) call be arfiroximat'elti gerdrem 4S 

- EK E 
rt 

eep 0016 4) ) . S2  / 444.  • (,28.6 

Hem ce #  
--elf' 1'4(4'42)f 27-G' )41 - 	( 0.7 

A.16 KE 	• 	cf -rs 



234. 
DI 11IX 3/1.-  ' 

Collected Experimental Data of Heat-Transfer Coefficient  

for Incompressible Turbulent Boundary Layer. 

Data of: 7. C. Reynolds, W. H. Kays and S. J. Kline (1958) (3.11) 

Model: Flat Plate. 
Measurements: Electrical energy input. 

Re x x10-6  Stx103 S Re xx10 6  Stx103 S 

0.255 2.73 1.218 0.816 2.12 1.160 

0.423 2.41 1.178 0.960 2.03 1.141 

0.580 2.13 1.100 1.108 2.01 1.157 

0.736 2.11 1.134 1.247 2.05 1.203 

0.889 2.06 1.143 1.398 1.84 1.100 

1.045 2.02 1.151 1.539 1.95 1.184 
1196 1.97 1.148 1.682 1.85 1.139 

1.353 2.01 1.195 1.828 1.83 1.142 

1.507 1.85 1.120 1.978 1.81 1.144 

1.661 1.79 1.100 2.11 1.77 1.130 

1.823 1.84 1.148 2.25 1.78 1.148 

1.970 1.78 1.124 2.40 1.74 1.134 

2.130 1.79 1.145 2.54 1.72 1.131 

2.280 1.73 1.118 2.68 1.71 1.134 

2.440 1.74 1.137 2.80 1.72 1.148 

2.600 1.75 1.155 2.95 1.66 1.117 

2.750 1.72 1.145 3.10 1.53 1.038 

2.900 1.68 1.128 3.25 1.58 1.079 

3.050 1.73 1.170 0.211 2.87 1.237 

3.180 1.67 1.137 0.347 2.51 1.184 



235. 
Rexx10-6 St3c103 S Rexx10 6  Sta03  S 

3.360 1.54 1.058 0.475 2.21 1.160 

3.510 1.58 1.092 0.603 2.15 1.117 

0.235 2.56 1.126 0.733 2.11 10133 

0.386 2.48 1.192 0.862 2.10 1.159 

0.528 2.23 1.132 0.988 1.99 1.124 

0.676 2.13 1.128 1.115 2.05 1.181 

1.250 1.87 1.098 0.865 2.08 1.149 

1.375 1.81 1.079 1.020 2.04 1.158 

1.502 1.91 1.155 1.172 1.98 1.150 

1.636 1.80 1.104 1.325 1.99 1.179 

1.729 1.83 1.132 1.4814. 1.81 1.098 

1.888 1.77 1.110 1.630 1.77 1.085 

2.02 1.76 1.116 1.788 1.85 1.151 

2.15 1.75 1.121 1.863 1.78 1.114 

2.27 1.72 1.111 2.09 1.80 1.148 

2.40 1.69 1.101 2.23 1.74 1.121 

2.52 1.75 1.14o 2.39 1.76 1.146 

2.65 1.66 1.099 2.55 1.75 1.151 

2.79 1.55 1.034 2.70 1.70 1.128 

2.92 1.60 1.075 2.84 1.69 1.131 

0.115 3.06 1.168 2.99 1.71 1.153 

0.189 3.06 1.193 3.14 1.64 1.115 

0.260 2.72 1.218 3.30 1.52 1.041 

0.329 2.59 1.218 3.45 1.58 1.051 

0.398 2.52 1.210 0.225 2.413 1.051 

0.467 2.44 1.213 0.372 2.51 1.140 



236. 

Bexx10 6 Stx103 S Rexx10-6  Stx103 S 

0.541 2.38 1.21)1  0.507 2.26 1.140 

0.609 2.14 1.270 0.648 2.18 1.147 

0.680 2.24 1.188 0.788 2.13 1.158 

0.750 2.16 1.165 0.924 2.10 1.173 

0.824 2.20 1.205 1.064. 2.01 1.149 

0.890 2.14. 1.188 1.203 2.07 1.208 

0.960 2.13 1.197 1.344 1.85 1.099 

1.033 2.09 1.189 1.4.81 1.81 1.092 

1.104. 2,10 1.208 1.613 1.89 1.156 

1.169 2.00 1.161 1.759 1.83 1.135 

1.236 2.03 1.189 1.891 1.85 1.161 

1.310 1.97 1.165 2.03 1.77 1.123 

1.440 2.00 1.201 2.17 1.80 1.155 

1.382 1.96 1.169 2.29 1.79 1.158 

1.518 1.79 1.084 2.4.5 1.71 1.118 

1.589 1.86 1.135 2.58 1.69 1.11)1  

0.249 2.67 1.187 2.69 1.74 1.154. 

0.410 2.4.2 1.176 2.83 1.67 1.117 

0.562 2.17 1.114. 2.98 1.54 1.038 

0.712 2.14. 1.1)1)i  3.12 1.59 1.079 

0.177 3.02 1.260 2.44 1.66_ 1.085 

0.289 2.59 1.183 0.092 3.53 1.298 

0.396 2.25 1.087 0.151 3.22 1.304. 

0.506 2.30 1.160 0.206 3.02 1.296 

0.611 2.23 1.161 0.264. 2b82 1.267 

0.721 2.18 1.168 0.319 2.72 1.264. 



237. 

Fies$10 6 51100
3 
 S Rex & 104  Stgle S 

0.829 2.09 1.1) 0.377 2.64 1.264 

0.938 2.11 1.181 0.433 2.56 1.256 

1.047 1.99 1.135 0.489 2.62 1.313 

1.154 - 	1.91 1.107 0.546 2.34. 1.216 

1.259 2.00 1.175 0.601 2.34 1.215 

1i..367 1.93 1.150 0.660 2.42 1.277 

1475 1.90 1.146 0.715 2.32 1.241 

1.577 1.87 1.140 0.771 2.23 1.208 

1.(52 1.86 1.147 0.827 2.34 1.288 

1.801 1.83 1.140 0.884 2.31 1.281 

1.905 1.79 1.125 0.939 2.26 1.265 

2.01 1.81 1.147 0.995 2.19 1.238 

2.11 1.80 1.150 1.048 2.13 1.215 

2.22 1.76 1.133 1.160 2.19 1.270 

2.32 1.64 1.063 1.2v,  1.98 1.157 

1.270 2.07 1.718 



238, 

Aprondix :30  

Colleted Exrerisienta..1 Pota of Heat-Traptrier Coefficient •r,  

SELp“ Pecs; 774rbulent Boundary  layer 

Dato. of: ..T.H. lohnson and R. 7. 
Mosaiitan c145•1)C3•123 

Model: Flat plate 
Measurements: Rates o4 steam 

cosdessa-tion. 

Data. as R.I. Plana yhan and 1.12. 
Cooke 04532 03-131 

Model: Flat plate 
Measurements: Ram of steam 

Condensation 

Mc = 2. 6" A 01‘ = 2.43 
- _ 

7/ 7; . Re, x i a-4. 51x 1o3  . g Ts /ii • Art 16-6  • gixio3  g 

3.44 4.34' 117 1.16a 218 3 33 1.4.5 /402 
344 434 1.23 1.1,24 2.16 3.34 1-45 1.201 • 
3.71 4.96 144 Pig I 246 310  1.34 1.146 
3.71 4.46 1.21 1•1c2 2.4/1 3.70 116 1.164 
3.76 S:02 1.20 1.148 2'51 2.% 1.44 * 1-1.47 
3'76  S:06. Ng 1.13 1 2.52  216 Mil NV 
3.67 3-73 1.28 1.112 241 411 t21 1.118 
3.61 3.72 117 1.104 349 471 1.22 	• 1.128 
243 3'48 1'31  1.115-  314' 433 1.30 1.173 
2.13 3.47 13 0  HOS-  3.36 433 /26 	r" ; 1•137 
2.30 3.0$ Jig PPS 349 4.6o 1.23 	. 1.132 
2.23 2•88 114 1.05-0 34 4.60 /24 1.140 
2.2 4 2.90 1.3 I 1.011 714 3.83 133 	. 115.3 
2'1/ 2.81 / -3 S.  I•050 3124 311 /33 1.163 
2.18 2.718 Ili Poi& 2.01 346 /.3$ , bia 
24% 3.66 1.35.  1.142 2.87 346 1.37 1.150 
2.68 3.61 1'34  HSI  211  331 1.44 

"tit  2.5i 312 l'aq /.076 
2.59 .3.2 1.3 1  (093 . 
2.45 3.31 /.31 Hai- . 

2.4.9 335 119 • WC  

2.41. 3.6 . 1.43 	- (.157 



1.174 
1.205 
1.123 
1.167 
1.141 

1.2 1 1 
i.193 
1.174 
1.144 
1494 
117+ 
142 
1-20
1.147 
1200 

1175 
1.144 
1.116" 
1.16( 

Data or: R.I.Misoshaa. and- T.R. 
Cooke 0416-3)(3.14.7 

Model: Poi plate 
Neasaremextv gates of :fed". 

Cowlessafion 

Pata or: C. C. fairs  (1u.sa /984) 
C.3.15 a 3.161 

Model: Flat plate 
Measuresfem6: E/ednCaI 

Hp 6 	 . ° 

144 =1.69 7;14 = /-65- A40=2.92 

S fiejr  X10-6  51X103  •  f4'01  X 1 0 3  St X103  S 

3.12 
3 .64 
3'64 
3.83 
316-
3.75" 
31r 
3.$ 
344 
344 

33‘ 
2.93 
2.93 
244 
321 
311 
3.14 
314 
2.84 
2.84 
210 
2.10 
2•Pt 
2'54 
j•SE 
3.4 

34/1  

3.s-3 
318 
3-98 
4.12 
4.6-3 
4.54 
340  
314 
3-80 
311 
3-74 
3-74 
3.41 
341 
348 
.3.66 
346 
3.60 
3.60 
316 
3.35" 
324 
3:24 
3.11 
3.of 
3 .91  
349 
4.2$ 
418  

132 

130 
122 
1.23 
1.23 
1.12 
b22 
1-2q 
126" 
114.  
/14 
1-34 
1-3C 
1.41 
1-32 
1-30 
133 

1.31- 
136 
141 
140 
1.43 
1-41 
t:6 
1.29 
1.21 
1.10 

3.000 
3.40 
3-S10 
4.230 

ic•oeo 
4.-800 
6700 

7.610 
goo 
63.300 
2.12 
2.12‘ 
3.800 
4-r00 
4-5"." 
4.480  
4.no 
5360 
4-.360 
eloo 
5100 
7-Szt 
79D 
4-8VP 
4-14"0  

/•74 
1-16- 
1.52 
1.441 
1.40 
Pito 
1.36 

-2 g 
140 
1-42 
13 I 
1.33-
1.25" 
1•28 
i•sg 
1.70 
1.0 
14s 

114 
1.40 
1.24 
133 
130 
132  

1 14 .623  . 0 2  4 g1  et.  
1.118 
1.191 

1.164' 

i.243 

. 
1.169 
11.03 
N21 

• .215 
1•265" 
1.208 
1.242 
1.139 

1112 
1.147 
1.131 
1.1r6 
HSI 

/•26 
6r- 



Pdia : p0as (Codiftmee 1 ) 
Moab PAY plat42 
Measitrememes: Electrical emoro 

brats 

.1e40  /4? 7317-0.= I-70 

six/03 
	

5 

640 	 • 
1-42 

‘45- 
	

1.21 
(.46- 
	

111 
122 

1.0 
	

146 
8.80 
	112 

1-17 
418 
etig 
	

1-2o 
ioao 
	

1.12 
1010 
	

116 
111 

104s- 
	

116 

Mg IT 2:21 	 2.16 

124 X  Igr3  
82 

Pato. of: Pe tr43 Cairts.litaltd) 

MG.= 2.21 	Tifri = 2. id 

3 
Re82 Si r/03  S 

441 
Soo 
6.or 

1.25" 

F13 

1484' 

. 	1.163 
ks-8 1.10 1.1C0 
710 1-00 1.061 
4.00 /33 1.2S-0 
416 130  
5.45' 1-22 
6.18 1.20 1-234 

7.00  1-17 1-241 	. • 
fikoo 1.10 1.191 
V:10  1.0g 1.171 
440  1.02 kiits-  • 

it4= hop Ts /1 = /47 . 

Rex  X10-6  st x/03  

1•11 
1.11 
1-S1 
1.95.  
2.20 

1.7r 
1-73 
1.66 
11.4 
141 

1-291 
1.237 
1-240 

glo 
1161 

2.20 111 1-2 oft 
.2.(4 1.4( /1/41 

1.42 ire! 
1-81 1-40 1164 
3.2 1-31 11'7 
3.2 I 1-39- 1143 
3S-3 1.30 inl _ 
1.7r l-60 Y-218 • 
3.2o 1-41 1186 
3.81 1.41 t21q 
4410 13s- 1.215' 

R•8//0-3  

1.231 
1.141 
1.176 
kid 
HO-
Post 
1.10S 
1.136 
HST 
1.4 
1.126 
146 
1.134 

2.21 
2-1c 
313 
4.13 
4.61 
p2S- 
110 
k4s- 
3 vo 
3:01- 
4./9 
4,tr 

st x103 

1•40 
I.34 
1-22 
11( 
1-12. 
113 
1.01 
kor 
1-44 
140 
124 
144 

S 

1.115-
'107 
1.12r 
Hs-2 
1.43 
1.12q 

1-012. 

940 



r, 
Data ots Porptis Caitistitaol Data Data al: Pappas Cel,,,liamed). 

H. =/.6? , 7;14 = /47 MG- = 2.27 , 7.5/76-= 2./s--  ' 
..., 	-6 mei x io Se x103  s -e 41(1° 91103  5 

s:46 /26 116-1 .4.32 /.1 0  1 IDO 
I. 140 tsar .0o 1.10 1121 
2.20 /441 I-26T 4.7? 1•c4 / 0613 
2.7.5-  146 1.1qr Lir 1.3 .8 1..210 
329 b40 1.179 2.45 1•38 1.251 
341 132 tagl .21/ /23 Ns? 
3 .81 	. 130 1.121 3V 123 /•190 .  
4.31 /•31 1152 4.00 1-16" 1-137 
411 /.25-  1188 4S-1 1.1‘ 1.160 
4.0 130 • 1.161 es t,  Poo 1041 
4.81 . 	/.24 1131 2.7Y 1-34 1:238 
340 • 1.3-1 1-4 3"6"0  1.30 1241 
423 1-46 1•r77 4..20 1-2 0 1-188 
423 1.39 1.1/6 4:92 pig - [Jig 	. 
503 • /32 Piti s,e1 kg i:203 
st o3 1.3r 1-213 6.3.2 /•I1 1.173 
6".fr i.28 1.181 1.08-  I. ad 1/4.b 
Or 121 1-111 1 go 1- 03 Ph 6- 
6.80 118 1.112. 
Silo Silo 1.13 1.o6S-  
7.6S-  1.2o 1.11-1 Data off= 3-R• Tack akel A(. S. 
8-.45' 1.16 1.13 0  Diacottis (7‘1476)(4.173 
4.30  1.12 Hit Model: Coke mosaat coliodee 
930 1.17 1.16--6  Measartmed,es: 74-2afisrard- lefte 

ksto7. 	-LL  Jot octe/ o f 
IW9 = 2.27 , -6. 14.= 2. 15-  

Ma.= 3.12 , "7; 17;.= 4 
Axi 0-6  StXI03  S 

R. a x  Xro6  5-t1 03  5' 

I.40 /.4o 1.158 . 
1.40  1.36 1.186 1.06 /.2 6 P233 
2-40 1;24 . 	1.126-  1.31 1.21 1.2:47 
2 -Sr. No . - 1121 2.50 1.01 I.2r2 
3.3 6 113 Hat-  4.25 016 /.6-/2 
31s-  1-12. kOlci 4'Ir 0.414 ilig 

241 
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Data of: Sack and Diaconis 
(Continued) 

Sato of: eravoort aka/ Arabiah 
e eontisyead 2. 

M6=3.12  , 7's I7G.="4 ME = 2.06 , -ThlTs = 1.8 	. 

ReiX10 6 • stxios S ,, 	-6 Ae$ X10 - 	Stxioa• - 	' 	S . 	, 

4.20 am 1188 3.30  1.3 6 1.221 
740 0.850 1.190 s,sto /.2 2 1.171 
g.80 0.8io 1.17 I k 60 1.19 1.192 

Sit' 1.13 1•114 
131 1.04" MS- 

Data of: 14..r.Brevoort mod 8.P. 22.4 o.46 HO' 
Arabian a451)45.i81 62-0 op 146'1 

Model: Celle( (cilia! clod at iff.e. . 109 011 1-154 
outer sulfa 

Measurements: 7Z'orratart - -6'0442 • - MG_ 3.9 	T514. :: 4.o ) 	 . 
if is to eg . 

ge,, x/0 6  St Xt05  5 
. 	. Aft= 0'81 , 7s/4 = 1 

Reitx to-6  stx103  $ 2. 3 o 041 1.128.  
61.5" 0 • 85" . 	1:2.40 
6.60 o•gs 1%235 

13.4 /.27 1.112 66.0 o•605" 1.221 
1 6.6 i•26 PI31 $8.0 o.600 1.019 
if. 6 k 19 kof3 I . 

sl-.." 5%06 ", 7:514-.1.4-.5 M 25.3 1.12 . 	1.082 
42-1 1.00 1o.t1 

- 6 ney X10 St X yo3 S 
/a* ::: /41 , -6/4 = k 6 

Re,,x/0-6  SO to3  S 68 a3f0 P018 
7.2-6' 0315-  1.051 

HS 0.400 tl3q 
144 /-4.1 /423 
D•45" /46 bogs . 
4.13c 1.56 1416 
33.6 041 Poll"  
49•0 0.81 - 	1.083 

451 0.64 1•o6r 
41q 0.61.6 146-3 



243 

.Data of: I: reucletauda9096.16 
Model: Come mo5er 1 cl c#Iiseter 
MoaPitvistemis:lissrerael442-"ti*,  

hi'sfery. 

• 
Data o1: FIPHill (P74126.20 
Model: Arial slauseirka I tioesle 
Measuremouts: TZuyleroture rutted % 

of fi:4 wall is Ike $7 a.» 
. 

Me= 3 , 7..s.  Ili= 2 Mo ' IsIc . Roillis  strio3  , s 

Rexxl 0-6 St Zio3  5 . , 
 

. . 

(1.07 e.3o 2476 0.3 go pop 
44 0  9.65 2110 0.351 1.030 

.1.3 I-2.o t061 10.0 3 qr6 1.300 0414 1-146 
1.1 i. i 5 	. 1.084 10.04 432 MO 0.310 1.101 
3'5 J./5 Wig 10.05 p.q( 1.610 0.362  1.060  
4.6 Pig 1.267 10.06 gq4 kip° o•363 to83 
4.8 1.1 co 1.206 glut. 5'.07 1.436 042o /./20 
XS 1.1 0 1.180 . 
3 .2- 1.4 1484 
.3.8 1.04 /•1 45 -001,2 4 17. F. erimiel• Cif 6/ )1-  3.211 
455 1-07 1266 . Mode/ c:yh'buier (axial flow at i(t. - 
611 /.o6 1.271 outer Sig IA Ca- 

AraftSitre* iliat 1 remplris tg r* - ii`40.a 

M#= 4.08 * 7iiri. = 3'40 kisiory 

.., 	- 'feta° 6 5t:1103  5 Alf = 4.45 	. 

• 7-5174 1244410-6 Six103 • S 
A•6 (2.44 1.181 
345" 0.87 1-147 . 
4.z o76 1-036 1.43 1--ri 1.31 1.616 • 
4.8 • olto 1.115" 1.93 2.66 1.18 ' 1.661 
57 oI6 pogo 1.63 312 1.36 i.ro  
2.62 045" 1.1 67 1.83 4.41  /-23 1 .735 
3.2 0.83 HSI 	' 1.44 1 .76 1.11, 1481 
312 00 1 .110 214 245 Poll 1486 
4.35 art 1-150  2.44 312 1.01 _1173 

244 440 1.02 1.5•21 
M¢=6;o4 , Ts17i. = 4-2 244 6.16" 0.91 1454 

244 g•Do 4 45-  I -Sa- 
lk y to-6  St xio3  5 244 460  all . 1441 

214 11.30 0'S5• /411 
. 3'6o 116 1-03 . 1.461- 

.242 o.83 1.1.1 $ 3'60 2 45 0.q8 1.565 
2.42 0•86. 1.2 81: 3.60 316 ol4. 1441 
3'43 D•$0 1.230 3.60 4•4-o o4o 1411 



244 

Pat 	gr: 	el N. Winkler of EWt3.223  

Model: Flat plate 
Measa'emeN6: Timperutarz pai42«tx ik 114 gall {Material 

MG. 7;l7. . Red i 0-3  !kg/0-6  . 	st po3  S 
- . 

• 4.48 441 t 4a0  ;.211 0.S1-2 1.216 
6‘..ao 4.83 0160 3.81 oDs- 1-so2 
S•24 .5.02 3.4$c1" 443-  0.738 1,160 
5'24 4.41 3.7fq 6-41 0.0/ 1.166 
4"./7 3.8? PorC-  2.01 0.468 Ill° 
516 311 1.6S) 241 043r b216 
S'l I 3.52 .7.188 311 o.74? Ng/ 
Pa ' 318 .3.15.6 4-22 0.672 1.062 



24r 

A PPE wp/ X 4A  

Exporimenta( Observations.Crests I-4) 

Test t  (Pate.  /313164) 

74-6.80 kint H5 
73.4 °F 

• 
15 	o 

1 96.52 .  he $11 Ha0 
204.02 Nifty iiaol  4.-
3-5'32 sow 
3.3-23 is+ v 

Pat,.. 
Tato. 

Pew Point Teanpereture 
Po Px 
Po 
E0 

tam. 

- 
I.4-- 2•S 

. 
3.3 4.3 .6..5-  

. 
. 	8 

(E& -. Es ) nft,  

• 20 0104-  0133 0.74-4 0.766 o .77 f ol92 
30  0.614 0'64 • 0434 0'646  .0. 666 ' 0480 
40 0.461 o.504 0.530 0.541 ' 0.464 0.581 
Vo 0.383 0.422 0.444 0 464 0:483 0.440 
60 0.319 0.354 0.371 0.393 .0.414 0 .430 
10 0461 0l01 0.325 0131 0.35-6 0.372 
86 0.231 olss 0.281 olos-  oli 0 0123 
4o chiqq 02a6 0.24-0 0•20 0.272 0.285 

100 0.113 0.14e 0.111 0.130 0.242 0•22 
Ito 0.162 o•173 0.143 0206' el/6 - 0.227 
120 0.106 0.152 0'164 0 .194 0.43 0.203 



c 
a 2.22 
98 .45- 

3•5-3 0  
3.3-20 

o 

mom 110 
./44/*I H2  0, 
144V 
i44v • 

24& 

last 2  C 13 /3164) 

Paco, 
-ratan 

mow past 1:omrerathrt 
Po-  PI( 
PO 
E0  
Ea, 

751.80 
75.4 

1441•4 Hy ep  

t SIN. 
/ 0 

uo)  
/ 2 14 

1 	
1 6 /8 

r 
22 

• 

20 

( E4, - Es  ) m• V 

0 .797 0414 0.839 0146 0-85'2 	. olgo  
3 0  047'8 0.704 012 8 (>137 0741 	. 0.761 
40 0•512 0.6o6" 0414 o ASto 0•627 . ' ••634 
5-0 0.571 0.532 0.531 0' 4.1 045-4 • 0.01 
6o 0.448 0.442 0412 0478 040 0.496 
To 
ea 

0.338 
0..332 

0 .343 
0.3522 

0.412 
0.351 

0.417 
0.367 

0.427 
0371 

04.3, 
0386 

90 0282 0.3o4 0.3/4 0.323 0.332 o 143 
/Do 0.244 0160 0.272 0.271 0411 0  301 
110 0244 0121 0.233 0.243 044'4 0•263 
120 0•/71 0•l e8 0.200 0.210 0 .224 - 0.24 
130 0./43 0.15-6 0.168 o•179 o•187 olao 
140 0'111 0.130 014-o o•1511 alio 0lyr 



Dap/ Nast tei•ipaiateire 
Po  -rft  
Po  
E0 
Efi. 

5.241 	v ' 
5.226 Inv 

. s. . t  
1•1.51 ° 2.5 3.51 4.s .6.3 9 

, 	(E4  -Es) •.. v 

4 o I. gq 7 1.688 11.6 tqif 1.141 1134- 
6e 1.401 Pre 1•s--11 /417 ill 46 1.631 
00 1346 1•4513 1•465 i•Vaa 1.512 	. 1.541 

to o 1.235-  1•360 lig( 1•446 1.5114 i•455 
120 1•125 1•2 69 1.314 1.338 1.451 1.378 
140 l'011 • met pais /01 1.388 1307 
160 0'141 Hot 1.155 WI 1.325 • 1.133 
190 evil 11026 1.094 	.. .,- . 	1.142 1.270 	• 2161 
200 0.94 	• 01513 1416 1.011 1.112 1.105 
2t0 • • 0148 °till Dip Hat, 1.161 1451 
240 

.
o'118 0834 , • 0196 0.462 Nil OK 

.26o 0.644 .0771 0.944-  via 1-066 0.$121 
00,  0.5143 0130 ' 044. 	. #163. b0o8 ' 0895. 

241 

Test 3. C Pate 20/3/44) 

 

:Pat. 
Tat. 

. 7 47.20 	hem Hi 
7512 	• F • 



248 

'Yost 	Pate .2 0/3 /64) 

J?e& po 1 kt teoperaturo 
Po -P' 
P. 
E0  
ay.  

74120 kg*  He 
.14'1 	OF 

°F.  

	

S.12 	"sot No 

	

5.2 1 	141‘44 HO, G 
4.403 tftv 
41,0 144V 

i so• t o I t 1 4 16 1 8 22 

( EG  - Es ) 	1411/ 

40 1.605-  I.6z6 1.64/ 1.656 1.60 1.170 . 
6o 1487 1.517 to+ 1•r& 1.574 trill 
ee 1.383 1.413 1442 1.461 1484 /.02 	• 

to 0 illn 1.321 1352 1.371 /.394• • MIS" 
120 
140 

fatal 
1.124 

1241 
a.160 

1.274 
1.1 q3 

Ng* 
1.211 

1.313 
1.23q

.  i•335" 
t268 

16 0 1 •o41 1.08fi" tag He 1.1 61 *I4o0 
/Bo 0168 Poll boro 1.082 104 1.137 
200 *.eqg 0.847 0101 boil 1.044 1.073 
220 0'836 0.087 0.130 DIM 0196 too 
140 0180 0.931 olio 0.102 o•fil o is-1 - 
2.60 0131 0180  0.818 0.846 0.813 el oz 



• 

Pew 	iiwpfnitart 
- 

Po 
ED 
eti  

14 
98'32 	ow. 1410 
03.23 	Nuw Ho, 
0.941 	mtv 
o•qii 	Ise V 

APPENDIX 48  

Experimental Observa fi c is(Tests  6*-- 1 2 ) 

'rest S" 	(Pate /216/6a) 

 

Patin 
-rat. 

-i6040 
77 

t tee XD° 10 12 . 	14 1 6 18 22 

i(E 	''. E ) 	*IP 0 	t 

I 0 5441 4',111 C•186 4:213 4..?$'4 St:284 
2 0 4.405" 4.141 4.01 4413 4.14-0 4.645 
312  3.941 4.013 414-0 4116 • 4.43 446;6 
40 3.450 1f49 3.543 3.619 3'677 iiro 
C 0 3•045 3./35• 3.169 3414 5.278 3163 
6 o 1.051 En. 2.913 2•86-4 2931 7.0.* 
7 0  2 351 2.434 2.498 2-53T 2.610 2100 
SO 2.46 2.1613 2.224 2.261 2.344 .2434 
9o I.6q1 1151 1.830 1.416 148 .1.070 



24-6 

-rest 6 	(Pate 12/6/64. ) 

  

 

Pat». 
rare. 7 6040 

71 

 

Pew pimt iaimptra tse re 
PO 
PO 
Et)  
E. 

14 
1 9q.20 
1 111.88 

1.093 
1.083 

mot H2 0 
m 	G• 
Ns V 
$4i 

xo 
t sec. 

!0 12 14 16 is 22 

C Es. - ES ) ...r 
' . 

10 6%001 c•081 6: It 1 5.141 5.168 S•2/3 
/6' 4.838 4.60C 443 4.608 4121 4.766 
20 4•21q 44611 41/3 4345 4399 4.4-21 
26-  3.795 3-114r 3.904 3.406 400' 4.1416 
so 3.44c 3413 3.641 3 .713 3104 3113;4 
34-  3.116 1'46 3103 3374" ;40 341 P 
40 2.926 3.034 3.083 3.143 314q 3•Z7c' 
4c .1-666 2.771 2-84-3 241+ 2- 463 3.023 
40 2460 2.394. 2.621 2.03 2-738 2-813 
4-s-  214-4 2151 2404 2-474 2422-6 2.59$ 	- 
6t) 2.066 2-172 2-210 A.310 2.34$ 2-430 
65.  1.956 1 I6( zoo 2413 2- 13.9. 2-22-0 



'rest 7 	Date 2$/ / A ) 

  

241 

 

Pot. 
Tatou 

7 611. 65" 
13.4 

Ns* tiq 
of  

 

AK/ palm t tOm.pria‘re 
PO & 
Po 

13 	of 

134439 	omo. Ha  0 
1400 b«mH30;G  

4.(trt3 Inv 
4.941 oiv 

N 
t.5... PS" 24 3.4-  4.5-  6.5-  s 

1 0 4410 44131 41'30 4.10 4401 44/ - 
1s 3.043 3.674 .3•781 3.933 3.434 • 3.168 
20 3.2z1 2401 WS 3.154 3.246 3144 
If 2.625 2.2q5 2-44/ 24%4 2.613 .2/V3 
30  g•cet lilt 1.041 1473 2.130 . 2-246 
5S-  1•r41 1.163 1331 1423 1.6415 17e/ 
40 ill* 0i60 . 0.94 0.493 1.19 3 1.33 4 
41,-  0454 0.1fr 0.414 0.501 o.Ve 0f44 



22 

hest 8 	(.2416 164) 

  

Pat, 
rat,. 

761.63- 
73.4 

 

.Dew point tewf erali4r0- 
Po  - 
Po 
E0 
a4  

13 
123.23 
128.39 

445'2 
4439 

Ira. Hs0 
mot Hz°, 4 
sly 
siv 

x ,,, 
tsec.. 

10  
i a t4 16 Id 22 

—E3  044/ 

I0 3•@8 1 3.930 3144 34lo 4vo1 4,031 
st 3.316 ' 337' 3413 3•44-0 3.0/ 3.sVr • 
20 2-gto 2-80 z-(110 .21443 3.004 • 3.04 
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APPENDIX 4C 

Correction of Experimental Errors. 

(a) Radiation error 

The radiation heat addition to the test plate (at 

temperature Ts) from tunnel wall ( at temperature TG) in the 

present case is the intermediate'between a small enclosed body 

and a large enclosed body. The emissivity of the test plate 

(polished Monel), Es, is 0.06 and that of the Cadmium-plated-

steel tunnel-wall, EG, is 0.5 (.l7, pp. 472-478) . 

For a small enclosed body, the equation for the radiation-

heat addition is: 

gr,1 = V(Talf-TS )  

0.06 or (T 4-TS4) 	(40.1); 

whilst for a large enclosed body, it is: 

a 	= 	(T40.--TIS)  -r, 2 

= 0.0566 	 (Ti.r 	(40.2). 

The difference between Eqs. (40.1) and (40.2) is small, so the 

intermediate value of qr , and qr2  can be used to estimate the 

radiation-heat addition, i.e., 

qr  = 0.058T(t-t) 	(40.3) 

where the unit of qr  is in Btu/ft2h, the unit of T is in °R, the 

value of ((Stefan Holtzman constant) is equal to 0.117x10-8. The 

correction due to radiation by Eq. (40.3) was made and its magnitude 

(1/EG) + (l/ES) 1 
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was found to be from 0.1 to 042%. 

(b) Non-uniform wall-temperature correction. 

Implicit in the calculation of the theoretical heat-transfer 

coefficient is the assumption that the wall is at a uniform 

temperature at each instant of time. That this is not the 

case is evident from the experimental temperature distribution 

shown in Fig. )4.1. A theoretical relationship between heat-

transfer coefficient on a flat plate with uniform wall 

temperature (St) and non.-uniform wall temperature (St') was 

derived by Eckert et. al. (4.11, pp. 182-183) . For the 

turbulent flow, they used Seban's stepwise temperature variation 

formula and the method of superposition (4.11 3. The result 

was: 

St'/St 46T040.991(6Tn-AT0)+0.117(Ax/x) ((2n-1) 

ATn-AT0  - 2 06 Ti+ IN T 2+ AT3  . . . 	) /ATn 

(4.4), 

where AT is the difference between the wall and the mainstream 

temperatures, St' is the local Stanton number for non-uniform 

wall temperature and St is that for the uniform wall temperature, 

meanings of other symbols are shown in the following figure: 

Eq. (40.4) together with the experimental temperature 

distribution curves, e.g. Fig., /4.1, was used to correct the 

error due to the wall temperature variation. The correction was 

found to be from 1 to 6% ddpendent mainly on the position (x). 
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(c) Condensation Correction. 

The formation of frost on the surface of a cooled,plate 

influences the heat transfer to the plate in two different ways, 

namely; first, as the water vapour is tranferred toward the test 

plate to form the frost, the latent heat of sublimation is added 

to the plate; and second, the frost deposited on the surface 

of the plate increases the effective thickness of the plate 

and/or the roughness of the surface. 

For the first named influence, its magnitude can be 

predicted quite accurately, so a correction for this influence 

will be made below. For the 2nd named influence, its magnitude 

is less certain and its contribution to the uncertainty of the 

measured Stanton number will be estimated in Appendix 4D. 

The deposition of frost on the surface of a cooled plate 

is a process of mass transfer. In an equilibrium state, the 
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rate of frost formation depends on the mainstream dewpoint 

temperature and the plate surface temperature. Using the 

method of Ref. 4.18, 

fan  = gB (40.5). 

where B '..47mH20,a mH20,s, g ;!St/faua,(the mass fractions of 

water vapour at the mainstream (ma.
20/G
) and at the surface 

(mH 0 s) corresponding to the mainstream dewpoint temperature 
2 ' 

and the surface temperature can be obtained from table 22 of 

Ref. 4.19, and the values of St and faua  are knowr)iin can 

compute the rate of frost formation 60. 

Knowing the rate of frost formation (.11") from Eq. (40.5) 

and the latent heat of sublimation (H) from Ref. 4.19, we can 

calculate the heat addition by the equation: 

qm  = :EU" 	 (40.6) . 

Eqs. (4C.5) and (4C.6) wore used to make correction for 

the frost formation. The magnitude of correction was about 

Corrections (a), (b) and (c) deScribed above have been 

made to the Stanton Humber (St') of Table 4.4. The corrected 

Stanton numbers arc entered into the Table 4..4. as St. 
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APPENDIX 24D  

Estimation of Experimental Uncertainties. 

Besides those errors described in Appendix 4°, there are 

further possible experimental errors whose magnitude cannot be 

accurately calculated. Those errors contribute to the uncertainty 

of the experimental data; their orders of magnitude are estimated 

below: 

(a) Effective Reynolds number. 

The Reynolds number (Rex) in Table 4.4 has been based upon 

the distance from the leading edge of the plate. In Para. 

of §4.4.1, it was shown that the transition did not complete 

until Re
x  got to about 1.2x105. Although the exact effective 

starting position from which the distance should be measured 

is not known; for the purpose of estimation, we assume that the 

transition started somewhere between the leading edge of the plate 

and the position of transition, say, at Reynolds number equal 

to 6x10 k4/ Re'x ). Hence at Rex equal to lx10
6 the effective 

Reynolds number would be about 9.4x105  (=Rex  -Re). As St is 

approximately proportional to Rel/5 ' the uncertainty due to the x  

unknown effective start of turbulence is about 1.2%. 

(b) Temperature Potential. 

The tomerature potential (TG  TS)was required to calculate 

the experimental St 	(Eq. 4.10), where TG was measured by 

a total temperature probe placed at x=12". In §4.3.3, it was 

pointed out that the accuracy of the measured mainstream total 
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4- temperature is -0.30  F; in addition, the adiabatic wall 

temperature instead of the total temperature should have been 

used for calculating the Stanton number. At Mach number number 

equal to 0.2, recovery factor 	equal to 0.89 and Ta  

equal to 600°R, the difference between the total temperature 

and the adiabatic wall temperature is less than 0.5°F.; so 

the uncertainty in the temperature potential is about ±0.8°F 

-which contributes to an error of about ±1% in St data. 

(c) Temperature-time slope. 

Care has been taken to measure the slope (dT/dt) accurately 

by the method*, mirror and image; an uncertainty of about 5/o may 

however still be present. 

(d) Heat conduction. 

The conduction has two components: they are the chord-wise 

component and the x-component. For the former, it was found to 

be negligible; because we have placed the test-plate thermo-

couples in the centre-line of the plate or 1" away from the 

centre-line (Fig. 4.3), and Fig. (40.1) does not reveal the effect 

of the chord-,wise positions of the thermocouples on the value of 

T. For the latter, the conduction can theoretically be calculated 

from T vs x curves (e.g., Fig. 40.1). The variation of T against 

x in the turbulent region is, however, small (Fig. 40.1); and the 

conduction is believed to be still smaller, because it is pro— 
portional to the 2nd derivative of T vs x (i.e., d2T/dx1). 
Hence, the error due to conduction is small in the present experi-

ments, say, it does not exceed 0.5%. 
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(e) Frost Deposition. 

The heat addition to the plate due to latent heat of 

sublimation has been described in Appendix 4.C. The effects of 

the increased effective thickness and roughness of the plate 

due to the frost are estimated below. For this purpose, the 

total frost deposited on unit area at time (t) is first 

calculated. 

The method for calculating the frost formed on a unit 

surface area per unit time (-11") has been described in Appendix 

4.0 	40.5); the total frost deposited on the unit area at 

time t is then 

t 
m" 	rvat 	 (41).1). 

0 
On the assumption that the frost deposited on the plate 

forms a smooth surface, part of the convective heat transferred 

to the surface is then absorbed by the frost instead of the 

plate. The ratio of the heat absorbed by the frost to the total 

convective heat (3f) represents the possible error of the 

measured Stanton number and is expressible by the equation, 

Ef 
In110i  • • • (4-1).2), 

(f 'Y c) + m"c. 

  

where m" is calculated. by Eq. (4D.1), ci  is the specific 

heat of ice and (f-  c) is the thermal capacity of the test 

plate per unit area. It was found that the average error 

represented by Eq. (4D.2) for the present experimentt is only 
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Now., if we assume that the frost deposited to the surface 

of the plate is in the form of spheres at 10-spherical diameters 

apart, the relation between the spherical diameter (d) and m" 

can then be expressed by the equation: 

d = 300 m"/(4 # fi) 	 (41).3). 

where t is the density of ice. The average value of d (by 

Eq. 4D.3) for the present experiments was found to be 4.5x10-5ft. 

Now, the average value of x and Rex  for the present 

experiments arc 1 ft and lx106, respectively. Hence the average 

roughness parameter (s d/X) for the present experiments is 

4.5x10 5 at Rex equal to 1x10
6. In Ref. 4.20 [4.20, p.558), 

it is stated that the surface is aerodynamically smooth if d/x 

is less than 1x10 4 at Rex equal to 1x10
6. The roughness effect 

of the frost formation is therefore negligible for the present 

experiments. 

The total uncertainty accounted above amounts to about 

7.; 	so the accuracy of the present data (St) is believed 

to be well within t10%. 
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