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USE OF REFERENCE STATES IN PREDICTING TRANSPORT 

RATES IN HIGH-SPEED TURBULENT FLOWS WITH 

MASS TRANSFERS 
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(Received 4 January 1963 and in revised form 3 May 1963) 

Abstract-A method for predicting mass-, momentum-, and energy-transfer rates in turbulent flows 
is outlined involving (a) a semi-empirical correlation of friction coefficient for injection of air into a 
low-speed air stream (providing the “constant-property” curve forming the heart of any attempt to 
predict transfer rates using reference states), (b) modified Reynolds analogies relating mass- and energy- 
transfer coefficients with friction coefficient, and (c) expressions for reference temperature (or enthalpy) 
and reference composition. The blowing-rate parameter used in the friction-coefficient correlation 
differs from suggestions of earlier investigators using sublayer theories chiefly in that the geometric 
average of the friction factor with blowing and the friction factor without blowing is used. The modi- 
fied Reynolds analogies differ from the analogies of Rubesin and Pappas chiefly in that the specific 
heat of the mixture is constant with value fixed by the reference state. Since, for flows without mass 
additions at the wall, the reference-temperature expression used for laminar flows correlates success- 
fully the results for turbulent flows, attempts to correlate data for turbulent flows with mass additions 
using the reference-state expressions developed by Knuth for laminar flows with mass additions are 
recommended. 

Since no data including dependable measurements of foreign-gas concentration at the surface are 
available, no verification of the modified Reynolds analogy relating mass and momentum transfer and 
of the use of the reference-concentration expression is possible at present. Limited available data 
indicate that (a) for Mach numbers up to 3, the reference-temperature expression developed for 
laminar flows with mass transfers appears to correlate satisfactorily the data for turbulent flows with 
mass transfers, and (b) use of the modified Reynolds analogy and the proposed blowing-rate para- 
meter appears to correlate satisfactorily the skin-friction and heat-transfer data for the case in which 
the heat capacity of the coolant and main-stream gas are equal. The need for data which are more 
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extensive and more accurate is emphasized. 

NOMENCLATURE 

dimensionless laminar sublayer thick- 
ness [cf. equations (391; 
blowing rate for momentum transfer 
(cf. Table 1) ; 

Cfm 1 
2 ’ 2 

x friction coefficient based on maxi- 

blowing rate for energy transfer (cf. 
Table 1); 
blowing rate for mass transfer (cf. 
Table 1); 
blowing rate based on sublayer thick- 
ness [cf. equation (lo)]; 
i 
i 

X friction coefficient G --z-: 
P4 

7112 
mum shearing stress = __ -. 

2 ’ 

ch, 
k,&& 

Stanton number - ~~- -~- ~~ ?- ; 
(P~cP)oo(~r - TW) 

Cmy mass-transfer ‘Oefficient 
(P)W(l -- c;, 4 

= (pu)oo(cW--_;~) ; 
Ck, mass fraction of component k; 

cp, specific heat at constant pressure ; 
D, diffusion coefficient in Fick’s Diffusion 

Law ; 
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molecular weight: 
Mach number ; 

Prandtl number = F$v ; 

temperature recovery factor r= 

effecti\ieness E (T,,. 7,);; i,,, 
Reynolds number = ~LI~_Y/IL : 

Schmidt number G tL : 

temperature: 
I’ n 

7; ) : 

temperature of coolant [cf. equation 

(26) I; 
temperature of wall for case in which 
temperature gradient vanishes at wall ; 
velocity parallel to wall ; 
velocity normal to wall ; 
co-ordinate parallel to wall; 
co-ordinate normal to Wall : 
thickness of boundary layer (subscript 
E) or sublayer (subscript s): 
dynamic viscosity coefficient: 
density ; 
shearing stress ; 
maximum shearing stress. 

Superscripts : 
0, mixture component(s) (e.g., air) other 

than those components added at wall: 
c: mixture component(s) (e.g., coolant) 

added at wall: 
* variable evaluated at reference state ; 
1. > dimensionless variable. 

Subscripts : 
s, sublayer boundary ; 
t, turbulent portion of boundary layer; 
ll‘, wall ; 

0, limiting value as blowing rate 
approaches zero ; 

cc. outer edge of boundary layer. 

INTRODUCTION 

1. The reference composition appropriate 
for use in relations developed for fluids \j it13 
constant properties must be calculated. in gcncr ai 
using 

p:!: _ !V” In &I * /Al,, 
@I &I’ In(,y ;I,/ :p: $f,, 

‘fhc linearized expression f,*‘.:. A( I’;; i”’ ,j 
may be used only for lo\b blo&ing rates or small 
molecular-weight differences. 

2. The reference temperature appropriate for 
use m relations developed for fluids with con- 
stant properties may be calculated using either- 

ENGINEERS have been attempting to predict 
transfer rates (either mass-, momentum-, or 
energy-) by inserting fluid properties evaluated 
at some “reference” state into equations estab- 
lished for flows of constant-property fluids ever 
since the first attempts to analyse and predict the latter equation to be used for cases in which 
transfer rates in systems containing either variations of the heat capacities with temperature 

temperature or composition gradients u UC’ 
made. These attempts to use rcfercncc atatc5 at-i 
motivated by the time and effort saved using 
this approach rather than computing exact 
solutions for the equations of motion x ith 
variable fluid properties. Contributions by \OU 
Krirm;in [I 1, Rubesin and Johnson 121, Tucker 
131, Young and Janssen [4]. Eckert [S], Monng- 
han [6]. Sommer and Short [7]. Rott IS 1 and 
Rurggraf [9], for the case \I ithout composilioli 
gradients, are mentioned in the brief retie\\ ot 
the effective-temperature hypothesis included i13 
a recent report by Coles [IO J; contributions b> 
Scott [1 I ] and Gross clt ui. [ 121. for the GLQ 
with composition gradients. hag been ~~I;‘II- 
marized and extended by Knuth [ 131. 111 [ I ? ] 
the physical bases for the concepts of ref?rcnce 
temperatures and reference compositiorls arc 
examined : methods for calculating ref::rcncc% 
temperatures and reference compositions ro!- tl~f 
case of laminar boundary-layer flov, s \ ith jna+ 
additions at the wall are developed (nit11 the aid 
of analytical results for a Couette-Ho\+ mokl~. 

Thc following principal conclusions arc dra\+ 11 
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are significant. These analytical expressions are 
simple extensions of the empirical expression 
given by Eckert [5 ] for the reference temperature 
(or enthalpy) for the case of boundary-layer 
flows with no mass addition at the wall. 

Since Eckert [5] found that, for flows without 
mass additions at the wall, the reference- 
temperature expression used for laminar flows 
correlated successfully the results for turbulent 
flows, one might be encouraged to attempt to 
correlate results for turbulent flows with mass 
additions using the reference-state expressions 
developed in [ 13 ] for laminar flows and modify- 
ing appropriately the blowing-rate parameters. 
The blowing-rate parameters used in the 
reference-state expressions for laminar Couette 
and boundary-layer flows are given in the second 
and third columns of Table 1. If sufficient 
information concerning turbulent flows were 
available, then one might develop empirically 
turbulent-flow analogs to these parameters. 

Table 1. Comparison of blowing-rate parameters used 
in refi?rence-state expressions 

.._____ ____ 

Blow- Laminar ing- 
rate Couette 

flow 
reE; (analytical) 

Laminar 
boundary layer 

(empirical) 

Turbulent 
boundary 

layer 
(pro- 

visional) 

Bf* 
(PV)ZJ 2 (PUh" 2 (PV),, 2 
-. .- - -~ _ 
p*llm cfo* p*u, c,,r p*um c,,* 

Bm * Bf* s_ 
2Cm 0* 

&I* Bf * ;;$ 
c,o* 

Bf* ___ 
2ch,* 

Unfortunately, sufficient information is not 
available. Hence, until the required information 
becomes available, one might use provisional 
blowing-rate parameters suggested by these 
results for laminar flows. Pertinent to the 
selection of such parameters is the observation 
that the difference in the forms given in the 
second and third columns appears to be related 
to the fact that the several transport rates for 
laminar Couette Aow approach zero asymptotic- 
ally as the blowing rate increases whereas the 

corresponding transport rates for laminar 
boundary-layer flow vanish simultaneously at a 
finite value of the blowing-rate parameter B7. 
Available information indicates that, in this 
respect, turbulent boundary-layer flow (with 
its laminar sublayer flow) resembles laminar 
Couette flow more than laminar boundary- 
layer flow; the several transport rates approach 
zero asymptotically as the blowing rate increases. 
Note also that, since CT012C;T0, C;‘,/2Ci0 and 
(CT/ C;Y are frequently of the order of unity, 
the difference in the values of a given blowing- 
rate parameter computed using the forms given 
in the second and third columns of Table 1 is 
small in many applications. Hence, one might use 
provisionally the blowing-rate parameters given 
in the fourth column of Table 1. The present 
paper describes the results of an effort to corre- 
late transfer rates, for turbulent flows with mass 
additions, using these parameters in the refer- 
ence-state expressions developed in [13] for 
laminar flows. 

In the case of laminar flows with mass 
additions [ 13 ] both the constant-property 
relations and the variable-property relations 
were supplied by results of exact analyses, the 
author believing that “a correlation of results 
of exact calculations would be just as meaningful 
as a correlation of experimental results”. In 
the case of turbulent flows, the situation is quite 
different; the present state of knowledge of 
turbulent flows with mass transfer is such that 
one would question the value of any reference- 
state expressions obtained examining only 
analytical results. Hence, one is led to examine 
experimental results. 

In order to establish whether or not the 
suggested reference-state expressions may be 
applied to turbulent flows with mass transfers, 
measured values of friction coefficients, mass- 
transfer coefficients, heat-transfer coefficients 
and recovery factors are required for wide ranges 
of Mach numbers, Reynolds numbers, and 
blowing rates; temperatures and concentrations 
must be known at the wall as well as at the outer 
edge of the boundary layer. Of those references 
which have come to the attention of the authors, 
only two [14] and [15] give results of measure- 
ments of concentrations. Skin friction was not 
measured in either case; suspicion is cast on the 
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heat-transfer data of [14] by [ 161 and the heat-transfer data of Bartle and Leadon [ 19 1 
scatter of the heat-transfer data of [I 51 dis- for free-stream Mach numbers of 2,O and 3.2 on 
courages the authors from using them for the the aforementioned semi-empirical curve. If the 
present purposes. Furthermore, Danberg [ 151 low-speed skin-friction data and the high-speed 
did not attempt to measure the concentration heat-transfer data fall, to good approximation, 
at the wall (and extrapolation of a concentration on the same curve, then (especially since the 
profile to obtain a wall concentration is difficult). high-speed data were obtained at two different 
Also, it is believed that the method used by Scott Mach numbers) the probability that both the 
et al. [14], i.e. sucking a gas sample through reference-temperature expression and the modi- 
a hole in the wall, measures a coolant concentra- fied Reynolds analogy are appropriate is high. 
tion which is less than the coolant concentration Whereas such an implicit verification of the 
at the wall. Hence, only the applicability of the reference-temperature expression and the modi- 
reference-temperature expression to data ob- fied Reynolds analogy is not, in principle, the 
tained for cases in which coolant and main- ideal approach, it appears to be the required 
stream gas have similar properties will be approach as a consequence of the limited amount 
discussed in this paper. of experimental data. 

The measurement of skin friction for the case 
of mass addition at the wall is difficult. Of the 
several instruments (drag balance, pitot tube. 
and hot-wire anemometer) which have been 
used, the authors believe that the hot-wire 
anemometer has given the most accurate results. 
Consequently, even though Goodwin [17] and 
Smith [I81 have been the only investigators 
\o use this instrument for cases of interest to this 
paper, only skin-friction data taken with a hot- 
wire anemometer will be examined here. 

The “constant-property“ curve may be difficult 
to establish experimentally. Its pursuance is 
motivated, however, by its technical applicability 
and the fact that it needs to be determined only 
once. If it is determined, then the heat-. mass- 
and momentum-transfer rams for turbulent 
flows with mass additions can be predicted for a 
wide range of free-stream and will conditions 
using the “constant-property” curve. the refer- 
cnce-state expressions and the modified Reynolds 
analogies. 

The measurement of heat-transfer for the 
case of mass addition is less difficult than is the 
measurement of skin friction. The main obstacle 
is usually the control or evaluation of all 
pertinent heat sources and sinks. Of those data 
which have come to the attention of the authors. 
it is believed that the data of Bartle and Leadon 
[19] are the most reliable. Their test chamber 
was designed to minimize effects of thermal 
radiations; influences of all other heat sources 
and sinks were evaluated. They adjusted the 
blowing rate so that a uniform plate temperature 
was realized. 

MOMENTUM TRANSFER (SKII\; FRlCTIOh j 

As stated in the Introduction. the plan of’ 
attack is to attempt to establish a “constant- 
property” curve describing the dependence of 
skin friction on blowing rate for the cast of 
constant-property fluids and then to attempt 
to develop a method for predicting all other 
transfer rates using this “constant-property” 
curve. In the present section of the paper, the 
results of an effort to establish such a “constant- 
property” curve are described. 

The following plan of attack was used in the 
study described here. First, a semi-empirical 
relationship describing the dependence of skin 
friction on blowing rate was developed using the 
data of Goodwin [ 171 and Smith [ 181 for the 
case of flows of constant-property fluids (i.e. for 
the case of air injection into a low-Mach-number 
air stream). Then the reference-temperature 
expression of Knuth [ 131 and a modified Rey- 
nolds analogy were used in an effort to place the 

In the case of the turbulent boundary layer 
without mass addition at the wall, engineers 
have found that momentum-transfer rates and 
(if the Prandtl number is near unity) energy- 
transfer rates can be predicted to an approxi- 
mation sufficient for many applications by using 
a simple model in which the boundary layer 
is divided into a laminar sublayer and a turbulent 
outer layer. Consequently, an attempt is made 
here to extend this simple model to include the 
case of mass addition at the wall. 
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Consider a laminar sublayer (Fig. 1) char- 
acterized by the following features: 

1. Gradients in the x-direction (parallel to the 
stationary wall) are negligible in com- 
parison with gradients in the y-direction 
(normal to the stationary wall). 

2. Fluid properties (i.e. viscosity and density) 
are constant. (In making predictions for 
flows with variable properties, one would 
evaluate properties at the appropriate 
reference state.) 

COOLU(T 

FIG. 1. Boundary-layer flow model for turbulent flow 
with mass addition at wall. 

Then, within this laminar sublayer, conservation 
of momentum is described by the ordinary 
differential equation 

u,‘, = mP!L--= A (a constant) 
V?%OIP *> 

(3) 

and the corresponding dimensionless distance 

*+ = p*_J!+wolp*)Ss = A 
SO P* 

(4) 

are found to describe the sublayer boundary to 
good approximation. For the case with mass 
addition at the wall, one would like to establish 
appropriate extensions of these dimensionless 
parameters. Reasonable requirements include : 

1. The extensions must incorporate the fact 
that the viscous stress varies throughout 
the sublayer (monotonically from a mini- 
mum at the stationary wall to a maximum 
at the sublayer boundary). 

2. The extensions, taken together, must satisfy 
(at least to a satisfactory approximation) 
equation (2). 

3. In the absence of information favoring 
dissimilar modifications of u,‘o and S,‘,, 
it is rational to modify the two parameters 
similarly. 

4. The extensions must reduce, for zero 
blowing rate, to the expressions auoted for 
the case with no mass addition 
i.e. to equations (3) and (4). 

at the wall, p* “_” = T?JJ + (pu)wu 
dv (1) 

which states that the viscous force at an arbitrary 
plane equals the viscous force at the wall plus 

Equation (2) may be rearranged, 

mind that 
the force required to accelerate the mass added 
at the wall to velocity U. Separating variables, TW _ = e-B,*, 
integrating from the stationary wall to the 7.7 

sub-layer boundary, and rearranging, one to obtain 
obtains rw& _-AR.* B,* 

keeping in 

(5) 

The problem of predicting the viscous force at 2/(Ws)Ss :B,* 1 ____ = 
the wall for a given rate of mass addition at the P*W3 sinh +B, 

* M 1 - 24 Bf2 + . . . . 

wall and a given viscosity is reduced now to the 
problem of predicting values of the velocity U, 

If B* . s IS smaller than approximately 2 (small to 

and distance 6, corresponding to the sublayer 
modest blowing rates), then this expression may 

boundary. 
be put in the form 

For the case with no mass addition at the P*~[(~s~w>“2/P*l~~ 
wall, the dimensionless velocity I/[(TsT;“2/P*] w --- ,U* ~~ ’ 
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Hence, requirement I is satisfied qualitatively. 
requirement 2 is satisfied up to and including 
first-order terms in blowing rates, and requirc- 
ments 3 and 4 arc satisfied exactly. by the 
extensions 

i.e. by replacing the viscous stress at the wall for 
the case with no mass transfer by the geometric 
average of the viscous stress at the wall and the 
viscous stress at the sublayer boundary for the 
case with mass addition at the wall. The para- 
meter LIT appearing in equation (5) is given novs 

by 

The exponential dependence shown in (5) has 
been derived previously; the form of the blowing- 
rate parameter is new. 

Comparisons of (5) and (8) with data require 
information concerning the value of the viscous 
stress at the sublayer boundary and evaluation 
of the constant A. The most reliable measure- 

ments of variation of viscous stress within the 
boundary layer for the case with mass addition 
at the wall arc perhaps the measurements of 
Smith [I X 1. From an examination of these data, 
the viscous stress at the \ublayer boundary 
appears to be equal to or slightly less than the 
maximum shearing stress M ithin the boundarc 
layer; the value of the constant A appears to be 
about I 1.5, the value proposed by ion Karman 
[20] for icro mass injection. Substituting the 
measured maximum stress T!?, for the viscous 
stress T< and setting .1 I 1.5. the corrclatiorr 
sho\vn in Fig. 2 results. The agreement of the 
data with (5) and (X) is excellent, 

In a typical application of (Sf and (8) for- t.hc 
prediction of values of the viscous stress i. 
measured values of the maximum stress TV,, are 
not available. Furthermore. analytical prc- 
dictions are not available either. I-ortunatciy. 
examinations of available data on distributioni 
c,f \;iscous stresses within boundary laj~-- 
reveal that the viscous stress at the sublay: 

boundary for the case with mass addition is PI 
the order of magnitude of (but riot necessarii! 
equal to) the viscous stress at the \\a11 for tiic 
case with no mass addition. F’urthermorc, OII~‘ 
would expect that the ratio ;SI i‘,( ,, of these tl,+ (1 
viscous stresses would be a function art’ tire 

BLOWING RATE , 11.5 (PY)w 
7Jz (i? k)” 

2. Friction coefficient for injection of air into low-speed air stream as l’unctlon of blowing rate (viacou\ 
stress -ib replaced by maximum stress Taco). 
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blowing rate Bz. Hence, one is led to an attempt 
to correlate the skin-friction data plotting 

z. =f@:) 

with 

B; M 11_5 (P)w 2 2 3 --I l“l 
p*um q CT0 . (10) 

To the extent that the ratios rs/rWo and @E/2)/ 
(sinh B:/2) deviate from unity, one would expect 
that the functional dependence indicated in (9) 
would deviate from the exponential dependence 
indicated in (5). The blowing-rate parameter 
used here differs from suggestions of earlier 
investigators using sublayer theories chiefly 
in that the zero-blowing factor (2/Cf0)lj2 used, 
e.g. by Rannie [21] and by Knuth [22] and the 
arithmetic average 

: [(ly2 + ($)““I 
used by Turcotte [23] and Nash [24], is replaced 
here by the geometric average 

motivated by the aforementioned requirement 3. 
Using the parameters indicated in (9) and (lo), 

the low-speed skin friction data of Goodwin 
[17] and Smith [18] are plotted in Fig. 3. (The 
scatter in Smith’s data appearing here may be 
due in part to the fact that the friction coefficients 
Cf and Cf,, were measured by different investi- 
gators, Smith and Goodwin, in different tests. 
The friction coefficients Cf and Cf, used in 
Fig. 2 were measured by one investigator in one 
test.) Differences between a curve faired through 
these points and the exponential curve Cf/Cf, = 
e-4 may be due in part to deviations of the 
ratio T,JT~~ from unity. Until more extensive 
skin-friction data for the case of constant- 
property fluids are available, Fig. 3 will be 
considered a provisional “constant-property” 
representation. 

MASS AND ENERGY TRANSFERS (MODIFIED 

REYNOLDS ANALOGIES) 

Recall that the purpose of the study described 
here is to attempt to predict transport rates 
using (a) a “constant-property” curve obtained 
from low-speed skin-friction measurements, 
(b) modified Reynolds analogies relating mass- 
and energy-transfer coefficients with skin-friction 

I REF. b7] 

0 REF. DB] 

x 

BLOWING RATE, #,‘,,,G (PQw 2 2 1% 
P”o. ( cr Cfo) 

FIG. 3. Friction coefficient for injection of air into low-speed air stream as function of blowing rate (viscous 
stress Q replaced by wall stress 7W0 for case of no mass addition). 
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coefficients, and (c) reference-temperature and 
reference-composition expressions. In the lntro- 
duction, use of the reference-state expressions 
developed for laminar flows with mass transfers 
was recommended. In the section titled Momen- 
tum Transfer (Skin Friction), a provisional 
“constant-property” curve was presented. In the 
present section, the required modified Reynolds 
analogies are derived and compared with avail- 
able data. 

The following treatment of mass and energy 
transfer is similar to the treatment of Rubesin 
and Pappas [25] in that modified Reynolds 
analogies relating mass, momentum and energy 
transfers are derived neglecting gradients parallel 
to the stationary surface; it differs from the 
work of Rubesin and Pappas chiefly in that the 
specific heat of the mixture is constant with 
value fixed by the reference state. It is intended 
that the modified Reynolds analogies derived 
here be used in connection with the friction- 
coefficient expression developed in the preceding 
section in order to predict mass- and heat- 
transfer rates. 

Consider the turbulent Couette-flow model 
(Fig. 4) characterized by the following features: 

1. The velocity of the moving surface, as well 
as the temperature and concentrations at 
this surface. are uniform and steady, and 
are specified. 

2. Heat and mass may pass readily through 
the moving surface; a steady force, required 
to maintain steady motion, acts on this 
surface in the direction of motion. 

3. The momentum flux and the viscous stress 
in the direction normal to the two surfaces 
are much smaller than the pressure at some 
reference plane in the model. 

4. The kinetic energy associated with the mass- 
weighted average velocity in the direction 
normal to the two surfaces is much smaller 

FIG. 4. Couette flow model for turbulent flow with 
mass addition at wall. 

than the enthalpy of the tluid at ~mc 
reference plane in the model. 

5. Fick’s Diffusion Law describes to pKJd 

approximation the diffusion of the :as 
added at the wall relative to the rest of ;hc 
mixture. 

6. Body force. Dufour. and Soret etfects arc 
negligible. 

7. The laminar Prandtl, Schmidt. and Lewis 
numbers, as well as the turbulent Prandtl, 
Schmidt, and Lewis numbers. are constants 
not equal to unity. 

8. The mixture density. mixture heat capacity. 
coolant heat capacity. laminar transport 
coefficients, and turbulent transport cocllio- 
icnts may be treated as constants. (Treating 
the mixture heat capacity as a constant. 
\\ith value fixed by the reference state. 
provides, in comparison II it-h the laminar- 
floe\ analysis of [13]. ii simplification 
tending to compensate for complications 
introduced by considerations of turbu1encc.j 

This simple model contains the most important 
physical features of a turbulent high-speed 
boundary layer involving mass, momentum and 
energy transfers with arbitrary latninar and 
turbulent Prandtl, Schmidt and Lc’wib numbers 
and with heat capacity of coolant differing from 
heat capacity of main-stream gas. 

Integrating the appropriate ordinary dilkr- 
ential equations describing conservations o! 
mass, momentum and energy. one obtains. 
after considerable algebraic manipulation (cf. 
Appendix). 
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1007 

1 

1 (21) 

J 

Equations (18) and (20) are modified Reynolds In an effort to determine how well these 
analogies relating, respectively, mass and mo- modified Reynolds analogies describe experi- 
mentum transfers and energy and momentum mental results, one might substitute 
transfers in turbulent flows; (21) is the corre- 
sponding expression for the temperature recovery 
factor. Equation (18) is essentially the same as 

1 + 0: $ F = exp [(pO)WSs/p*] = (exp BJ*) 

equation (38) of Rubesin and Pappas [25]. 
f * 

Although (20) and (21) are slight extensions of into (18) and (20) and rearrange to obtain 

(P&J 2 
c* _._I_ - - 

piiGc;b 
-__ c fo *- [l+(pv). 1 ‘.k ~- 

p*um c; I 
exp [B,: (1 - Sc*/Scl)] - I 

(P)w 2 

c;; = - 
___- 7 

c; 
[ 

1 + (pvc;), ~i,.;r,s:z? -__-__ 

qqc,* 1 exp [Bs* (1 - Pr*/Z%)] - 1. 

(22) 

(23) 

equations (53) and (55) of Rubesin and Pappas 
in that the turbulent Prandtl and Schmidt 
numbers are considered to be arbitrary constants 
not necessarily equal to each other or to unity, 
they differ chiefly from the corresponding 
equations of Rubesin and Pappas in that the 
specific heat of the mixture is constant with 
value fixed by the reference state. As a conse- 
quence of these differences, the similarity in (18) 
and (20) is greater than in (38) and (55) of [25]. 
It is believed that this greater similarity facili- 
tates the correlation of mass, energy and 
momentum transfers using the concept of a 
reference state. 

Values of friction coefficients might be computed 
substituting measured values of other para- 
meters into these two equations. (Since the 
blowing parameter, BT, is a function of the 
friction coefficient, C;, the computation of a 
friction coefficient from either of these equations 
might involve iterative procedures.) One might 
compare then these computed friction coefficients 
with measured friction coefficients. 

Such computations have been made using 
the heat-transfer data of Bartle and Leadon [ 19 ] 
for nitrogen injection into an air stream with 
free-stream Mach numbers of 2.0 and 3.2. 
Setting Prt = 1 and c;/c,* = 1, (23) becomes 
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.- 
5 

;. 3 

FIG. 5. Stanton number as function of blowing rate 
for two free-stream Mach numbers and four free- 
stream Reynolds numbers (fluid properties evaluated 

at free-stream temperature). 

0.3 I I I I 1 I I I 1 I I I 

0 I-O 2-O 3.0 44 5.0 m 7.0 eo 90 IO 0 , kc! I?..‘3 

c 
9 
+ 
* 

whereas, for C’ c,;, 
expression be:omes 

the reverence-temperature 

Figs. 5 and 6 illustrate the cftect of evaluating 
fluid properties at the reference ternperaturc: 
it is apparent that the large deviations from a 
common curve in Fig. 5 arc due mostly to 
temperature effects. The deviations from a 
common curve remaining still in Fig. 6 arc due 
mostly to Reynolds-number effects. Figs. 7 and 8 
compare, as functions of the blowing rates 77; 
and IIT, the skin-friction coefficients computed 
from the heat-transfer data using (24) and 
evaluating fluid properties at reference tempera- 
tures given by (25), with the constant-property 
skin-friction coefficients presented previously 
in Fig. 3. 

SEE FIGURE E FOR KEY 

BLOWING RATE, $!% X IO’ 
0 

FIG. 6. Stanton number as function of blowing rate for two free-stream Mach numbers and l’our free-strcaln 
Reynolds numbers (fluid properties evaluated at reference temperature) 



USE OF REFERENCE STATES IN PREDICTING TRANSPORT RATES 1009 

Fig. 7 is included since the abscissa BT is 
essentially the same abscissa as used successfully 
in the correlation of skin-friction coefficients 
for laminar flows with mass transfers (cf. Table 1) 
and since several authors (e.g. [26]) have 
suggested the use of this parameter for turbulent 
flows with mass transfers. The distinct variations 
from a common curve found in Fig. 7 are 
similar to the variations from a common curve 
found in the plot of Stanton-number ratio 
Ch/&, vs. blowing rate Bh presented by Bartle 
and Leadon ([19], Fig. 6). 

SEE FIGURE 8 FOR KEY 

+.a 
0 I I I +* I 

0 2 4 6 S IO 

BLOWING RATE, 

FIG. 7. Friction coefficient computed from high-speed 
heat-transfer data (using modified Reynolds analogy 
and reference temperature) compared with measured 
low-speed friction coefficient as function of blowing- 

rate parameter Bf*. 

The abscissa B,* used in Fig. 8 is motivated by 
the analysis of the present paper. Using this 
abscissa, both the measured low-speed skin- 
friction coefficients and the skin-friction coeffi- 
cients computed from high-speed heat-transfer 
data using the modified Reynolds analogy and 
the suggested reference-temperature expression 
appear to be on a common curve within the 
limits of experimental error. 

The empirical curve of Fig. 8 is compared in 
Fig. 9 with results of the theories of Rubesin [27] 
and Van Driest [28 1. It is seen that, although the 

results of Rubesin’s theory bracket the empirical 
curve, the theory predicts a significant depend- 
ence on Reynolds number which is not apparent 
in the available data. Results of Van Driest’s 
theory, on the other hand, indicate a weaker 
dependence on Reynolds number (in better 
qualitative agreement with the available data) 

FIG. 8. Friction coefficient computed from high-speed 
heat-transfer data (using modified Reynolds analogy 
and reference temperature) compared with measured 
low-speed friction coefficient as function of blowing- 

rate parameter Bs*. 

Re i IO’ (REFS.[+NL@]) 

EMPIRICAL CURVE (FIG. 61, 

I 

0 2 4 6 S 10 

SLOWING RATE, 

FIG. 9. Comparison of empirical friction-coefficient 
curve with results of theories for zero Mach number, 
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i EQUATION (26, 

0.2 

t 

SEE FIGURE 8 FOR KEY 

0 I I I I I I I / I 
0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 

BLOWING RATE, (I pr:i:j B,f 

FK:. IO. Comparison of measured recovery factors with predictions of simplified linearlrcd equation 

but do not predict skin-friction reductions as 
great as observed experimentally. 

The attempt to correlate values of the recovery 

dT 

kd,V ,( I 
= ( pr:c;;)I,: (7‘,, 7-r) (27) 

factor was less successful. The analytical result, used successfully (for the range of test conditions 
(21) is cumbersome; experimental results are investigated) by Bartle and Leadon [19], then, 
scarce. The current state of affairs is summarized setting Prt = 1, (20) may be rearranged into 

in Fig. 10, where data obtained by Bartle and 
Leadon [19] for free-stream Mach numbers of 
2.0 and 3.2 are compared with 

/A 

Y 
m 1 ; (I ~- Pr”) B:. (26) 

0 

[Equation (26) represents, to good approxima- 
tion, the equation obtained by setting Put = I 
and_c;/cz = 1 in (21), expanding in series and 
retammg only first-order terms in blowing rates.] 
The cause for the failure of the data to form a 
single curve is not known. 

If one wishes to use the effectiveness R = 
(T,,, T,J/(TrO T,) with temperature Tc defined 

by 

This equation is to be compared with the 
empirical equation 

presented by Bartle and Leadon. In a compartson 
of these two equations, one might predict. 
using (28), values of the effectiveness R for the 
test conditions of [ 191 and compare these 
predicted values with measured values. Such 
predictions are most valuable to a designer if 
they can be made knowing only the test con- 
ditions (including blowing rate) and zero- 
blowing values of transport parameters (includ- 
ing friction coefficient and recovery factor). 
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Hence, values of CT/CL, -rW/rg, and r*/r,*, 
required in evaluating (28), are to be predicted 
also. Although Fig. 8 is considered to be the best 
available correlation of friction coefficient with 
blowing rates, this figure cannot be used in the 
present calculation; most of the data used in 
preparing Fig. 8 are the same data with which 
results of the present calculation are to be 
compared. Therefore, although the procedure 
has been shown already to be inaccurate at high 
blowing rates (cf. Figs. 2 and 3) the ratios 
C,?/Ci, and ru./rs were approximated setting 

.J s Lfo 

In the absence of established empirical relations, 
(26) was used in the required prediction of 
r*Irj so that 

Finally substituting into (28) and setting $/c,* = 
1, the following expression, relating effectiveness 
with test conditions and zero-blowing values of 
transport parameters, was written : 

PREDICTING TRANSPORT RATES 1011 

blowing rates, of predicted values from the 
empirical (solid) curve are due mainly to the 
inaccuracy of 

The accuracy of future predictions of effective- 
ness R would be improved by replacing the 
exponential dependence of Cf*/CG on B: used 
in (28a) by the functional dependence indicated 
in Fig. 8. 

These results suggest, for the test conditions 
of [19], an approximate equivalence of (28), 
derived analytically here, and (29) derived 
empirically by Bartle and Leadon. An examina- 
tion of (28a) and (30) indicates, however, that 
the following three limitations might apply: 

1. As emphasized by Tewfik [29 1, for Tc near 
Tro, the value of R depends strongly upon 
the value of (T,, - T,)/(T, - Tw). Equation 
(30) indicates that a sufficient condition for 
weak dependence of R on these temperatures 
is given by 

1 
--- _____________~~___ 

I 
exp [(IV* - 1) B,:] - 1 1 

T,,-TTm -I 
- f (1 - Pr*) T--T Br 

ro w I 

(284 

Values of the blowing rate B,” and the 
coefficient CT were computed then 
simultaneously (CT/C;) = exp (- B,*) 

and 

friction 2. The apparent Mach-number independence 
solving of the blowing parameter 

(PV)w 1 .~ -_ 
(Pu>m cho 

using values of (pv),/(p~)~ and Cf, measured by 
Bartle and Leadon and values of T* computed 
using (25). Substituting these values of B,* and 
measured values of the remaining parameters 
(i.e. test conditions) into (28a) and evaluating 
all fluid properties at the reference temperature 
T*, the predicted values of effectiveness R plotted 
in Fig. 11 were computed. Deviations, at high 

observed by Bartle and Leadon can be 
explained now if one notes that 

(P&J (pv>u, Too ---_== - 
(pu)m p*um T* 

and that, to the extent that variations of 
heat capacities and Prandtl numbers with 
temperature may be neglected, 
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SEE FIGURE ” FOR KEY 

VALUES PREDICTED BY EQUATION (Ziio) 
rFOR TEST CONDITIONS OF REF.[ISJ 

FIG. I I. Values of effectiveness R as function of blowing-rate parameter Ah us prcdicled by modilicd Reynclid\ 
analogy for test conditions of [IUl. 

T, 
Cho - Cho (T:) : 

To 

_- Ch ,,( T*) 
-Re (T") li5 T, I 1 -~ 
Re ( f;) T,', 

so that 

;; :-- 1 -I- 
,! 

5(T~ ,-_F;; + ;; _ T 
*- I,’ r r’o nL 

) ;y 
=- c’::;. 

IlO 

For the test conditions of [19], this ratio 
is relatively insensitive to the value of the 
Mach number and it makes little difference 
whether one uses ( ,DZ))~J( pu)Kh 0 or (pc)),,I 

3 

/~*u~C;i, in the correlations. In general. if 
T*/T;: m 1. then (pc),,,/( pu), cho may be 
used whereas, if T*/Tz differs appreciably 
from unity, then fluid properties must bc 
evaluated at the reference temperature ‘P. 
The apparent Reynolds-number independ- 
ence of the correlation presented by Bartlc 
and Leadon can be explained also if one 
notes that 

For the test conditions of [19]. C, varied 
only about 20 per cent. In general, and as 
indicated by Bartle and Leadon in Fig. IO 
of [30 1, if CfTI varies significantly in a series 
of tests, then this variation will have to be 
considered in a correlation of the hcat- 
transfer data.? 

Additional experiments are required to establish 

.: The authors would like to acknowledge that com- 
outations suggested by E. R. Bartle led to the aforc- _- 
mentioned explanation of the apparent Reynolds-number 
independence of the correlation presented by Bartlc and 
Leadon. 
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in greater detail the conditions under which 
the concept of effectiveness is useful. 

The expression for reference temperatures 
used here, i.e. (25), was motivated by the 
expression for reference temperature obtained by 
Knuth [ I3 ] for laminar flows with mass transfer 
and by the observation of Eckert [5] that the 
same reference-temperature expression correlates 
both laminar and turbulent flows for the case 
of no mass transfer. In an alternative motivation, 
one might extend the observations by Rott [8] 
and Burggraf [9] that, for turbulent flows with- 
out mass transfer, the reference temperature and 
the temperature at the sublayer boundary are 
equal to good approximation. Beginning with 
(15), an expression for the temperature Ts at 
the sublayer boundary has been developed 
retaining terms up to and including linear terms 
in blowing rates. The difference between the 
temperature Ts predicted by this expression and 
the temperature T* predicted by (25) is so small 
that one is not able to decide in favor of one or 
the other of these equations on the basis of data 
available at present [31]. 

CONCLUSIONS 

From examinations of existing data and 
analyses for turbulent boundary-layer flows 
with mass additions at the wall, the following 
conclusions have been drawn: 

1. The present state of knowledge of turbulent 
flows with mass transfers is such that one 
would question the value of any reference- 
state expressions obtained examining only 
analytical results. 

2. Available data are inadequate to ascertain 
whether the reference-composition expres- 
sion developed for laminar flows with mass 
transfers is or is not applicable to turbulent 
flows with mass transfers. 

3. Available data are inadequate to ascertain 
validities of the suggested (a) modified 
Reynolds analogies relating mass-transfer 
rate with momentum-transfer rate, (b) modi-- 
fied Reynolds analogy relating heat-transfer 
rate with momentum-transfer rate for the 
case in which the heat capacity of the cool- 
ant differs from the heat capacity of the 
main-stream gas, and (c) dependence of 

recovery factor on fluid properties, blowing 
rate, and viscous stress. 

4. For the Mach-number range from 0 to 3, 
the reference-temperature expression devel- 
oped for laminar flows with mass transfers 
appears to be adequate for correlating 
available data for turbulent flows with mass 
transfers. 

5. Use of the modified Reynolds analogy and 
the proposed blowing-rate parameter 
appears to correlate satisfactorily the skin- 
friction and heat-transfer data for the case 
in which the properties of the coolant and 
main-stream gas are equal. 

6. Additional turbulent skin-friction data are 
required for the case in which properties 
of the coolant and the main-stream gas are 
equal and temperature gradients are negli- 
gible. These data are necessary to establish 
more firmly the “constant-property” curve 
which forms the heart of any attempt to 
predict transfer rates using reference states. 

7. Reliable and complete data for skin-friction 
are required for the case of injection of a 
foreign gas into a high-speed gas stream. 
Wide ranges of Mach numbers, Reynolds 
numbers and blowing rates are desirable; 
temperatures and concentrations must be 
known at the wall as well as at the outer 
edge of the boundary layer. These data 
would be useful in establishing whether or 
not the reference-state expressions devel- 
oped for laminar flows with mass transfers 
are or are not applicable to turbulent flows 
with mass transfers over wide ranges of 
flow conditions.1 

8. Reliable and complete data for heat transfer 
are required for the case of injection of a 
foreign gas. Since these data would be used 
primarily to ascertain validities of the 
suggested (a) modified Reynolds analogy 
relating heat-transfer rates with momentum- 
transfer rate for the case in which the heat 
capacity of the coolant differs from the heat 
capacity of the main-stream gas and (b) 
dependence of recovery factor on fluid 
properties, blowing rate, and viscous stress, 

t A program to obtain such data is being undertaken 
presently by H. Dershin at General Dynamics, Pomona. 
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it follows that wide ranges of fluid pro- 
perties, Reynolds number, and blowing rate 
are more important than is a wide range of 
Mach number. Temperatures and con- 
centrations must be known at the wall as 
well as at the outer edge of the boundary 
layer. 

9. Reliable and complete data for mass trans- 
fer are required for a wide range of fluid 
properties, blowing rate, and Reynolds 
number; temperatures and concentrations 
must be known at the wall as well as at the 
outer edge of the boundary layer. Although 
the required measurements would be in- 
cluded already in either of the experimental 
programs mentioned in Conclusions 7 and 
8, one should not rule out the possibility of 
making these measurements independently 
of skin-friction or heat-transfer measure- 
ments. 

Finally, the authors would appreciate the calling 
of their attentions to any data unknown to them 
at the present time and falling into one of the 
categories mentioned in Conclusions 6-9. 
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APPENDIX 

For the turbulent Couette-flow model 
described in the section titled Mass and Energy 
Transfers (Modified Reynolds Analogies), con- 
servations of mass, momentum and energy in 
the laminar sublayer are described by the 
ordinary differential equations 

dcc 
(P)W = - p*D* dv + bu)wcc 01) 

Tw = p* g - (pv)w u 

p;t! _k”!!K+p*L I 4u2/2) 
u: dy 

(12) 

- (p& (hc + ; - h:). (13) 

Eliminate the differential dy from (11) and (12) 

d In (1 - cc) ~- zzz SC* 
d ln ~~~ + (p&u1 

which may be integrated from the stationary 
wall to the sublayer boundary with the result 

(14) 

This relation is to be combined later with a 
similar expression for the turbulent portion of 
the model in order to obtain the desired modified 
Reynolds analogy relating mass and momentum 
transfer. 

Usingtheintegratingfactorexp [-- (pz~)~~c;y/k*]. 
Equation (13) may be written 

-I- k” exp [(Pu)~ c;y/k*]$ 

Since 

CT - Td exp [- (P& c;ylk*l. 

d(u2/2) y* ~_ 
dy 

(pv)W “2” = 3% 
w 

x (exp PWzc~h*l - 11 

the energy equation may be written 

dT 

k*G W 2(pv>w 
= -72 texp [2(p~)~y/p*] - I } 

+ k* e& b&c;ylk*l $ 
CT - Tw) exp [- (puhoc;y;k*] 

Multiplying by exp [- (pu)wc;y/k*] and inte- 
grating from the stationary wall to the sublayer 

to obtain boundary 

k* (T, - T,) exp [-- (pu),c;S,/k*)] = - k* g {exp [- (p>&%/k*l - 11 

- 3_. exp (12 (P~GWP*I - K~h@&*l~ - 1 exp [- (p&$&/k*] - I 

2( P”)w 2(PV)w (P&c; 
+ .~~~ ~(pv>wc~~~~- .~ 

CL* k* k” I 
H.M.-3T 
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which may be rearranged into 

Combining with the similar expression for momentum transfer. r.e, with (7,~~~J, 1 
exp ](pv),&/~*] one obtains 

This relation is to be combined later with a 
similar expression for the turbulent portion of 
the model in order to obtain the desired modified 
Reynolds analogy relating energy and momentum 
transfer. 

Using turbulent Schmidt and Prandtl numbers 
in place of laminar Schmidt and Prandtl numbers, 
one obtains for the turbulent portion of the 
model the analogous relations 

15) 

or, using familiar dimensionless parameters, 
equation (1X) of the text. In order to place the 
relations for energy and momentum transfer 
in similar form, both the temperature T, and the 
temperature gradient (dT/dy)l, must be elimin- 
ated from (15) and (17). The third equation 
required to implement these eliminations is 
obtained by evaluating (I?) at the sublayer 
boundary to obtain 

Eliminating now T, 
(17), and (19) one 

(c,>p’c,,*j i’i momentum transfer 
(17) 

i 

Equations (16) and (17) are to be combined with 
(14) and (15) in order to obtain the desired 
modified Reynolds analogies. 

Eliminating the coolant concentration c: at 
the sublayer boundary from (14) and ( 16) one 
realizes for mass and momentum transfer 

(19) 

and (d7‘/d_p)js from ( 15) 
realizes for energy and 

1 -t 

or, using familiar dimensionless parameters, 
equation (20) of the text, with the temperature 
recovery factor r* given by (21) of the text, 
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R&urn&On prCsente dans cet article une m&hode d’dvaluation des taux de transport d’energie, de 
quantite de mouvement et de masse dans les 6coulements turbulents. Elle comprend: (a) une corrkla- 
tion semi-empirique du coefficient de frottement relative g l’injection de l’air dans un courant d’air & 
basse vitesse (elle fournit la courbe de “propriCt6 constante” & la base de tout essai de dktermination des 
taux de transport utilisant des Btats de rbfbrence); (b) des analogies de Reynolds modifiCes reliant les 
coefficients de transport d’knergie et de masse avec le coefficient de frottement; (c) des expressions 
de la temperature de rkf&ence (ou enthalpie) et la composition de rtfkrence. Le paramktre du taux de 
souflage utilise dans la corr&lation du coefficient de frottement diffkre des suggestions des autres 
auteurs basks sur les thCories de sous-couches, principalement en ce qu’ils utilisent la moyenne 
gCom&rique du facteur de frottement avec et sans soufflage. Les analgoies modifiees de Reynolds 
diffkrent des analogies de Rubesin et Pappas principalement du fait que la chaleur sptcifique du 
mCIange est constante, sa valeur &ant fix& par l’&at de r&f&ence. Comme pour des 6coulements 
sans apport de masse B la paroi, I’expression de la temptrature de rtfkrence utilisee pour des Ccoule- 
ments laminaires reprksentent bien les rCsultats pour les 6coulements turbulents. Pour traduire les 
don&es concernant les 6coulements turbulents avec apport de masse il est conseill6 d’essayer d’utiliser 
les expressions d’Ctat de rCf&ence proposCes par Knuth pour les Bcoulements laminaires avec injection 
de masse. 

Puisqu’il n’ya actuellement aucune don&es concernant des mesures dependant de la concentration 
du gaz inject& en surface, il n’est pas encore possible de verifier l’analogie de Reynolds reliant le 
transport de masse et de quantite de mouvement et d’utiliser l’expression de concentration rkfkrence. 

Les don&es limites valables indiquent que: (a) pour des nombres de Mach superieurs g 3, I’ex- 
pression de tempkrature r6fkrence d&eloppte ‘our les Bcoulements laminaires avec transport de 
masse semble verifier d’une faGon satisfaisante les donnees relatives aux 6coulements turbulents avec 
transport de masse, et (b) l’utilisation de l’analogie de Reynolds modif& et le parametre de soufflage 
proposes semble relier convenablement le coefficient de frottement et les donnees de transmission 
de chaleur dans le cas oti la capacitC thermique du refroidisseur et du fluide principal sont tgales. On met 

en Cvidence la n6cessit6 de rkunir des don&es plus nombreuses et plus pr6cises. 

Zusammenfassung-Nach einer hier angegebenen Methode lassen sich Staff-, Impuls- und Energie- 
austauschrate in turbulenten Stramungen ermitteln unter Beriicksichtigung von (a) einer halb- 
empirischen Beziehung fiir den Reibungskoeffizienten fi.ir Lufteinblasung in einen Luftstrom geringer 
Geschwivdlgkeit (urn “konstante Eigenschaften” zu gewlhrleisten, die als Grundlage jedes Versuchs 
gelten, Ubergangsraten mit Hilfe von Bezugszustlnden zu ermitteln); (b) modifizierten Reynolds- 
analogien, die Stoff- und Energieaustauschkoeffizienten mit dem Reibungskoeffizienten verbinden, 
und (c) Ausdriicken fiir die Bezugstemperatur (oder Enthalpie) und Bezugszusammensetzung. Der 
Parameter der fiir die Beziehung mit dem Reibungskoeffizienten verwendeten Einblasrate unter- 
scheidet sich von Vorschlagen friiherer Forscher, die vorwiegend Unterschichttheorien zugrundelegten 
darin, dass der geometrische Mittelwert des Reibungsfaktors mit Einblasung und jenes ohne Ein- 
blasung verwendet wurde. Die modifizierten Reynoldsanalogien unterscheiden sich von den Analogien 
von Rubesin und Pappas haupts%chlich in der Konstanz der spezifischen W&me der Mischung mit 
einem vom Bezugszustand festgelegten Wert. Da fi.ir StrGmungen ohne Stoffzugabe an der Wand der 
fiir LaminarstrGmung verwendete Ausdruck der Bezugstemperatur die Ergebnisse fiir turbulente 
Striimung gut korreliert, empfiehlt es sich, Werte fiir turbulenten Strom mit Stoffzusatz zu korrelieren 
durch Verwendung der von Knuth entwickelten Ausdriicke fiir den Bezugszustand for laminare 
StrGmung mit Stoffzusatz. 

Da keine zuverltissigen Messungen fiir Fremdgaskonzentrationen an der Oberfllche verfiigbar sind 
ist gegenwlrtig die Verifikation der modifizierten Reynoldsanalogie, die Staff- und Impulsaustausch 
verbindet und der Verwendbarkeit eines Ausdruckes fiir die Bezugskonzentration nicht miiglich. 
Die beschrlnkt verfiigbaren Daten lassen erkennen, (a) dass fiir Machzahlen bis 3 der fiir laminare 
StrGmung mit Stoffaustausch gewonnene Ausdruck fiir die Bezugstemperaturen die Daten fur turbu- 
lente Strbmung mit Stoffzugabe zufriedenstellend zu korrelieren scheint und (b) bei Verwendung 
der modifizierten Reynoldsanalogie und des vorgeschlagenen Parameters ftir die Einblasrate die 
Oberflichenreibung und die Wlrmeiibergangsdaten im Fall gleicher Wtirmekapazitlt des Kiihlmittels 
und des striimenden Gases zufriedenstellend zu korrelieren sind. Der Bedarf nach umfassenderen und 

genaueren Daten wird betont. 

AmroTaqnX- BanaraeTcn MeTon oupeAenem4fi cHopocTeii nepeuoca ;2laccb1, ~~nyj~bca 5~ 
3JIeprlla npIz TYP6JXeHTHOM TeYeIIllH. MeTog RKmO’laeT B ce6n : 

(a) nonya~rnnp~qec~oe COOTHOILIeHHe AmI Hoa$l@npreHTa TpeHGiFI npll nnyse nosnyxa R 
RoWJ’IIIHb1i-i IIOTOK MaJIOZi CHOPOCTH (“p&I JWnOBlUi, YTO IIpll IIOCTpOeHEIEi WPHBOti IIOC','OflHHhIX 

CHOfiCTB)), HeO6XOJWfOti HJrH OIIpeZeJIeHMH CIFOPOCTH IIepeHOCa, JUXIOJIbRVH)TCR xapaKTepm,re 
COCTOFIHHR), 
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