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The proposed method of analyzing physical phenomena is based on
the fact that more approximate models can be used if the relative
instead of the absolute quantities characterizing a process are deter-
mined. The method is exemplified in the solution of a number of
thermophysical problems concerned with the effect of injection and
suction on heat transfer in a gas stream, the relation between critical
heat load and contact angle, etc,

The investigator of any physical process is usually
faced with three problems: analysis of the physical
nature of the phenomenon, construction of a model of
the process, and mathematical description of the
model in the simplest and most convenient form.

Sufficient information for solving the first two
problems is not always available (for example, turbu-
lent boundary layer, boiling processes, etc.), while
an exact physical formulation often makes the solution
very complicated (for example, various types of laminar
flows, etc.).

These difficulties can be overcome by using a me-
thod that I have called the method of relative corre-
spondence.

It is based on the following postulate: in determin~
ing the relative quantities characterizing the deviation
of the parameters in two physically similar phenomena
it is possible to use much more approximate models
of the process than in determining the absolute quanti-
ties with the same degree of accuracy.
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Fig. 1. Effect of injection and
suction on the heat transfer of
blunt bodies according to the
proposed method (solid curve)
and the data of [1] (points).

Let us assume that we areinterestedin somequant-
ity Sthat depends on a series of parameters

). (1)

Its value at certain fixed values of the arguments is
known from theory or experiment

B=Ff y 2 ...

3
ﬁO = f(xo, yO! Zo,..-)- (2)
It is asserted that if instead of 8, E = B/B, is de-
termined with the same accuracy a more approxi-
mate model can be used.
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Fig. 2. Diagram illustrating the development
of the film boiling regime.
Assume that this model leads to the relation
=, Y 2, ...) (3)

which differs from the true relation (1).
The series expansion of (1) and (8) intheneighbor-

hood of (xy, ¥, Zg, . ..) gives
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It holds trivially for both absolute and relative
quantities that the results will be the more accurate,
the closer the model to reality and the less x, y, ...
differ from xp, yg, ».. .

We note a certain advantage of relative over abso-
lute quantities: for arbitrary Ax, Ay, ... an exact
result will be obtained not only when the model and
the actual process completely correspond but also
when the investigated quantities are proportional,
which immediately suggests a greater possibility of
arbitrariness in constructing the model.

The above argument, of course, cannot be con-
sidered exhaustive, so that we will regard the start-
ing proposition as a postulate whose validity must be
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demonstrated by its successful application to specific
problems.

If it is valid, in analyzing 3, the characteristic of
a new phenomenon, we take 3, already known from
theory or experiment and fairly close to the studied
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Fig. 3. Critical heat load as a function of contact
angle according to the proposed method and the
experimental data of [5]: 1) experiment [5];

2) Eq. (8).

quantity, and create a model which, generally speak-
ing, may be very approximate. Applying it to the old
and new variants, we find ,E * and then 8 = B; B*. Thus,
the proposed method may also be regarded as a meth-
od of extrapolating existing data.

I have used this method frequently and, generally,
with positive results, with the range of variation of
AX, Ay, ..., within which sufficient accuracy is en-
sured, often proving very great. '

A number of examples illustrating various aspects
of the method and with a certain independent interest
follow.

§1. Effect of injection and suction on heat transfer
in the neighborhood of the forward stagnation point of
a blunt body in an incompressible fluid flow. This
problem has an exact solution (see, for example, [1]).
The corresponding nonlinear differential equation is
solved by a rather laborious method using a computer.
The final resultis giveninthe form of tables or graphs,
which is not very convenient for analytical use. This
difficulty may be overcome by means of the proposed
method.

Consider a fairly small portion of the flow includ-
ing the plane or axis of symmetry (x); this portion
of the flow impinges on the body through whose sur-
face the liquid is supplied or removed. The change
in velocity over this portion of the flow up to the wall
itself is assumed to correspond to potential flow,
which, generally speaking, is incorrect. Then for the
injection or suction of a homogeneous fluid the energy
equation and boundary conditions take the form [2]

ET _pey T _o (5)
dx? dx
at
¥=0T=0,x=—ow T=1,
where
- X = T —T,
X = ; N T= Tw—Tw )
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u u.r
, Pe=—2
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®

u =

(standard notation).

Injection and suction change the boundary con-
ditions for u, and affect the character of the potential
flow. The latter can be accounted for easily, although
it was shown [2] that at sufficiently large Pe and small
b = Gy/(du/dX)y, it can be neglected (the subscript 0
corresponds to an impermeable wall).

Solving Eq. (5) for the case of a porous and an
impermeable surface, with a sufficient degree of ac-
curacy we obtain [2]

o _ a I
T, {eXp( 5 )[l—l—tb(a)]I , (6)

where a = ~p Uy (Pe/(—du/dx yw,) 1/2 ig the injection
parameter, and ® is a tabulated error function.

In order to compare (6) with exact solution we can
use the data of [1] for Pr = 0.7 (Fig. 1).

The agreement is excellent over a very broadrange
of variation of the injection parameter (including both
positive and negative values).

It is interesting to note that an equally simple ex-
pression is obtained for the case of injection of a dif-
ferent fluid forming a sharp interface with the main
stream [2].

This is an example of successful application of the
method of relative correspondence for the purpose of
overcoming mathematical difficulties.

The following examples relate to cases where the
physical nature of the phenomenon is not sufficiently
clear.

§2. Dependence of critical heat flux on contact
angle. The transition from nucleate to film boiling is
a very complex phenomenon, as may be judged from
motion-picture records of the process [3].

We will use a simplified model making the follow-
ing very approximate assumptions:

1) the vapor bubbles formed at the heat transfer
surface are spherical, uniform in size, and located
at the corners of a square net;

2) the transition from nucleate to film boiling re-
sults from the merging of neighboring bubbles and
begins at the moment they touch;

3) the effect of the contact angle 6 (see Fig. 2) on
the heat flux is associated with the different degree
of blocking of the surface by the vapor phase, where
the heat flux is much less than at points bathed by
the liquid.

The macroscopic contact angle 0 depends on the
nature of the liquid and on the material and state of
the surface.

From simple geometric considerations we obtain

i4
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where the subscripts f, s, and 0 relate to the liquid,
the vapor, and @ = 0, respectively.

At low pressures qg < qg. Moreover, we assume
that the heat flow to the liquid phase does not depend
on the contact angle. Then (7) simplifies to

7=1 ——T;—sinze. (8)

Our relations are compared with the experimental
data of [5] for water at p = 1 atm abs and gq; = 180 -
- 10 w/m?.

Figure 3 shows the results, which allowing for

the scatter of the experimental data, agree satisfactor-

ily.
Equation (7) predicts a decrease in the influence

of the contact angle on critical heat flux with increase
in pressure; however, no experimental data are avail-

able for verifying this trend.

§3, Turbulent heat and mass transfer on a plate
with suction (injection). We consider a porous plate
with a turbulent boundary layer through whose sur-
face a gas, generally different from the main-stream
gas, is sucked or blown. The resulting mixture is as-
sumed binary. Only concentration diffusion is taken
into account, and Pr = Le = 1 is assumed over the
entire thickness of the layer.

In this case the profiles of velocity, stagnation
enthalpy, and weight fraction of the component intro-
duced are similar, and, moreover, Nu/Nuy, = Cf’/cfo’
where the subscript 0 refers to an impermeable sur-
face [6].

Qur initial, very approximate assumptions con-
cerning the nature of the distribution of shear stress
and mixing length over the thickness of the layer are
taken from [7]. Strictly speaking, they are valid only
near the surface

du

Ty = pl? (—d;)z — (V) H, I=ny. 9)

Moreover, we assume that the thickness of the
laminar sublayer is given by

wy/u* = v, (10)

where u* = ((T/p)w)l/z; the subscript 1 refers to the
boundary of the sublayer, and a = pu;6,/u.

Relation (6) is selected so that, as (pv)y — 0, o —
—ay, and & shows a gualitatively correct dependence
on the mode of coolant supply, i.e., decreases for
injection and increases for suction.

With these assumptions we determine the velocity

profile
n (zp,wu_> -
Bow
*
=nF4+in!22% 1n 1+Mfz”, (11)
(0 V)w Py u*
where

! 1

(L)z[u*“r (pz)qu ?

Using the momentum equation and assuming that
for a plate

X

ox
5. ey = 12,
n

1]

where n = 0.8, we obtain after certain transforma-
tions the following expression for the relative coef-
ficient of friction

Cy w
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where, for brevity, we have used the following nota-
tion
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where m is the molecular weight, and the subscripts
a and b refer to gases supplied through the pores and
the free stream, respectively.

The coolant concentration near the wall is deter-
mined from

1o\
2w=1 ———_j—— .
(-

The viscosity of the mixture can be obtained using

[8l.



To avoid solving Eq. (8) by the laborious method
of successive approximations with numerical integra-

Nu, &
Nuy' Cr
2
Q dmm—— f
I ¢ — 2
5 A3 A
o 4
10
v—23
0\,
: o
.. 6
‘§§ e
4 7 .ﬁ&
45~ -5 4 o5 / 15 wWice,

Fig. 4. Heat transfer and friction in a porous
plate as a function of the injection parameter
according to the proposed method and the ex-
perimental data presented in [7] and [9]: 1) air,
cf (71; 2) air, « [7]; 3) air [9]; 4) helium [9];

5) freon [9]; 6) freon; 7) air; 8) helium (theory).

tion, it is proposed the use of an approximate method
under the following assumptions.
At low injection or suction rates

- 2 1 — 2 1
1n(1+aw'l/—,_—) zawl/j—i.
’ % P ’ % Py

Notice that in this case Cf/ Cy, ceases to depend on
Gpe.

We integrate (13) by parts obtaining a rapidly con-
verging series, such that

X exp 11(])} ,

where the unity in the braces can be neglected.
Introducing the new notation

1

— E_ Cf . - 7
K= ;11(1){?;[1 zw(l-cp)]} ,  (14)

NEIH [11(1)12 —‘ (E()_ 2 p‘wn %
I—2,(0—¢)\E|

{I—i—?nﬂ)]/ [—z,
N R S —
1

1_‘ T =

l/ zw(l m)

Eq. (12) is reduced to
2InK -+ K =N, {16)

} +% I0(1), (15)
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which in the range of N values of practical importance
can be approximated by the linear expression

K, =mN + n, (17)

where at 1 =N = 14.6, 14.6 = N = 26.0, 26,0 = N =
= 100 the constants m, and n,, respectively, take the
values 0.661, 0.339, 0.879 and —2.84, 0.958, —4.92.

For a more exact determination of K the following
approximation can be used

dK
= —(N, —N) — =

K=K, —(N, )dN

N, —N

= 1—2f¢ ,

K‘( Kr+2)

where Ny is determined from Eq. (16) after sub-
stituting K.

Knowing X, we find c¢,/c, from Eq. (14). The
integrals I;{1) and I{1) can easily be tabulated if it
is assumed that

. —/ 1
1—z,(1 —-u)(l— —_—
m
1—2,(1—u)(1—c,)

~a-+(l éa)_zz,

where @ = [1 - zy (1 — (1/R)] [1 - 7, (1 = Cp)I™Y,
which ensures coincidence of the exact and approxi-
mate values of the function at the extremes of the
intervalu=0and u= 1.

These integrals were tabulated [6] for all possible
flow regimes and injection parameters.

The results obtained were compared with the ex-
perimental data on the suction and injection of air,
helium, and freon obtained by Mickley et al. [7] and
Pappas and Okuna [9]. :

Figure 4 shows the experimental and calculated
data. For M, ® 0 and M, =0.7 the agreement is
satisfactory while for M, & 3 the experimental points
lie somewhat higher than the theoretical curves [6].

§4. Law of friction and heat transfer for a turbu~
lent boundary layer. In the previous section we found
relative values of the coefficients of friction and heat
transfer for injection and suction.

Let us attempt to solve the problem for a more
general case using even more approximate assump-
tions. As before, we compare the‘regime of interest
with a characteristic regime (subscript 0), whose
properties are assumed known.

We assume that there is no laminar sublayer and
that the function ! = iy) is universal. Using the usual
expressions for the shear stress in the layer

and applying it to the analyzed and characteristic re-
gimes, we obtain

o =_§~i(%)2LL (dﬁ/"y_)]z (18)
o 8 I (d;/d!ﬁo ’

where p = p/pew, T = 7Ty U =1/l ¥ =y/6.
If the thicknesses of the dynamic boundary layer
are the same, then
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0= (c,) P Ty [ du/dy ]2
t, fo T L (dudy),
Integration of this equation over the thickness of the
boundary layer gives

q;.,(“/ Todu). (19)

|
Applying similar reasoning tothe thermal boundary
layer, we obtain the law of heat transfer

"=(3), = Ul/ o "Cc Lal. o

where we have used the following additional notation:
ép = Cp/Cpco, 4 = ¢/qw, and §; is the thickness of
the thermal boundary layer.

These laws of friction and heat transfer may be
regarded as an extension to the case of an arbitrary
characteristic regime of the analogous relations ob-
tained in {10]. The only difference is that in [10] it is
arbitrarily assumed that these laws must be satisfied
at identical Reynolds numbers with the momentum or
energy thickness as the characteristic dimension.

The authors assumed that obtaining such laws is a
consequence of the special properties of the turbulent
boundary layer as Re — «,

7

However, since in this case the absolute values of
the friction and heat transfer tend to zero, they were
obliged to use relative quantities. From our stand-
point, it may have been precisely this that ensured
the success convincingly demonstrated by the authors
for various turbulent boundary layer flow regimes.
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