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APPLICATION OF THE THEORY OF SIMILARITY TO
TO THE EXPERIMENTAL INVESTIGATION OF THE
WORK REGIMES OF GAS TURBINES

G. E. Kalinin

Similarity conditlons of gas turblnes are examined;
similarity criteria for their work regimes on dif-
ferent working substances are proposed,

At present the theory of simllarity ls rightly winning a larger
and larger place in the investigation of turbline engines as the sci-
entific basls of the organlization of the experilment, Based on the
theory of simllarity, criterion relatlons have been worked out for
generalizing the results of tests and extending these results to
turbine work-regimes not experimentally verilfied,

In some cases, however, when determining the 1indices of turbine
performance 1n accordance with the results of testing 1t on a working
substance different from the natural one, the theory of similarity
cannot be used for 1investigatling the turbines because of the lack of
crliterlon equations for simulation on various worklng substances, This
last 1s connected with the fact that of five criterla of simllarity
at present established and determining the turblne work-regime only
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two may be used for the graphic representation of characteristic tur-
bines, The remalning three, namely, the criteria of Reynolds (Re)
and Prandtl (Pr) and the index of the adlabatic curve (k) must be
the same 1n nature and 1n the model; but i1f any one of them differs,
the independence in practice of the examined process from that criterion
must be demonstrated, Values determining the physlcal properties of
the working substance (viscosity, heat conductivity, compressibility)
enter the criteria Re, Pr, and k. Consequently the demand for equality
between the criterla Re, Pr, and k In nature and in the model means
that the turblnes, to which are applied the methods, based on the
theory of simllarity, of generalizlng and extending the experimental
data, must work on the same working substances. In addition, that
means that the temperature and pressure of the working substance must
be close in nature and in the model, since the physical properties of
a gas change wlth a change in thermal parameters., For simulation onu
various working substances it must be possible to take Re # idem, pr #
# 1dem, k# idem, 1l.e., assume the independence of the process from
these crilterla,

If 1n fact the process 1s not related to any criterion it 1s
called auto~simulating wlth respect to thils criterion., At present
it has been ascertalned that when Pr 2 3 « 10% to 7 « 10° the process
in the turbine may be consldered auto-simulating with respect to the
Reynolds number [1]. There are methods of accounting for the influence
of the Re numbers on the characteristics of the turbine when Re < 3+ 10°,
In cases met in practice the flow of gas in the flow-through part of
turbine, expressed in the criteria used at present, cannot be con-
gldered auto-simulating also wlth respect to k. A change in the mag-

nitude of‘g exerts an influence on the characteristics of the turbine
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in all regimes, The matter of simulation when k #idem, notwithstanding
research done in thls area, 1s not resolved and 1s an obstacle to
simulation on various working substance,

In approachlng the solutlon of this problem it is advisable at
first to examlne the conditlons of similarity of work regimes of gas-
turbine engines, The followlng may be referred to the equation defin-
Ing the work of the gas in the turbine: gas-dynamlc equations for
compressible, viscous, and heat-conductive liquids [2]; energy and
discontinulty equatlons connectlng the parameters of the gas on enter-
Ing and leaving the turblne with the useful work taken off the turbine
rotor,

The gas~dynamlcs equatlons:

Y d%

dc de 2 d¢
X 0 YR T
g 0x9+()x [ (0xﬁ ox, 3 dx¢>]+
ac,
Y 0%,
+0xp< dx) g oxy’

a , N 4,
dx T ox, =0;

c? 0 oT acg
d’: +2g+ ) ox, ]}' ox, +c [P‘<¢T¥_+
2 0¢, Py 1 8%,
+0,\5 3 0x>+ dx }+()r+g oz’
pU-——'-RT,

the energy and discontinuity equations:

.. c,, 02
Le—"'}i‘ (‘o z) + 2g Qg

YO 0 ()a_YI 2a’

where ¢ is the absolute veloclty of the gas (the index a deslgnates the
component of velocity parallel to the axis of the turbine); vy) specific
weight; g) acceleration of the force of gravity; g) time; p) first
coefficlent of viscosity, taking displacement deformations into account;

;) second coefficlent of viscoslity, taking expansion deformations into
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account; ¥) potential of the force field; p) pressure; v) specific
volume; R) gas constant; T) absolute temperature; Le) work at the rotor
axle; A) heat-equivalent of the physical work; 1) heat content; F)
area of a cross sectlon; XB’ Xy xa) coordinates of a point in space
(three-dimensional space 1s under consilderation, therefore B, v, and
a pass through the values 1, 2, and 3; corresponding to this the
subscripts B, v, a with vectors will assume the values 1, 2, and 3).

Instead of the energy equation the following equation may also
be used:

A.T5N,=1,,G (i — i, )»

where Ni) internal power of the turbine; @) consumption of gas; noi)
internal efficlency of the turbine; 1,) full heat content of the gas
before the turblne; 1;) heat content at the end of lsentropic expansion.

The followlng may be referred to single-valued conditions of the
process in the turbine (a turbine work~regime which has establlshed
itself is under conslderation, 1.e,, a process without initial con-
ditions): physical magnitudes characterizing the working substance,
pressure and temperature of the working substance entering the turbine
and pressure on leaving the turbine, the geometrical dimensions of the
flow~through part of the turbine, the angles of entry of the stream
into the vanes of the runner of the turbine (the angles between the
vector of relative stream veloclty in front of the runner and the
vector of the circumferentlal veloclty of the working wheel),

As a result of investigating the invarilance to similar trans-
formations of the enumerated equations, of examining the conditions
of uniqueness, of using the method of substitution in forming ecriteria,
and of excluding constant criteria, we maynote the following criteria
determining the work regime (when auto-simulation with respect to Re
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and Pr 1s assumed):

u? ut  p, k 1

wgRT, BT, po" F—1° ()
where u is the clrcumferentlal veloclty; and the ascertalnable criteria
are

A75Ni<
G,

g;—). 14 ete.

In the quoted system the criterion Eé&' does not dilffer in prin-
clpal from the exlsting criterion k = ldem, but 1t reflects the latterts
physical significance more closely., It, like the criterion k=idem,
demands equallty in the values of the index of the adlabatlc curve
k 1n nature and in the model,

In solving the simulation problem when k # idem 1t is natural to
turn to the method of approximate simulation. This method recommends
excluding from the oriterion relation a criterion of little effect
and, by means of a practlcal check, confirming the sultability of the
thus abbreviated criterla. However, the criterion'Egr in the system
of defining criteria (1) is not of little influence, Simple exclusion
of 1t from the standard relatlions

=i (2 s )

AT5N, (4 k
Gi,  \p’ RRT,’ k—'l)

i

{ (2)
!

leads to substantlal errors,

It would seem lmpossible to use the method of approximate simula-
tion., The situation changes, however, 1f we prepare the criterional
relation in advance, which we shall call generalization of the criteria.
This preparation can be done based on the productlon of criteria or

the quotlent of theilr divislon also belng a criterion. Then the

criterla which it 1s proposed to use for approximate simulation prove
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capable of union with the excluded criterion, in our case with the
criterion.E%T. The union must be carrled out taking into considera-
tion the influence of the individual criterla and vnlue complexes on
the relation to be elaborated, and also observing the rules for their
transformation,

The most successful result of uslng the method of generallzing
the criteria to the relatlons (2) is obtained with the criterion

~Gis In thils case the value of 1lg = E;I'ARTO is proportional to

the criterion ng . Using the method of generallzing the crilteria to

the criterion A'75N:L, we obtain
O
A-T5N, kAN, ATEN,
"E—1TGART, ~ GRT, ®

3
Gz ART,
the value of which does not depend on the value of k.

In conformity with the principle of the theory of similarity and

dimensionality the number of criteria after transformation must not
A - 75N
i

Gla
E%I also enters the standard equation, Consequently the standard

change. Therefore together wlith the generalized criterion

L

equatlion will have the form:
A-T5N, Pt &
GRT, ==i<ﬁ;' kR, F:TJ' (3)

The adaptablllty of the relatlonshlp

e =i(%. ww) (4)

for simulating turbine work-regimes on different working substances
was confirmed in particular by treating the experimental data in the

criteria of (4) on tests of an axlal single-stage turbine in air
(k = 1.12), €Oz (k = 1.27), and CCl¢ (k = 1.12) cited in a certain
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work [3]. We should note that CO; and CCl, in the tests had a certaln
admixture of air, The treatment showed that the turbine character-
isties in the criterila of similarity in (4), referring to the turbine
work-regimes on varlous working substances wlth differing values of
the index of the adlabatic curve, coalesce practlically completely

when the two determining criterla u2/kRTq and pp/po are equal (Fig. 1).
Contrariwise, treating the experimental data of the tests of the same

turbine 1n alr and in COz in the criteris
g P2 4 R
71(;" b i })—0 ] m) >

A ( o
ke = ’ ﬁ‘ﬁ)
G Ty ART, P’ KRT,

ete. glves a 10-15% divergence in characteristics (Figs. 2, 3). The
graphs confirm the adaptabllity of the standard relationship in (4)
for simulation when k#idem.,

Thus the criterion relation in (4) may be recommended for use in
simulating work reglmes of turblne englnes on different worklng sub-~
stances with differing values of the Index of the adlabatlic curve,
Representing the turbine characterilistlics in the criteria of simllarity
in (4) enables us, from the results of testing the turbine for one of
the assimilated composlitions of the working substance, to determine
the Indices of 1lts work In varlous set-ups wlth arbitrarlly assligned
composition for the worklng substance (e.g., when investigating the
effect of water injectlon in the gas tract of gas-turblne units on
the power of the turbine, when developing atomlc gas-turbine trans-
portation units, etec.), which essentially simplifies a number of

investigations of power units with turbine engines.
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METHODS AND CERTAIN RESULTS OF THE MEASUREMENT
OF THE CRITICAL LOAD DURING THE TRANSITION
FROM FIIM TO BUBBLE BOILING

prof. B. S. Petukhov, Doctor of Technical Sciences,
and S. A, Kovalev, Engilneer

Moscow Institute of Power Englneering

The measurement of the second critical loads
during the bolling of a llquid 1s considered, the
results of an experimental study are presented,
and a method of calculating the stabllity of the
£ilm and bubble regimes of bolling 1s proposed.

In present-day steam generators and atomlc reactors, which oper-
ate at high thermal loads, operating regimes accompanled by film
bolllng are posslible. An exact knowledge 1s needed of the so-called
critical heat loads, at which a change occurs in the bolling regime
of a liquid on the heating surface, in order to achleve stable cpera-
tion of the heating surface within given temperature limits,

The many investigations conducted both 1n the Sovliet Union and
abroad have made 1t posslble to accumulate a great deal of experi-
mental material concerning critical loads during the transition from

bubble to fllm boiling,qcrl.
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Critical loads 1in the transition from film to bubble boilling
have been much less studied. Certaln investigations in recent years,
carried out with the aid of high-speed motion pilctures, and theoreti-
cal treatments indicate that the termination of film boiling occurs
upon reaching the second critical load Qoppr @8 8 result of a loss
of the stabllity of motion of the vapor film, a stabillity related to
the stabllity of the caplllary waves at the interface of the liquid
and vapor phases. Certain experimental data on the second critical
loads are also available.* However, these data are very scanty and
show essential discrepancies. Such a situation 1s, to a certain extent,
related to the absence of a sufficlently developed method which would
permlt reliable determinatlon of the second critical loads. On the

basis of an analysis of the possible methods of measuring q » this

cra
article recommends one which was developed at MEI (Moscow Instltute
of Power Engineering) and which has a number of important advantages.
The simplest and most convenlient method under laboratory condi-
tions 1s that of electrical heating, in which a current 1s passed
directly through the workling element of the apparatus. In the case
of electrical heating, fllm bolling may be obtalned by two methods.
By gradually lncreasing the thermal load and passing through the
first crisis, a transition to film boiling 1s achleved. After
attaining steady film bolling the load 1ls reduced, untll reverse
transition to the bubble regime of bolling takes place. This 1is the

load taken as q The baslc shortcoming of thls method lies in

cra’
the fact that during the transition to film bolling under large

* M, V. Borishanskiy. Article in the collection "Problems of
Heat Transfer During a Change 1n the Aggregate State of a Substance,"
Gosenergoizdat, 1953.
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thermal loads, the temperature of the surface lncreases sharply.
Therefore such materials as nichrome and various alloy steels melt,
and thelr use may thus lead to the destruction of the surface. This
method requires the use of refractory metals or graphite, ’

However, through electrical heating 1t is possible to obtain a
film regime of bolling, skipping the first crisls, at relatively low
temperatures and heat loads on the heatlng surface. To do this, the
heating surface 1is warmed up by an electric current in the vapor phase
to a temperature higher than the temperature of the second bolling

crislis © = ts + tcr and is then lowered into the liquid phase under

2
a thermal load somewhat greater than that of the second critical

load., For example, 1in order to obtaln film bolling in water at
atmospheric pressure, 1t 1is sufficlent to heat the surface to only
350 - 400° c.

The method of electrlical heating with transltion through the
first critical load was used in the work of V. M. Borilshanskiy 1n an
investigation of the second critical loads of water, lsooctane, and
benzene under conditions of free convection at pressures from 1 to
16 atm abs. Graphiterods with diameters of 2.2 mm, secured in copper
clamps, were used as the experimental heating surfaces. In these
experlments it was establlished, in particular, that the second criti-
cal load for water at atmospheric pressure 1s 2 . 105 keal/m® . hr.

It should be noted that 1n the experiments of V. M. Borishanskly
there 1s no doubt that significant leakages of heat through the ends
of the graphite rods took place, and these might have substantially
distorted the values of the second critical load. As an example,
let us conslder a sufficiently long rod, the ends of which are secured

in massive copper current carriers, whlle on the surface, film bolling
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1s maintained by electrical heating. Since the ends of the rod will
have a low temperature corresponding to the temperature of the massive
clamps, at these places on the surface of the rod there must be a
bubble regime of bolling. Thus, near the ends of the rod there will
be zones with two regimes of boliling — bubble and film — with very
different heat-transfer coefflcients and sharply differentiated
surface temperatures. As a result of this simultaneous occurrence

of two regimes of bolling at the ends of the rod, with a reduction

of the load , the fiim starts to recede to the center of the rod

long before the attainment of the second critical density of the heat
flux Qopp? OB account of a reductlion in the temperature of the heating
surface. Regardless of the length of the rod and the relation
between the quantlty of heat given off from the surface and the end
losses, thls process will continue until the film 1s removed from the
entire surface of the rod. Under these conditlons {on account of a
reduction in the temperature by axial heat flows) the local heat loads
from the surface in the zone of film removal wlll be signifilcantly
less than the heat locads obtalined in the experiments and calculated
according to the electrical power lnput over the entlre surface of the
rod. Consequently, on a sufflclently long rod it 1ls possible to

study heat transfer even in the presence of end losses, but 1t 1s not
bossible to study critical thermal loads.

For these reasons the data obtalned by V. M. Borlshanskly and
other authors by the methods descrilbed can hardly be consildered
trustworthy. They undoubtedly require verificatlon. For thils purpose
speclal experiments were carrled out by MEI.

The experlments were carried out wlith dlstlilled water at atmos-

bPheric pressure under conditions of free convection. Horizontal wires

13




and tubes, through which an electric current was passed, served

as the heating surface., In order to obtain film bolling, the above~
described method of heatlng the specimen to the vapor phase before-
hand was used,

Speclal conslderation was given to obtalning a constant tempera-
ture field throughout the length of the spec;men. Since 1t was not
posslble to secure the wires or tubes in such a way that there
would be no heat leakages in the current conductors, the copper
clamps were wlthdrawn into the vapor phase (Fig. 1). This made it
possible to elimlnate the temperature irregularity along the part of
the heating element located in the liquild phase by selecting the

height of the protruding ends.

In order to calculate the

T

250 ZZEEL::H:;E N temperature distribution along the.
e L} \( length of the specimen, we shall

200 4—( 2

<“\\\\\ \\\ \x assume that the temperature does
N

not vary over the cross section

150

3 N\
z\\L\ of the specimen. Then the differ-
I
100 0 120 150 mm ential equation of the temperature
Fig. 1. The temperature dis- field, which is easily obtained

tribution over the length of

a stalnless-steel specimen with
a dlameter of 2 mm at q =

= 40 + 10® kcal/m2 - hr,

from the heat balance, has the

form:
T=d=1 10 st 2= —1 = (= Dy=0,3 s3t; ol — 124 qm. d2t
1% [ o
‘l'\:z_i—l'lJl— {'—O’
0,86/  an
Yo A,
T TR (1)

, ()'.‘lf‘./-",, ’Illtv\.
l‘-'“,‘z'A'"l '/7\ ,

where t = temperature of the wire or tube at a glven point (°C);
t, = saturation temperature (°c);
p = a+ bt = resistivity (ohm.m);
I = current (amps);
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heat-transfer coefficlent (kcal/m2 « hr - OC);
coefficient of thermal conductivity (kcal/m * hr
cross-sectional area of the specimen (m?);
perimeter of the specimen (m);

°c);

£ B > Q
|

i

Since the constants B and v contain the heat-transfer coefflcient,
they will have different numerical values for elements of the surface
located within the 1liquid and vapor phases. Indeed, for elements
of the surface located in the liquld, where the heat-transfer coeffi-
clent 1s high even for film bolling, B < O, while for elements of the
surface located in the vapor phase, where a 1s small, usually B > O.
Accordingly, the solutions of Eq (1) will have the following form:

for elements of the surface of the speclmen located in the

liquid (B < O) i.e., over the interval 0< x< 1,
f— lShl/{“a—_x chVBx |y . *
sthz*'DhmV?z'Fﬁ ' (2)
* gh # cosh and sh = sinh
for elements of the surface of the specimen located in the vapor

phase (B > C) L.e., over the luterval 1 < x < 11

f—C. S0 V(e —10) cos V' (x — 1) T
lsmVﬂUpJ)*—Cgameh—D 5 (5)

Here the total length of the specimen is taken equal to 21, while
the length of the section of the specimen immersed in the liquild 1s
21.

In the particular case where B = O the varlation in the tempera-
ture will be parabollc.

In order to find the constants of integration, 1t 1s necessary
to assign boundary conditions.

Since the temperature dlstribution must be symmetrlical, at the
center of the specimen (i.e., for x = 0) dt/dx = O (Fig. 1).

The temperature of the ends of the specimen 1s equal to the

temperature of the clamps t;. In other words, for x = 11, t = t,.
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It may be easily measured experimentally and i1s usually close to the

saturation temperature.

In order to obtain a description of the temperature field over

the entire length

solutions to Egs.

of the specimen, 1t is necessary to reconclle the

(2) and (3), i.e., for x = 1 the followlng conditions

must be satisfled:

After simple

constants in Egs.

where

dt
=

anl
dx

‘U\<l!
![.\-:1[.\'»1;'_—“«\'>I’x=1’ ' dx .y

x=l

transformations we arrive at the values of the

(2) and (3):
D, ==0;
D le l) oavn(t —z>_“.ﬁ{'"g_n‘] A J (o)
c.=(x %);/Bf‘-m,/ g VE (L —1) — |
~(4Hp )V EavEsa VR =0 ] 4 (38)
Co=[t+ B +(3+E2) Y FuvErx

XsinVE (1, —1)] 4 )

A:[l-;- ;/gth/;a‘ltg/;s‘,(z,_z)]"'

(note: th = tanh and tg stan)

Analysis of Eqs. (2) and (2a) indicates that 1t 1s possible to

select a length of the protruding ends (11 - 1)o, such that the

second term on the right-~hand side of Eq. (2) goes to 0 and the

temperature on the entire section of the speclmen lmmersed in the

liquid will be the same. Assuming Dz = O, from Eq. (2a), we find:

arc cos

+1- 4
1 —l= *)

|
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It 1s clear from simple physical consideratlions that if the
section of the speclmen protruding from the liquid has a length
greater than (1 =~ Z)O, then the specimen in the vapor phase will be
superheated, and 1f 1t is smaller than (1, - 1), then the sectilon
of the specimen located 1n the llquid will be cooled as a result of
heat flowling off into the clamps. The same results follow from Egs.
(3) and (3a2). As an example, Fig. 1 shows the temperature distribu-
tion along a two-mlllimeter stalnless-steel wire, calculated accord-

ing to Eqs. (2a) and (3a) for three values of 11 - 1.

The graphs shown in Fig. 1 clearly indicate that the relatively
small deviations of 11 - 1 from (1, - z)o significantly change the
temperature field of the specimen in the vapor phase and on a small
sectlion of the specimen 1n the liquld near the free level, but have
practlcally no affect on the entlire central part of the specimen.

Therefore, experiments on the investigation of g may be carried

cra
out with protruding ends longer than (1.1 - L)o. In thils case
removal of the film will always begln in the central part of the
specimen.

A proflle with a monotonic reduction of temperature toward the
ends for 11 -1 < (11 - z)o as was demonstrated above, 1s completely

unsultable for a study of q but a constant profile for 11 -1 =

cra’
= (1. - Z)o 1s difficult to reallize. If in the process of the
experiments 1t should turn out that the calculated height (1. - z)o
was underestimated and the removal of the film beglns at the polnts
where the specimen emerges from the liquid, then 1t may be easlly
detected visually and corrected by changing the helght of the protrud-

ing ends.
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Figure 2 shows a schematlic of the apparatus., It consists of
a stalnless~-steel tank which has a window in the front wall for visual
observations, The experimental specimen 1s secured in copper clamps
which are mounted on a textolite panel and insulated from the steel
cover of the tank by textolite bushings. During the experiment the
panel can easily be moved upwards; then the specimen 1s 1in the vapor
phase., The water in the apparatus is maintalned at the saturation
temparature by an electric heater located beneath the bottom of the °
tank. In order to avoid the influence of convectlon currents of the
1liquid on the vapor film surrounding the specimen there 1s a specilal
shield between it and the bottom. In order to measure the voltage
drop over the experlimental sectlon of the specimen, two potentiometer
probes 0.2 mm in diameter were welded to 1ts upper generatrix at a
distance of about 100 mm from each other. Specimens with dlameters
of 0.5 and 1.4 mm were prepared from constantan wire, so as not to
distort the temperature fleld with the potentlometer wires. In thils
case the thermal loads were determlned from the current and the
resistance.

The experimental procedure was as follows. After the water was
brought to a boill, the specimen was ralsed to the vapor phase and was
heated by an electric current to a temperature of 350-4000. The
heated specimen with a thermal load greater than the second critical
load was lowered into the water, and film boiling set in on 1its upper
surface. The thermal load was reduced by small stages, the magnitude
of which did not exceed 1% of the load. After each reduction of the
load and attalnment of a steady~state regime, measurements were made
of the current and the voltage drop over the experimental sectlon.

The regime at which removal of the fllm sets 1in was consldered to
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be the critlical regime corresponding to the second critical load.
Such regimes were often repeated. Control experiments were conducted
systematically, in which film~boiling regimes immediately preceding
the crilisis were malntalned for 10~20 minutes. These experiments

served as good confirmation of the rellability of the determination

of qcre‘
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Filg. 2. Experimental apparatus; 1) tank,
s = 380 x 190 mm; 2) experimental speci-
men; 3) potentiometer leads; %) current
carriers; 5) insulating bushings; 6)
tank cover; 7) textolite panel;

electric heater; 9) protective shield;

10) window.

In each experlment the locatlon of film removal was monltored
visually. Usually the film began to come off at an arbitrary point
of the horilzontal part. The beginning of film removal from the ends
of the speclmen attested to the presence of heat leakages along the
specimen, and such experiments were rejected.

During the experiments the following plcture of film removal
was observed. From thin wires the film comes off rapidly (fractions

of seconds) with a characteristic crackling. The film comes off




slowly from thick stainless-steel plpes with a great heat capacity
and we may readily observe how at critical loads the film-bolling
regime 1s replaced by unstable film oscillatlons, which correspond
to a transition region and whlch then give way to the bubble-bolling
regime,

The experimental results are presented 1in Fig. 3 1n the form of
a dependence of the second critical thermal load on the diameter of
the specimen (in logarithmic coordinates). A study of the experimental
data shows that the second critical load decreases with an increase
in the diameter of the specimen. A dependence of the critical loads
on the material of the surface was not revealed. The measurement

results are presented in the table.
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Flg. 3. Dependence of the critical load
on the diameter of the specimen: 1)
Q.p,» data of the authors; 2) data of

V. M. Borishanskily; 3) Qoquy SXPeri-
mental; 4) Qequi C2lculated.

The values of q obtained make 1t possible to determilne by

cra
calculation the thermal-load values of practlcal lnterest, at whilch

the bubble and fl1lm regimes of bolling will be in equilibrium on a

A0




wire or tube. Iet us call this load the equillbrium locad (qequi)'

For heat flows greater than qequi film-boiling regimes which arlse
accldentally will propagate over the entire surface of the specilmen.
For loads less than qequi and with the simultaneous existence of film

and bubble bolling on the surface of the specimen, film removal occurs

as a result of axial thermal outflows.

In order to calculate the equilibrium lcad, let us use the follow-
ing model. Developed bubble boiling 1s maintained on the outer surface
of a tube of length 21. Let us find the thermal loads at which both

regimes of bolling will be stable.

Dismeter | 3,| Material of
e T | %r2*107% terial o Comnent
specimen [keal/m?ehr Specimen
0,493 ;31 Constantan Wire
5.7
1,46 40,0 ] [
40,0
fll_.«)
1,98 7 Stainless Steel "
3,04 39 " Tubeyd = 0.5m
34,1
333 34,5
' S8 " Tube,d =0.2mn
31,5
417 53
. :’%1:9 " Tube .¢ = 0.2mm
51,9
5,39 .
? a8 St. 3 Rod
31,6
6,04 8.4 " Stainless Steel! Tube,d=1,0Mm
. 26,4
10,145 5‘:}):(.32 " Tube,d = 1.0mm
26,6
Tt ! T
mTErE s
Y = =
700 \ == _
\ 250
ifw ]\ bubblp
500
300
{
. z
100
2 74 700 mn

Fig. 4. Temperature distribution over
the length of a specimen under an
equlilibrium load.
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It 1s known that in the case of film bolling the dependence of
the heat transfer on the load is slight. Therefore 1t may be assumed
that in the reglon of film boiling the heat-transfer coefficlents are

constant over the length of the tube and are equal to Gpy As for

Im*
the transition region and the region of bubble boiling, the heat-

transfer coefficlients may vary over the length of the tube. However,
for simpliclty of calculation, we shall take the heat-transfer coef-
ficients in both of these regions as being equal to the heat-transfer

coefflcients for ordinary bubble boiling a at a glven load.

bubble
Since the heat-transfer coefficlents for the film and bubble regimes
of bollling are different, the temperature field of the speclmen 1s
described by two equations of type (2), which must be reconciled at
the point of change 1n the bolling reglme with respect to temperatures
and temperature gradients., As the boundary conditions we shall

assume that the temperature gradients in the center of the tube and
in the zone of bubble bolling far from the 1interface are equal to

zero, We shall also consider as given the fllm-removal temperature,

which 1s determined by the experimental values of the second critical

qcrg

load tc = ts + Fiim °

The temperature distrlbution in the reglon of film removal, thus -

calculated, 1s shown in Fig. 4. From the general solution we obtaln

the following equatilons
ﬁ..lv/£MhVﬂa—hﬂhV§A
TRV o
£ 1+B/B?_cthlf§‘,(z—t.)thlf§z, (5)

*cth = coth and th = tanh

where %‘“@um » the temperature of the specimen in the reglon of
film bolling in the absence of axlial heat flows;
%‘zﬁmmu , the temperature of the specimen in the region of
! bubble boiling 1n the absence of axlal heat flows.
FTD-TT-62-1456/14+2+4
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For a sufficlently long tube or wire, the equation becomes simply:
lo _trilm=___l___,..
oupb1€ rilmi +V§§; (6)
If the electrical resistance of the tube does not depend on the temper-
ature, Eq. (6) assumes the form:
6 —lesay 1

buvhTe’ riim 141/ Hilm (7)
%ubble

Using Eq. (7) and the relationships

t -ty) = (t -t

Goqui = %r11m(Criim AubblePhupble = ts) 234 Yuppie =

- ts) 1t is easy to obtaln tfilm and the equilibrium load.

_ . 4 —_ )
bubble = 2 ° 10% and agyq, = 00

kcal/m2 « hr + °¢ (afilm taken according to data of a specially

For a two-mlllimeter wire with a

conducted experiment) we obtain from Eq. (7) Goqui = 254-40% kcal/m2+hr,
The results of the calculation were verified experimentally. The

experiments were conducted on a horizontally stretched nichrome wire

250 mm long and 2 mm in diameter. In order to obtaln film boiling,

the wire was heated 1n the vapor phase and then plunged into the

liquid phase. The load was gradually reduced, until the film began

to come off the ends of the wire, When the film covered about 1/3

of the length of the wire, a load was selected at which film removal

ceased and the interface between the reglmes of bolling became statilion-

ary. This load was taken as q When the load was lncreased, the

equl’
film slowly spread out over the entire surface, whlle with a decrease
in the load further removal of the fllm occurred. The experimental

results (q = 276.10% kecal/m®-hr) corroborate the calculated value

equl
of the equllibrium load.
Thus, in order to calculate equililibrium thermal locads, it 1s

sufficlent to know the exact values of the heat-transfer coefflclients

FTD-TT-62~1456/1+2+4
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and the second critical loads., Analogous calculations of equilibrium
loads may be made for a heating surface of any other shape.

The experimental data obtained by V. M. Borishanskly, as follows
from Fig. 3 and also from the nature of the method employed, corre~
sponds more to an equilibrium thermal load than to the second boillng

crisis.

Conclusions

1. A method has been developed for the measurement of the second
critical loads during the bolling of a liquld under conditions of
free convection, a method which makes it possible to obtain rellable
experimental data.

2. Measurements were made of the second critical load on horil-
zontal tubes and wires with diameters ranging from 0.5 to 10 mm for
water under conditions of free convection in a large volume. It 1s
shown that the published data concernlng second critical loads exceed
the actual values several times over.

5. It 1s shown that the second critical load degreases with an
increase in the dlameter of the wire or tube.

4, The material of the heating surface was not observed to have
any effect on Aoz

5. It was shown that the experimental values of Qops obtalned
make it possible to calculate the equlillbrium loads which constitute
the upper 1limlt of stable bubble bolling and the lower 1limit of stable

f£ilm bolling on a glven surface.

FTD-TT-62-1456/1+2+4




METHODS OF GENERALIZING EXPERIMENTAL DATA
ON CONVECTIVE HEAT TRANSFER DURING THE
MOVEMENT OF GAS IN THE INITIAL

REGION OF A CONDUIT

Prof. S. I. Kosterin, A. I. ILeont! yev,

and V. K. Fedorov

A new method for generallizing the experimental
data on convective heat transfer in the turbulent
boundary layer of a gas 1s proposed. A universal
law of heat transfer for the turbulent boundary
layer of a compressed gas 1s derived.

Research on the processes of convective heat transfer and of
resistance in the motion of a gas in relatively short cylindrical
conduits is at present timely enough from both the practlical and the
sclentific point of view. There are sufficlently reliable analytical
solutions for the case of laminar boundary layer in the initilal

region of a cylindrical conduit. Methods of calculating this layer,

FTD-TT-62-1456/1+2+4
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however, in elaborating which experimental investigations exert great
Influence, are of great practical interest. We cannot consider as
successful the methods for this sort of generallzatlon recommended
in the literature [1-3].

One article [1] cltes interesting experimental data on heat
transfer and on resistance in cases of sufficlently intense heating
of the gas. The method of generallzation adopted by the authors,
however, 1s of a very provisory nature; and the proposed criterilonal
equatlons have a limlted area of appllcation. Proceeding from
elementary consideratlons we may show that the criterional equation
of heat transfer in the motlon of a compressed gas 1n the initial sec-

tion of a cylindrical conduit has the form
Nu = f (Re’ PI’, E’ M’ Tw) . (1)

The authors [1] write Eq. 1 in the form

¢ Re™Pro*4( %— )P, (2)
W

Nu

where the coefficlents ¢, m, and p for the initlal section are func-
tions of x/D and these functions are derived by experimentation and
presented in the form of separate graphs. It ls qulte clear that the
proposed method of calculation will gilve correct results only for those
heat-supply relationshlps which occurred 1n the experiments of the
authors of the article [1]. We should also note that under the common
influence of several criterla it is difficult to fix the effect of each
criterion separately; and the nature of spread of the experimental
points near the path of the criterlonal equation may not be used for
final evaluation of the criterional equatlon's correctness, since

under these conditions mutual compensation of errors 1s possible. The
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one-dimensional flow chart for the gas in the 1nltlal section of the
condult adopted in the article [1] does not correspond to the actual
picture of the process and can lead to incorrect conclusions. 1In
particular, the very hazardous conclusion that, when lsothermal con-
ditions are lacklng, the basic relationship of the hydrodynamic theory
of heat transfer falls 1s the result of treatlng the experimental

data on the coefficient of friction in accordance with this one-
dimensional flow chart. If we treat the data 1n accordance with the
two-dimensional flow chart, no fallure of the similarlty i1s observed.
We should also note that the proposed criterional equation is true only
for those conditlons at the condult entry which occurred in the experi-
ments in the article [1].

An interesting method for generallzing the experimental data on
heat transfer in the inltial sectlion of a c¢ylindrical condult is pro-
posed in another article [2]. Thls method 1is convenlent for treating
the experimental data and the practical calculations when a law of heat
supply along the length of the conduit 1s given. The princlpal defect
of this method 1ls the necessity of derlving its criterional equation
for every heat-supply relationship.

Experimental research on heat exchange in condults at supersonlc
gas velocities when entering the conduit 1s of great interest 1n other
articles [3, 4]. 1In this case we must take into consideration the
effect of gas compressibllity on the coefficlents of heat transfer and
this suhstantlially complicates criterional treatment of the experimental
data. We should note that at supersonic velocitles of the gas on en-
trance into the conduit we are unable to obtaln supersonic veloclties
of gas flow for a great extent and therefore it 1s almost always nec-~

essary to to deal with the reglon of hydrodynamic and thermal stablliza-
tion. Besldes that, there arlse essentlal difficultles connected wilth
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obtalning an undlsturbed supersonic stream entering the conduit; there-
fore the accuracy of the experiments under these conditions 1s sub-
stantlally lower than in subsonic veloclties of gas motion. In the
article [4] the bulk of the experimental points are distributed in the
transitional reglon; therefore the authors have renounced criterional
treatment of the experimental data.

One article [3] cites the extensive experimental material on the
coefficlents of heat transfer at supersonlc velocities of gas motion
in a condult. Here the authors attempt to generalize the experimental
data 1in the form of criterional equatlons based on one- and two-dimen-
sional simulations of flow in the condult. Under these conditlons the
number of identifying criteria mutually influencing the local Nusselt
criteria lncreases to four (ReD, X, Tﬁ, M ). Experiments have been
conducted under comparatively slight intensitlies of heat transfer;
therefore the criteria ReD, X, and M exert a basic influence on the
change in the coefficilents of heat transfer along the length of the
conduit; and in this the distribution of M along the length is a func-
tion of ReD. It 1s extremely hazardous to say that under these complex
condltions the final criterion equatlon takes into consideration the
effect of every criterion separately. In particular, the authors of
the article [3], when determining the influence of compressibility,
assume in essence that the effect of criterion x on the local values
of the Nusselt criteria 1s the same at both subsonlc and supersonic
velocities, which 1s not in accord with the realitles of the situation,
since the development of the boundary layer along the length of the
conduit 1s essentially a function of M on entry.

Thus we may infer that at present we have no reliable and physi-

cally based method of generalizing experimental data on convective
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heat transfer in gas motion in the inltilal section of a conduit.
It 1s quite natural to use the theory of local simulatlon in

investigating these heat-transfer processes. Two works [5, 6] expound
the basic ideas of this theory. According to this theory the aim of
the experiment is to establish the laws of heat transfer and reslstance
in the turbulent boundary layer; but the effect of the different
external conditions (distribution of pressures, wall temperatures,
thermal currents, etc.) are accounted for by the boundary-layer
equations. The equation for the thermal boundary layer for the move-
ment of a gas in the initlal sectlon of a condult may be written 1n

the followling form:
(1)

where Too 1s the stagnation temperature 1in the center of the stream;

D) diameter of the conduilt; T; ) equilibrium temperature of the wall;
T* ) stagnation temperature in the boundary layer; T ) wall temperature;

Po> Upo ) density and velocity of the gas in the center of the stream;
qw) thermal current at the wall; aco, Aoé) coefficlents of temperature
conductivity and heat conductivity at stagnation temperature Tog p, W)
density and velocity of the gas 1n boundary layer.
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From Eq. 1 we get

j‘ qwtdx
pe(‘:) to)\oo s (2)
or
Qy
Pey=py4 (3)
where x
Qx = S ﬂDW.‘C. '

0

We must find the parameters of the gas in the center of the
stream in order to determine by experiment the local values of
Stanton's criterion. If the static pressures along the condult are
measured, the parameters of the gas 1n the center of the current are
immediately determined from the gas-dynamic functlons. But if only
thermal measurements are made in the experiments, we may then, with
sufficlent accuracy for the problem posed, take, as do Leont'yev and

Fedorov [T],
Pe, =Pr Re, ;
RLG =M§)‘ ( 4)

*
oo

where % 1s the size of the loss of momentum. Then, using the dis-

continulty equation, we obtain (loc. clt.):

i _ Re, - 4hRey (5)

oo

(6)

and St

= (Rep, F 41 Reg)Pt hgaly’
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D
where RCD, = Porllon .

Boo

In subsonic and perlsonic gas flow h = I.BTW, which is known
from the literature [5, 6,8]. Thus, based on the usual measurements
made 1in experimental research on heat transfer we may from Egs. 2 and
6, determine the local values of the Stanton and Pdclét criteria and
establish the law of heat exchange. The figure shows the results ob-
talned from treating the experimental data on heat transfer in the ini-
tlal section of a conduit on a plate and a cone 1n accordance with the
proposed methods. The effect of anlsothermicity and compressibility
on the local values of Stanton's criteria is accounted for in accord
with the equation suggested by Kutateladze and Leont'yev[9]. All the
experimental points obtalned for the varlous laws of heat supply in the
different experimental set-ups have been placed on one curve, which

may be described by the following equatlon:

__0,014¢1 — )™

= P E RS (7)

where p=

Utilizing Egs. 5 and 7 and integrating Eq. 1 we may obtain the
éolution for the cases where Tﬁ = const and the law of heat supply
is given, cp. Leont'yev and Fedorov [T7].

The advantage of the proposed methods of generalization of the
experimental data versus criterion treatment is our ability to ex-
clude the effect which criterion x, basically determining the distri-
bution of the coefficlents of heat transfer along the length of the con-
duit, exerts on the laws of heat transfer and to ascertaln the effect
of anisothermicity and compressiblility in their pure form. In addi-

tion, the proposed law of heat transfer has a universal nature and all

Fro-Ttr-7 X -/é‘ﬁf///flfyl
J2




the multiplicity of boundary conditions, 1.e., the direct effect of
X and of the law of heat supply on the distribution of local coeffl-
clents of heat transfer, are taken care of by the equatlion of the

thermal boundary layer.
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